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IMPURITY-DEFECT INTERACTION 

IN METALS 

£. I) La n bt n 

Institut fiir Strahlen- and Kernphysik der UniversitSt Bonn, Bonn, FRC 

Abstract: 

The interaction of substitutional impurities with inttrstitially migrating Impurities 
is studied by use of the f y time differential perturbed angular correlation 
technique (TDPAC). In aluminium, copper and gold it. is observed that the implan 
tation of different rare gases (He, Nc, Ar, Kr, Xe) as well as nitrogen leads to 
identical (juadrupole Interaction frequencies at the site of the '"in probe atoms. 
In view of the very different si?es of the gas atoms the results could only bo 
explained by assuming that the gas implantation initltates the growth of large 
cavities at the In atoms and the observed EFG Is due to In situated at the Inner 
surface of these cavities. 
In the bcc metals Nb and Ta the Interaction of dilute Hf with Interstitial I y dissol¬ 
ved oxygen is Investigated using the I8IHf angular correlation probe. In N It is 
found that the trapping of oxygen at the probe causes a quadrupole interaction 
frequency of v— = 268(1) MHz with an asymmetry parameter T\ - 0.66(1). Between 
17 K and 293 K the temperature dependence of VQ is very weak whereas fj varies 
considerably. In both host metals the orientation of the three principal axes of 
the EFG tensor is determined to be : V „ parallel to the <110>, Vyy to the <100> 
and Vxx to the <11O> direction of the bcc host lattice. The results can be explained 
in the point charge model by assuming that one oxygen atom Is trapped on the 
second nearest neighbor octahedral position next to the substltutional probe atom 
and the covaJent bonds between the probe and the oxygen lead to a localization 
of charge near the probe atom. 



1. Introduction 

After the enormous success of the so-called nucleai methods (TDAPC, ME! in 
the investigation of intrinsic defects in metals (Ple82. Bod8S, Sie86) it seems only 
natural that this method is also applied to the problems of the interaction between 
interstitial and substitutional defects. Interstitial impurities in metals are known 
to cause severe changes in their properties. 
HHium which can be introduced into metals by nuclear transmutation processes 
or direct implantation of a-particlcs leads to a loss of ductility, swelling and 
diminished crack resistance. These phenomena are of great importance ror the 
d' sij.'n and operation of components in the fission/fusion energy technology. 
Hydrogen can cause equally unwelcome modifications of materials properties. On 
th- "t her h.irri the interstitial solution of hydrogen in metals or alloys is a promis-
inr oncept for hydrogen storage and therefore attracts considerable Interest 
First TDPAC studies in this field hnve been carried out on He In copper ( Ple80. 
DeiK* I ,ir-i P p o n C in Pt ( Piit82 ). H in niobium (Ruc"34. W>if}5) and O in silver 
.it,.i c.'Ul (\VodH2. Pas83. Pas85). 

In thr following 1 will report on recent experiments where the effects of implanted 
He. NP. Ar, kr and Xe as well as N on the n i ln impurity in copper, aluminium 
and gold were studied. The results shed new light on the influence of interstitial 
gases and substitutional impurities on the cavity formation in metals. 
In Nb and Ta the trapping of oxygen by I81Hf atoms was observed and a new 
model for the interpretation of the data will be presented f\Vre36). 

U Experimental Details 

a) The y - T TDPAC technique 

The y - y TDPAC technique was used to detect the trapping of defects by radioac¬ 
tive probe atoms. This technique is based on the observation of the interaction of 
a defect induced electric field gradient (EFG) tensor, described by its main compo¬ 
nent Vzz and the asymmetry parameter T) = { Vxx - V )/ VIz and the nuclear 
quadrupole moment (Q) of the probe nucleus. The interaction leads to a change in 
the directional correlation of two y-rays emitted successively in the decay of the 
probe nucleus. This correlation is observed by taking time differential coincidence 
spectra for 90° and 180" with a set-up of four 51 mm x 51 mm CsF detectors, 
mounted in a plane around the sample. Energy and time information was derived 
from the anode signals of the photomultipliers by use of window constant fraction 
discriminators. The time resolution of the tet-up was typically 1.2 nsec (FWHM) 



for the energies of the cascades involved. From the coined ence counting ratea 
W(k(0,t) (0 = 90° , 180°, i,k = number of detector) the standard 4 - detector 
asymmetry ratio (Are80): 

R(t) - 2 t W(180°,t) - W(90°,t) 
' W(180°,t) * 2.W(90°.t> 

with W( 180°.t) = {W13( 180°,t) • W24( l80°.t ))1 / 2 and W( 90°,t) = < W23( 90°,t) • 
W,4(90°(t))1/2 was evaluated. It is proportional to A22 * G(t). where A22 is the 
lowest order directional correlation coefficient of the f - y cascade and G(t) 
contains the information about the quadrupole interaction. The Influence of terms 
of higher order than A2O can be neglected In the case of fnln and is taken into 
account in G't) in the case of I81Hf. The data were analyzed assuming a theoretical 
perturbation function of the form: 

3 

G<t) = T] sn<n) • cos (cn( IJ )»vQ • t ). { 2 > 

vQ = e Q Vzz/h is the quadrupole interaction < Ql ) frequency. cn(r)l are well 
known functions of r\. For poiycry stal line samples with randomly oriented EFG's 
the sn (7)) depend only on r, and are independent of the orientation of the detec¬ 
tors relative to the sample. For probe atoms in cubic single crystals the sn depend 
additionally on the orientation of the EFG system, represented by its principal 
axes Vzz, V^ , Vxx (|Vzzi i IV^ | i |Vxxl) with respect to the -r - ray detectors. 
From the changes in the perturbation patterns for different alignments of the 
detectors along the main crystal axes ( e.g. <100>, <110> and <U1» one can thus 
derive the orientation of the EFG's principal axes relative to the crystal Iographic 
axes. A detailed description of the method has been given by Wegener CWegBS). 
The radioactive isotopes used in the experiments were UIln and I81Hf. '"in decays 
with a half-life of 2.6d to mCd where a 172 - 247 keV T " T cascade is emitted. 
The spin of the intermediate state is 5/2 + , the half-life 84 nsec and the quadru¬ 
pole moment Q * 0.83(13) b. In 181Hf the intermediate level has the same spin, 
the half-life is 10.S nsec, the quadrupole moment 2.53(10)b and the cascade ener¬ 
gies are 133 - 482 keV. 

b) Sample preparation 

Foils of the fee metals Al, Cu and Au were implanted at the Bonn isotope separa¬ 
tor with 80 keV mIn with typical doses of 2 - 4 • 1013 at/cm2. After annealing 
the samples under vacuum (p s 10 ~7 kPa) for 10 min at 523 K the gas Implantation 



was carried out at room 
temperature. Here the dose 
was 2 • 10 u at/cm* and the 
implantation energy was 
chosen appropriately to 
create good overlap between 
the In probe ions and the 
post'mplanted gas (Fig. 1). 
For the EFG orientation 
measurement a Cu single 
crystal was implanted in a 
titter! position in order to 
avoid channeling of the 
indium or pus ions. The 
isochronous annealing stops 
were carried out in vacuum 
with a holding time of 10 
mln. 

In the case of l 8 tHf the 
polycryst.alline samples were 
prepared by electron gun 
melting neutron activated 
natural Hf with 99.99X purity 
Mb under similar vacuum 
conditions. The Hf-concentra-
tion was lower than 0.1 atX. 
The EFG orientation measu¬ 
rements were carried out 
with a 181Hf implanted Nb 
and Ta single crystals which 
were annealed in an UHV 
chamber at pressures between 
2 MO1 0 and 10"8 kPa. For 
measurements below room 
temperature a closed cycle 
helium refrigeration system 
was used. 
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Fig. 1 Implantation energies and estimated 
range distributions for different 
Implants in copper 



tn. Experiments and JtaaulU 

a) Rare Gas — Indium Interaction in fee Metals 

After the preparation of In and rare gas Implanted samples as described above 
TDPAC spectra were recorded after each annealing step with the ł-detector 
set-up. The experimental asymmetry ratios were formed and a theoretical pertur¬ 
bation function was fitted to the data by the least squares method. The fit func¬ 
tion could take into account five different fractions: 

3 3 
)= A 2 2 ( f 0 > X f> * Z s n < 1 i > • c o s ( c n ( m > » V Q » t ) » 

1-1 n-0 
3 

ndi,) »\iQ»S,»t) • f4 • £ tn(O)*exp (-n »S4»t)) 
n-0 

A 
with T" f. = 1 . ( 3 ) 

t 
Here fo is the fraction of probe atoms on unperturbed lattice sites, the f( are the 
fractions of probe atoms subjected to quadrupole Interactions leading to interac¬ 
tion frequencies v Q and asymmetry parameter r|, with a possible Lorentzian 
distribution of half width at half maximum S t . (Ą is the fraction of probe atoms 
on sites with only weak EFG's i.e. v£ = 0 MHz and width &v 

Before any gas implantation the interaction of vacancies with implanted In probe 
atoms in pure copper was studied. In this experiment all conditions namely the 
foil preparation, implantation and annealing parameters were kept equal to those 
of the following measurements. A fit showed that Immediately after the implan¬ 
tation 72X <f4 ) of the probe atoms occupied substitution*! sites perturbed only 
by weak EFGs. The remaining fraction (f3) is subjected to high but nonunique 
EFG's caused by different defect configurations In the immediate surrounding of 
the In atoms. Upon annealing at T^^, = 373 K a frequency v^ = 49.5(7) MHz (i) 
= 0) appears. The corresponding fraction f, reaches a maximum of »I0% around 
T«nn= 4 7 3 K °^ f o r e tt ~nlshe« at TM|n= 723 K. 
In a similar experiment where the foil Is postimplanted with He (Fig. 2a), a new 
well defined QI frequency v|j = 220(5) MHz (n = 0) appears. It* fraction f2 reaches 
a maximum of more than SOX around TaaB= SO0 K and decreases slowly to 36X at 
Tann= 703 K. The corresponding asymmetry parameter i^ varied during this proce¬ 
dure between T^ = 0.20 after implantation to 0.08 after annealing at 703 K. 
A surprising result was found if Instead of He another rare gas like Ne, Ar, Kr or 
Xe was postimplanted with all other parameters kept unchanged. In each case 
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identical interaction patterns were observed ( Fig. 2b e ) and the least squares 
fits yielded the Ql-frequencies listed in table 1. Isochronous annealing of the 
samples led to variations of the fractions f-, as shown in fig. 3. 
A further experiment revealed that even the implantation of a non-rare gas like 
nitrogen led to the same value of the Ql frequency (Fig. 2f. Tab. I). 
In order to exclude the possibility that these results are only due to the postim-
piantation process, e.g. caused by the recoil implantation of some surface contami¬ 
nation on thf. Cu foil, a contro! experiment was carried out by postimplanting Cu. 
!l.i».ever, in this case the same implanted dose of Cu ions produced only the well 
known frequency :^ 19S(.'l MHi mentioned above. 

\n i x;>t?nmen'. in a Cu siiijj!? crystal showed that the main component of the 

!:IG tensor v l y >vas oriented along the <J1'... crystal axis. 

'.': the previous investigations ot M« implanted Cu (Ple80, Deifi3) the authors 

•\plaino i tr": Ql fi«j<.'.-e"icv oSserverl ift"r thf- He implantation with the formation 

of sm.ill Hi' filled sa-buw clusters ' onsijtmR ot 2- 3 vacancies arid He atoms 

trapped at tlv- Mibs? ;rui.i.irul [..ilium (.ribe. However, :h<? explanation of the 

U!.\i(i.';nr'-s o( :••. • observed in-^uenr) as well as thf small but not negligible 

i..s*r;i:iii'f.r> pni-jnwtfr •; ami ; iie nu-asured 'ill .irientation of the m.iin L.TC, 

ounipanrtvt. \ t., fniaiiicti unsatisfactorily 

This model f.iilr, otnptctoly a.s on explanation of the present results. The atomic 

radii of the implanted gases differ considerably ( 0.71 A for Ne to 1.31 A for Xe ) 

and are either smaller or larger than the radius of the host atoms (r Cu= 1.17 K). 

Therefore one would have to assume that 2 - 3 strongly undersized (Ne) or over¬ 

sized ( Xe ) atoms can be accomodated in some vacancies adjacent to the In probe 

without changing the local host lattice relaxation. Since due to its 1/r3 dependen¬ 

ce the HFG at the In site is extremely sensible to small shifts in the surrounding 

charge distribution this possibility has to be excluded. 

Table 1: Quadrupole interaction parameters after implantation of different gases 

and annealing at TB n n . The values were obtained from least squares fits to the 

data shown in Fig. 2 

Implant 

He 

Ne 

Ar 
Kr 

Xe 

N 

V Q 

C MHz) 

220(5) 

21S(5) 
220(5) 

222(5) 

226(6) 

224(5) 

1 2 

0.13(2) 
0.16(2) 

0.14(2) 
0.13(3! 

0.10(S) 

0.13(2) 

&2 

0.074(9) 

0.070CS) 
0.054(5) 

0.068(6) 

0.081(23) 
0.07(0 

f2 

CX ] 

54(2) 

50(2^ 

50(3) 
48(1) 

19(2) 
23.5(8) 

u n 
CK1 

S23 
S23 
S23 

573 

623 
623 



The independence of the defect produced EFG on the size of the implanted gas 
makes it rather probable that the gas atoms only participate cataiytically in the 
formation of a defect complex at the In probe atom without contributing to the 
EFG. A passible configuration satisfying this conditions would be a larger vacancy 
cluster (cavity) at the probe atom. For Cu it is known that under irradiation and 
in the presence of low He concentrations large cavities of octahedral shape bound¬ 
ed by (111) planes are formed (Far80). 
The present experiments now seem to indicate that in pure Cu migrating vacancies 
arc trapped at In impurities and form faulted dislocation loops. If He or another 
rare gas is implanted it initiates a. threedimensional growth of the vacancy agglo¬ 
merate with the final result of a cavity. The In atom occupying initially a site in 
the central region of the dislocation loop will then find itself on the inner (111) 
surfacr of the cavity. The gas atom(s) which enabled the cavity growth will finally 
mi-.vp freely in the empty volume without influencing the EFG at the In probe. 
In thi.s picture one can also immediately understand the < 111 > direction of \'zf 

since on a ( 111 i Mirface one expects the gradient of the electric field to be perpen-

i 

40 

20 

-

/ 
0 

/ 
/ 

• 

y 
/ 

/: 
/ ! ' 

/ m / 
/ / / 

.s t 
/ f 

i 

/ V 
A 

/ x-
/ 

i 

W " 
"' \ -

\ \ \\ 

jsr'' \ 

i 

. — a 

- — • 
— o 
••—A 

\ 

\ 

\ 

V 

Neon 
Argon 
Krypton 
Xenon 
Nitrogen 

\ >o 

300 400 500 600 700 800 

Fig. 3 Fraction of m !n probe atoms in copper showing the unique quadrupole 
interaction frequency VQ after implantation of different gases (see in¬ 
set) versus annealing temperature. 

10 



dicular. The gradual reduction of n2 and the slight Increase of v£ with increasing 
annealing temperature is due to th growth of the cavity which moves the edges 
of the octaeder further away thus reducing the disturbances of the surface EFG. 
The observed variation of the maximum fraction f2 (Fig. 3> for different gases 
has to be attributed most probably to the slightly different overlap of the implan¬ 
tation profiles (Fig. 1) and the correlated vacancy distributions. 
Finally the observation of Pleiter (Ple86) who found in a TDPAC experiment In 
Ni that only a small number (1 - 2) He atoms are needed per In probe to create a 
similar defect - EFG can be understood. 
An independent confirmation of our interpretation comes from a comparison cf 
the present data to the experimental results of Schafcs et al. (Sch86). This group 
studied the EFG experienced by isolated l u ln atoms evaporated onto clean (100), 
(110) and (111) Cu surfaces. All parameters of the EFG measured for In on a 
(HI) surface agree very well with our results. Small variations In th? absolute 
value of v Q are attributed to varying strains in the Cu single crystals produced 
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by different methods. Also the temperature dependence of the surface EFG ( Sch86 ) 
and the He indu 3d EFG have been found to be identical (Ple86). 
In view of these results one notes immediately that helium induced cavity growth 
(Far80) and EFG's attributed to helium decorated defects have also been observed 
in several other metals (Ple&O, Pleft-1, De>85). !n gold, the only case where a 
corresponding surface EFG was measured (Sch86). also two identical QI frequen¬ 
cies aro present 

This prompted us to carr) out similar TDPAC experiments in argon implanted 
aluminiam dnd gold foils. Preliminary results of these measurements are shown in 
Fig. 4 and 5. Indeed in both cases the observed frequencies are identical with the 
values reported after helium 
implantation This encouraging 
result m.iXps It probable that ' - i l 

r TVa '* 

in the future it will be possible . p . 
to study the early stages of 
Ras ashistcd cavity growth in 

b) Oxygen - Hafnium Interaction 
in Niobium and Tantalum 

After melting a unique interac¬ 
tion was observed which can 
be described by v l

Q = 268(1) 
MHz and r, = 0.68(1). The 
fraction f, ( eq. (3)) of probe 
nuclei associated with this 
frequency varied between 5 
and 90 X depending on the 
vacuum in whirli the melting 
took plac- P.- amount of 
próba nuci? en unperturbed 
or nearly unpTUirbrd lattice 

ili. 

increased b 
could be 

hurdling the sam¬ 
ples in ultra high vacuum ( p s 
10"a kPa) at temperatures T a 
2000 K. This treatment reduced 
fj to values around SX. 

Fig. 6 TDPAC spectra observed for 181Ta in Nb 
at different temperatures indicated above 
each spectrum. 
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Fig. 7 Temperature dependence 
of VQ and n for 181Ta In Nb 

The temperature dependence of the quadrupole 
interaction was measured between 17 K and 293 
K.. Fig.6 shows three spectra of these measure¬ 
ments. The data could be described by a single 
frequency showing only a weak temperature 
dependence, but a strong variation in T) ( Fig. 7 ). 
The orientation of the principal axes of the EFG 
tensor leading to UQ was determined in a measu¬ 
rement in a single crystal. After annealing as 
decribed above 78X of the probe atoms had 
trapped the defect leading to VQ . TDPAC spectra 
were recorded at room temperature for different 
alignments of the crystal lographic axes relative 
to the detectors. The corresponding asymmetry 
ratios R( t) evaluated as described by Wegner 
(Weg8S) are shown in Fig. 8. For an analysis of 
the data we calculated the s_( T>) for all possible 
orientations of the EFG system along low Indexed 

crystal lographic axes. For the y - y cascade used here it Is necessary to take into 
account all Ak,k2- terms of the perturbation function for kjk2 * 4 corrected for 
the finite solid angle of the detectors. The snl n) resulting from least squares 
fits to the data showed a perfect agreement with the theoretical values for a 
110 > (Vzz), <100> (V^ ) and < 110 > (Vxx) orientation of the EFGs principal 

axis system. Calculations for slightly misaligned EFG systems showed that the 
accuracy of the determination of the Vzz- axis »vas better than S°. 
Since Hf is soluble in Nb and the recoil energy transferred to the nucleus by the 
i, - decay to l81Ta is much smaller than the minimum displacement energy of a 
lattice atom in Nb we can assume that the probe atom Ta occupies a substitu-
tional lattice site. In the present experiments MQ could be observed after melting 
and the cooling rate of the molten samples was low enough ot prevent any quench¬ 
ing effects i.e. we conclude that the frequency cannot be caused by the trapping 
of a vacancy-like defect. Finally the low Hf concentrations and the virtual Immobi¬ 
lity of impurities diffusing via a vacancy mechanism at the temperatures where 
the trapping took place excludes substitutional impurities as causes for the 
observed frequency. 

Only interstitial impurities are known to have the mobility required to explain the 
high trapping probability at these temperatures. Due to the low impurity content 
of the Nb used, a sizeable increase of the impurity concentration can only be 
explained by absorption from the residual gas atmosphere during the sample 
preparation. An analysis of the residual gas In the unbaked vacuum system showed 
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a l o n g « I I 0 > 

D e t e c t o r ' , a l o n g • l l l > 

O P l e e l o r * a l o n g « ? 1 0 > 

that it consisted nearly comple¬ 
tely of H?O and traces of H2 

and No. Since these gases also 
have a high solubility in Nb 
they will mainly be considered 
in the following. 
For the following discussion 
it is important to note that 
the trapping of an interstitial 
impurity at the probe atom is 
completely governed by the 
elemental properties of the 
l81Hf parent Isotope. However 
due to the extremely fast 
rearrangement of the electronic 
surrounding the TDPAC measu¬ 
rement following the decay to 
l8)Ta measures the hyperflne 
parameters at the site of the 
nucleus of the Ta atom next 
to the previously trapped 
impurity. From the facts that 
in the temperature range 
friom 20 to 293 K we observe 
a unique QI frequency and the Fig. 8 TDPAC spectra of 181Ta in a Nb single cry-
fraction f, remains constant it stal for orientations indicated above, 

can be concluded that the 
trapped impurity does not leave its trapping site within the measuring time of -~ 
20 jisec. However slight shifts of the impurity in its interstitial cage cannot be 
excluded. 
For the following reasons we exclude H, C and N as impurities responsible for 
the observed QI: 
Hydrogen: In similar experiments a trapping of H at room temperature could not 
be observed (Men8S) due to the high mobility of H. At lower temperatures other 
QI frequencies were observed possibly due to the formation of Ta - H complexes 
(Rud84). 
Carbon: Annealing of the carefully decarbonized Nb single crystal In a carbonfree 
vacuum led to a high fraction of probe atoms with a trapped defect. 
Nitrogen: Annealing under a nitrogen atmosphere of pN ~ 10~7 kPa did not increase 
the fraction of decorated probe atoms as compared to samples annealed under p^ 
- 10MO kPa. 
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Fig. 9 Possible octahedral sites 
next to a substitutional Hf 
atom in a bcc lattice. 

Therefore we conclude that VQ is due to the 
trapping of oxygen dissolved in Nb after the 
decomposition of water vapour at the hot metal 
surface. This conclusion is supported by the 
observation of Mendes et al. (MenSS) that the 
same frequency appeared after producing dilute 
HfNb alloys under a low pressure oxygen atmos¬ 
phere. 
Lattice location experiments have shown that 
oxygen occupies the octahedral interstitial site 
in Nb ( Mat74, Kai78). Adjacent to the Ta probe 
atom two sites are possible for the oxygen 
atom: the nearest octahedral site {Oj ) in <100> direction and the second nearest 
octahedral site (O2 ) in <U0> direction (Fig. 9). In order to estimate the EFC 
produced by such trapping configurations we employed a simple point charge 
model ( Z ^ * + Se, Zo* -2e ), which has been reasonably successful in calculating 
EFG symmetries ( see e.g. Kau79). 
It can be seen immediately that In this model an oxygen ion on O, leads to « 
' 100> orientation of the maximum component of the EFG and to an n equal to 
zero, so that we can exclude this possible trapping site. An oxygen ion on O2 

produces a <110>, <110>, <100> orientation of the principal EFG axes which is also 
not in agreement with our results. Furthermore with r) • 0.03 the asymmetry 
parameter is much too small even if one takes into account the displacement of 
the surrounding Nb atoms caused by the interstitial oxygen (SchBba). 
The simplest configuration which can explain the orientation and the asymmetry 
of the observed EFG consists of two oxygen ions, one at O{ and the second near 
O2 with a Ta-O distance of 1.98 A i.e. displaced by 0.33 A From the ideal position. 
However it is difficult to understand why only this particular complex should be 
formed. Further neither a gradual buildup nor 
disintegration of the complex is observed as one 
would expect if the configuration would form by 
the successive trapping of atomicaliy diffusing 
oxygen. Finally an estimate of the oxygen concen¬ 
tration in the sample from the partial pressures 
of oxygen and water during melting and annealing 
excludes this possibility. 
Since these attempts to explain the experimental 

Probe To 
results In a picture where the trapped oxygen 2s 
assumed to be a doubly charged negative Ion Fig. 10 Position of the assumed 
failed we suggest that the covalent contribution covalent charge clouds q^ In 
to the tantalum - oxygen bond Is responsible the (100) plane for 181Ta In Nb. 
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for tne observed properties of the EFG. From the Pauling electronegativities 
( Pau40 ) one estimates the covalency of the bond to be - 37X. Therefore if the 
oxygen is trapped in the O, position i.e. in the middle of a (100 ) plane the bon¬ 
ding p-orbitals of the oxygen localize two more charge clouds in this plane. Each 
of the clouds has a charge of qc= -0.37e and qlon= -1.26e. the ionic part, is assum¬ 
ed to be centered on the oxygen ion itself (Fig. 10 ). This configuration explains 
well the observed rj and orientation of the EFG components. In this model the 
changes in r, at lower temperatures would be due to slight displacements of the 
additionai electron clouds caused by changes in the conduction electron distribu¬ 
tion. 
It should be mentioned here that due to the fourfold symmetry of the ' 100 > 
axis similar covalent contributions could not destroy the axial symmetry ( r\ = 0) 
of an EFG produced by an oxygen ion on the nearest ocrahedral site Ot 

The oxgen induced EFG at the site of 1B1Ta jr. Ta shows very similar properties. 
A quadrupok interaction frequency of ^„= 580(5) MHz and an asymmetry porame-

ter of n = 0.371 ) ) is observed nf. room temperature. shows ii weak and r, a 
strong temperature dependence and the orientation of the EFG's principal axis 
system was determined to be identical to that observed In Nb. 
This similarity and especially the Identical orientation of the EFG's principal ayi.% 
system makes it probable that also nere the oxygen Is trapped at the second 
nearest neighbour site. Therefore it is Interesting to apply the charge cloud model 
described above to this system. However In this case one has to consider that 
after the p-decay of l81Hf to l a lTa the probe atoms is no longer an impurity in 
the Ta lattice. Therefore the electrons in the Hf-O covalent bond now have to 
redistribute between the four equivalent Ta atoms surrounding the oxygen in the 
(100) plane (Fig. 11 ). This decrease of charge localized near the probe atom leads 
to a reduction of the asymmetry parameter of the EFG without changing the 
orientation of its principal axis system. If one takes the value for the covalent 
charges (qc = -0.37e and the angle <?> = 41.4° , Fig. 
10) found in Nb end simpl/ reduces qc by a 
factor of four a point charge model calculation 
taking into account the now four equivalent 
charge clouds and the known lattice distortions 
caused by the oxygen atom one obtains an asym¬ 
metry parameter T) '0.34 which Is Tery close to 
the experimental value of 0.37. 
Only the change in the absolute magnitude of 
the EFG I.e. the increase by about 120X from the 
Nb to the Ta system cannot be explained in this 

model and has most probably be attributed to Fig. U Position of the charge 
changes in the electron distribution around the clouds q,. for 181Ta in Ta. 
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probe which do not change the symmetry but Increase the magnitude of all EFC 
components by equal amounts. 

IV. Summary 

TDPAC studies of the cavity growth In copper, gold and aluminium have shown 
that inert gases play an important role in the early stages of cavity formation in 
the fee metals. Additional investigations and complementary measurements as e.g. 
transmission electron microscopy may yield valuable Informations about the 
kinetics of the cavity growth, their migration as well as their Impurity content. 
Finally these results open new possibilities to study the properties of EFG's on 
inner surfaces without disturbances of adsorbed gas layers, which usually build 
up even under the best UHV conditions. 
In the bcc metals Nb and Ta Ql frequencies Induced by the trapping of oxygen at 
Hf have been observed. The properties of the EFG's (symmetry, orientation) could 
only be explained in a point charge model by assuming that the substitutional 
probe atom traps one oxygen atom on the second nearest neighbour octahedral 
position. However it is necessary to take into account the influence of the cova-
lent contribution to the Ta-O bond which was approximated by assuming two 
charge clouds off the Ta-O Interconnecting line. In this model slight changes In 
the conduction electron distribution allow also a simple explanation of the observ¬ 
ed temperature dependence of r\ and the differences between the Nb and Ta host. 

This work has 'OMMMI funded In part by tha G t n u n Fadarml MlnlsUn* for Raaaarch 
and Technology (BMFT) under tha contract numbar BO1BON1. 
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HYDROGEN IN METALS: A NEW FIELD FOR PAC* 

A. weidinger 

Fakultat far Physik, UniversitSt Konstanz, 
D 7750 Konstanz, FRG 

1. Introduction 

The perturbed angular correlation (PAC) technique uses ra¬ 
dioactive nuclei as local probes in the solid. The nuclei 
interact via the magnetic dipole moment with the local magne¬ 
tic field and via the electric guadrupole moment with the 
local electic field gradient (efg) in the solid and therefore 
provide a means to measure these fields. The information on 
the interaction is transmitted to the observer by the angular 
correlation of the emitted y rays. The method has been applied 
extensively e.g. for studies of radiation damage /\,2/. 

In this paper a short outline of the PAC technique and a 
review of the application of the method to metal - hydrogen 
systems is presented. The method is particularly suited for 
the study of local aspects like defects in hydride structures 
or hydrogen trapping at impurities. A special but important 
application is the investigation of hydrogen diffusion at low 
temperatures. 

2. The PAC Method 

The essential part of a perturbed angular correlation 
(PAC) experiment is a ̂ -y" cascade in a radioactive nucleus 
with an intermediate state which has a certain, not too short 
lifetime T N . The two y rays are recorded and the time between 
their emission is measured (Fig. 1). The detection of the 
first y ray (jA) in a certain direction leads to an alignment 
of the nuclear spin in the intermediate state (unequal popula¬ 
tion of the M-substates) with the consequence that the second 
^ray (v2) is emitted anisotropically. If during the lifetime 
of the intermediate state the alignment is changed by an 
interaction of the nucleus with the local fields in the solid, 
then the emission characteristics of the second •{ ray is 
changed also. This leads to an oscillating coincidence count 
rate which reflects the change of the alignment as a function 
of time. The two detectors are fixed. 

The coincidence count rate N12(0>t) of detector l and 2 as 
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Det.l 

Start 

Source 

e 
Det.2 

Stop 

Fig. l: • -^cascade of a nucleus and schematic representa¬ 
tion of a perturbed angular correlation (PAC) set¬ 
up 

a function of time t has the following form 

y12( N o (1 ) 

where T N is the mean lifetime of the intermediate state and No 

a normalizing constant. W(Q,t) is the time dependent angular 
correlation and i? is the angle between the two detectors. The 
general form /3-5/ of W(£,t) is rather complicated and shall 
not be reproduced here. However, in most practical cases, very 
simple expression for W(£,t) can be used; these will be de¬ 
scribed in the following: 

2.1 Quadrupole interaction In a Polycrystalline Sample 

All applications of PAC to hydrogen in metals so far, 
belong to this category. For a polycrystalline sample (random 
orientation of the electric field gradients) W(«?,t) can be 
written in lowest order as 

W(O,t) A2G2(t) P2(cosG) (2) 

where A2 is the anisotropy of the angular correlation and 
P2(cosfc)) is the Legendre polynomial. The higher order terms 
are usually neglected. Their contributions are partially in¬ 
cluded in an effective A2-term. Only in experiments with very 
high statistics the influence of the higher order terms can be 
detected. The physically interesting quantity G2(t) is given 
by 



G2(t) - S 2 0 + X
 S2n cos^t (3) 

The L<;n are the transition frequencies in the quadrupole split 
intermediate state. They are uniquely related to the qua-
drupole coupling constant 

h 

and the asymmetry parameter 

—V 
VYY (5) 

' vzz 
where Q is the quadrupole moment of the nuclear state and v A i 

are the components of the electric field gradient tensor in 
the principal axes frame.The energy splitting of a nuclear 
level can be calculated by a diagonalization of the quadrupole 
interaction hamiltonian 

P - 1 ) L 3 1* 2 •I(I +1) + f (l2 + 1 

Here I. - lx * ily and Iz denote spin operators and I the spin 
quantum number of the state. For "M • 0 the following simple 
expression for the energy splitting is obtained 

h V ' " • - - - - - • ( 7 ) 

41(21 -

whene M is the magnetic quantum number of the spin. The fre¬ 
quencies n in (3) are given by 

E i " E1 
^ n • ± — 1 (8) 

where EA and Ej are the eigenvalues of Hg(see (6)). The s, 
values in (3) can be calculated /3-S/. For I • s/2 and 

j « 0, they have the following values: 

s20 " °'2 S21 " °'37 S22 • °*29 S23 " °*14 (9) 
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As an example, the PAC spectrum /(,/ of 1 8 1Ta in tantalum hy¬ 
dride (P-phase) is shown in Fig. 2. Here, oniy the reduced 
count rate A2G2(t) is displayed. The solid line is a fit to 
the data with V Q « 433 MHz, -n « 0.45 from which V 
1017 v/cm2 is derived. ' zz 7.64 X 

Rtt) 

-0.1 

0 

To - H 

\ P-phose 

1 A A A 
L 
H 

20 40 
Timt (nsl 

SO 

Fig . 2: PAC spec t rum of 1 6 1 Hf - i a % a in tantalum hydride 
a t 100 X for H/Ta - 0.43 ( « + (5 p h a s e ) . The s o l i d 
l i n e i s a f i t w i t h \>Q - 433 MHz, •»- 0 .45 /€/ 

WOO 2000 
w(Mrad/») 

3000 

Fig. 3: Fourier transform of the PAC spectrum of Pig. 6.2. 
In the insert the guadrupole splitting of the I -
5/2 state is shown 

The concept of the PAC can be recognized more directly on 
the Fourier transform of the PAC spectrum (Pig. 3). The three 



lines expected for an I « 5/2 intermediate state (see insert 
of Fig. 3; are clearly seen. The unequal spacings of the lines 
indicate directly that yj must be unequal zero. The intensity 
ratio of the three lines'"is given by the s 2 n values in (3) and 
is predicted by theory. 

3. Experimental Details 

3.1 PAC-Sources 

1 8 1Hf - 1 8 1Ta (Fig.4 and Tab.l). 1 8 1Hf can be easily pro¬ 
duced at a nuclear reactor by the (n,y) reaction from 180Hf. 
Unfortunately, no chemical separation of the active from the 
inactive part is possible. Thus, either mass separation is 
required or a rather high Hf contamination (minimum ca. 200 
ppm, mostly inactive Hf) in the sample must be tolerated. High 
temperature treatments of the sample must be performed in UHV 
(p < 10"7 Pa) in order to avoid oxygen contamination. 

j : 17.8 (IS 
137 keV 

£82 keV 

181 Ta 

Fig. 4: Partial decay scheme of 161Hf. The nuclear proper¬ 
ties which are relevant for the PAC experiment are 
summarized in Table l. 

_ 100Rh (Tab. 1). 100Pd can be produced by the nuc-
lear reaction lo3Rh (d,5n) 100Pd with a deuteron energy of Ed> 
50 Mev. A chemical separation of 100Pd from Rh is in princi¬ 
pal possible /14/ but, because of the inertness of Rh, the 
separation is rather complicated. Therefore, again, the imp¬ 
lantation technique with mass separation has to be applied or 
the Rh contamination must be accepted. 



Table 1: Some properties of nuclear probes which are often used in perturbed angular correlation 

experiments.Tt ,2 is the halflife of the parent nucleus and intermediate state, respec¬ 

tively, i" designates the spin and parity, /u the magnetic moment in nuclear magnetons 
—28 2 

and Q the quadrupole moment in barns (1b - 1O m ). The Y-Y-cascade Is characterized 

by the energies of the two Y-rays in keV and by the anisotropy coefficients A, and A.. 

The values of Q are from Ref.6.8,9 and the values of A2 and A. from Ref. 10-13 

All other data are taken from the table of isotopes / 7/. 

Probe 

1 8 1T. 

lncd 

100Rh 

99Ru 

Parent 

nucleus 

181Hf 

"'in 

100Pd 

99Rh 

T1/2 

42.4 d 

2.8 d 

3.6 d 

15.0 d 

Intermediate State 

T1/2 

10.8 ns 

85 ns 

214 ns 

20.5 ns 

In 

5/2+ 

5/2+ 

2+ 

3/2+ 

/i(nin) 

3.24 

-0.77 

4.3 

-0.28 

Q(b) 

2.36 

0.83 

0.07C 

0.23 

S^ 

137 

171 

84 

353 

528 

Y-Y-cascade 

EY2 

482 

245 

75 

90 

90 

A2 

-0.29 

-0.18 

0.17 

-0.13 

-0.28 

\ 

-0.076 

0.002 

0 

-

-



lxlIn - lxlCd (Tab.l). xllln can be produced by 110Cd(d, n) 
l x lIn or 1 0 9Ag ( , 2 n) l x lIn and is commercially available. 
l i xln is the most convenient PAC probe provided the metal¬ 
lurgical properties fit to the sample. 

S9Rh - 99Ru (Tab.l). The source 99Rh can be produced by the 
nuclear reaction 1 0 0Rh (d,3n) 9 9Rh or 9 9Ru (d,2n) 9 9Rh. The 
separation of the radioactive from the inactive part is again 
complicated and usually not performed. Because of I = 3/2 for 
the intermediate state, the asymmetry parameter cannot be 
determined. 

3.2 PAC Set-Up 

A conventional PAC set-up consists of four detectors in a 
configuration as shown in Fig. 5. From each detector a fast 
and a slow signal are derived, which are used for timing and 
energy selection purposes, respectively. After the fast-slow 
coincidence, each detector provides a start as well as a stop 
signal. By appropriate combinations a maximum of 12 coinciden¬ 
ce spectra can be obtained. 

n 

SCA I CF1 * 

XX 
Com- I 
i I 
:om- ] 

T 
1 '̂ 

Slotl 
TAC 

Slop 

i i 
Coin- j 

ctdvnc* 

MC* 

Fig. 5: Four detector PAC set-up and electronics 

From the coincidence spectra, Ni:j(e,t) of 4 detectors, 
where & is the angle between the detectors i and j, the folio-
wing ratio is formed (similar expressions for the other combi¬ 
nations ): 



m 2 r „„(iso.t^ciao.t^-j 
3 Lv N14( 90,t).N23( 90,t)' J 

This procedure eliminates the exponential decay of the coinci¬ 
dence spectra and even more important the detector efficiency 
since the efficiency of each detector occurs in the numerator 
as well as in the denominator. The experimental ratio R(t) 
gives with the approximation A2G2(t) « 1 the physically 
interesting quantity A2G2(t) (see (2) and (3)), i.e. 

R(t) 2 A2G2(t) (11) 

R(t) is usually denoted as experimental PAC spectrum and 
is fitted with the theoretical function A2G2(t). Since the 
disturbance can be caused by different interactions a more 
general form of G2(t) than in (3) has to be used. We set 

to"' "**' '»" —*»« 
and 

Equation (12) has the same form as (3) (n«0 and "^n.o*0 

are included in the summation) but in addition a distribution 
of the interactions with relative width <5 is included. Here a 
Lorentzian distribution is assumed. Each interaction affects a 
fraction f^ of probe atoms (^f^l) and may cause a spin lat¬ 
tice relaxation Ai- The R^t) in (13) have the form R(t) as 
given in (12) but with individual parameters for each interac¬ 
tion. The distribution of interactions causes a dephasing of 
the precession with a similar effect on the R(t) spectrum as 
the relaxation rate. In principle these two processes can be 
distinguished since A influences the s20-term whereas S does 
not. However in praxis a clear separation is difficult. 

4. Applications to Metal Hydrides 

Hydride phases can be investigated by the PAC method via 
the electric field gradient (efg) at the probe site. Changes 
in the hydride structure are in general connected with large 
r ianoes in the local efg. However, a direct determination of 
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the «tructure is not possible by this method, since the elec¬ 
tric field gradient cannot be calculated wi«:h sufficient pre¬ 
cision in order to be used for structure assignments. There¬ 
fore, model calculations can serve only as a rough guide for 
the discussion. 

The data are often compared with predictions of the point 
charge model in which one assumes, that point charges are lo¬ 
cated at the hydrogen and lattice atom sites and that the 
electric field gradient can be calculated by 

and equivalent expressions for the other components v^^ of the 
efg tensor. The Sternheimer factor /15/ describes the polari¬ 
zation of the electronic shell of the probe atom by the exter¬ 
nal efg. The summation in ( ff ) includes all ions around the 
probe except the probe itself. Sometimes, the screening of the 
charges by conduction electrons is taken into account by a 
pseudopotential ansatz. However, since even then no reliable 
predictions of the efg can be made, the value of these more 
complicated calculations is questionable. 

In the following, a few specific hydride phases will be 
discussed. 

4.1 Palladium Hydride 

PAC experiments with the nuclear probes 99Rh-99Ru and 
100Pd - 100Rh were performed on polycrystalline Pd-H samples 
/16/ with hydrogen concentrations between H/Pd • 0.65 and H/Pd 
= 0.96. The samples were prepared by alloying the irradiated 
target material with Pd metal to yield sources containing 
approximately 0.2 at.% Ru or Rh, respectively. 

. Pure palladium has fee structure and therefore the elec¬ 
tric field gradient at a substitutional site is zero. The same 
is valid also for the Pd-H system with H/Pd » 1 since in this 
case all octahedral sites are occupied by hydrogen and the 
environment of a substitutional probe atom is again cubic. 
Experimentally indeed zero or almost zero electric field gra¬ 
dients were observed in these two extreme cases. However, for 
intermediate concentrations (0 < H/Pd < 1) the cubic environ¬ 
ment is disturbed since some of the nearest neighbour octahed¬ 
ral sites are unoccupied and a non-zero efg is expected. 

Fig.6 show* two representative PAC spectra for H/Pd « 0.72 
and 0.65. respectively. ?rom a statistical point of view 
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Fig. 6: PAC spectra of 100Pd - 100Rh and 99Rh -
99Ru in Pd-H with H/Pd - 0.72 and 0.65, respec¬ 
tively. The experiment was performed at 77 X /16/ 

approximately 4 of the 6 nearest neighbour octahedral sites 
should be occupied, whereas 2 should be vacant on the average. 
For the source i00Pd, the parent isotope is chemically equiva¬ 
lent to a matrix atom and therefore has the same hydrogen 
environment as a normal matrix atom. If one assumes, that at 
7 7 K the hydrogen environment does not change after the nuc¬ 
lear conversion from 100Pd to i00Rh, because of the low hydro¬ 
gen mobility at this temperature, then the PAC probe should 
see distinct efgs corresponding to hydrogen environments with 
1,2, 3 etc hydrogen vacancies in the first shell (with proba¬ 
bilities according to the statistical distribution of hydrogen 
for K/Pd * 0.72) . 

Experimentally (Fig.6) indeed a disturbance of the angular 
correlation is observed. However, since the efg is very small, 
the repetition peak of the oszillation cannot be observed in 
the experimental time window and therefore the resolution is 
rather poor. The data were fitted with a single efg, but 
allowing for a distribution around the mean value. According 
to this fitting procedure, the experiment gives the average 
value of the different configurations. The experimental efg is 
v • l.O x 1017 V/cm2. This value is more than a factor 10 
smaller than the one calculated in the point charge model for 
a single hydrogen hoi* in the first shell. This strong r*duc-



tion indicates a very effective shielding of the proton charge 
by the conduction electrons. 

The situation is similar for the 99Rh - 99Ru probe (Pig.6). 
Again, very small ergs were observed. Here, the authors /16/ 
extracted two different efgs, which they attributed to a 
single hydrogen hole in the first neighbour shell and to more 
distant holes, 
values are: V 

Z2 

respectively. The corresponding experimental 
= 2.8 x 101' V/cm2 and V2E = 1.1 x 10

17 v/cm2, 
respectively. It is intersting to note that vz2 produced by a 
single hole is considerably larger at the probe 99Ru tnan 

100 Rh 
at 
is the probe 100Rh (if the average value in case of 

assumed to be representative for a single hole). This diffe¬ 
rence is not understood at present. 

4.2 Tantalum and Niobium Hydrides 

The Ta-H system was Investigated /17,6/ with the 181Hf -
181Ta probe for several hydrogen concentrations below H/Ta « 
0.43. For these concentrations, the Ta-H system is in the 
«.+P phase /18/ below approximately 280 K, it then changes to 
the <* + i phase which is stable around room temperature and 

20 40 
TIf€ Ins) 

Fig. 7: PAC spectra of 181Hf - 181Ta in Ta - H with 
H/Ta - o.4 3. The structure in the spectrum at 100 
K is attributed to the p-phase and that in the 
spectrum at 290 K to the £-phase /6/ 
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finally o phase is reached. The P and i phase possess ordered 
hydrogen configurations /16/; the structures vere determined 
by neutron scattering for the deuterides /19.20'. 

The FAC spectra (Fig.7) at representative temperatures for 
the different phases clearly demonstrate the sensitivity of 
PAC to phase changes. The p-phase quadrupole interaction is 
experimentally V Q • 433 MHz, y> « 0.45 whereas theoretically V Q 
= 1157 MHz, -q = 0.64 is calculated with V2Z from the point 
charge model and Z = l for the hydrogen charges. The rather 
large experimental quadrupole interaction indicates that in Ta 
the hydrogen charge is less completely shielded than in Pd. 
The sign of the hydrogen charge can not be determined in a PAC 
experiment. The % -phase has a much smaller {VQ • 220 MHz) and 
almost axially symmetric efg. This result is consistent with 
the proposed structure in Ref.20. The ^ phase is cubic, but a 
small disturbance from diffusing hydrogen atoms is observed 
(Fig.7). 

The phase diagram of Nb-H /18/ shows at low temperatures 
several ordered hydrogen phases depending on the H-concentra-
tion. For H/Nb < 0.75 and T < 200 K, Nb-H Is in the «<•£ 
phase. For the £- structure three inequivalent Kb environ¬ 
ments are expected with two, three and four nearest hydrogen 
neighbours, respectively. Experimentally /21/ only two diffe¬ 
rent efgs (VQ « 546 MHz and ̂ Q M8i MHz both with «- 0.65) 
were found. This deviation is probably caused by the Tact that 
the probe 181Hf - 181Ta is an Impurity in Nb and that there¬ 
fore the local structure around the probe atom is different 
from the pure Nb-H structure. Above 180 K the PAC data can be 
fitted with a single efg but with a distribution around the 
mean value. No difference was found in the PAC spectra between 
the J - and (5- phase /18/ indicating that the local structure 
around the probe atom is very similar in these two phases. 

4.3 Zirconium and Hafnium Hydride 

Pure Zr and Hf have hep structure and therefore the efg 
at the substitutional site is a priori non-zero. Kydriding 
changes these structures: stoichiometric dihydrides are face 
centered tetragonal, but at somewhat lower hydrogen concentra¬ 
tions they are face centered cubic. 

The electric quadrupole interaction at 181Ta in fct 
ZrH i g 7 was studied by RASERA et al. Z22/ in the temperature 
range from 20 to 588 K. A static, slightly asymmetric electric 
quadrupole interaction was found at all temperatures. The 
static nature of the pattern indicates the absence of signifi¬ 
cant hydrogen diffusion at these temperatures on a time scale 
of 100 ns. 

DE O. DAMASCENO et. al. /23/ studied HfH1<64 with the PAC 
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probe 181Hf-181Ta. X-ray diffraction showed that the system 
has fee structure at room temperature. However, the PAC spec¬ 
tra were by no means undisturbed as expected for '•he cubic 
system. The strong disturbance is attributed to hydrogen holes 
in the non-stoichiometric composition of HfH1>64. At room 
temperature a purely static interaction was found. However, 
above 37 3 K a dynamical behaviour was registered which showed 
motional narrowing at higher temperatures. From the tempera¬ 
ture dependence of the relaxation rate an activation energy 
for hydrogen diffusion is deduced. 

4.4 Hydrides of Intermetallic Compounds. 

HEIDINGER et al. /24,25/ studied the intermetalic com-

Fig. 8: PAC spectra of 1 8 1Hf- 1 8 1Ta in HfV2 at different 
temperatures and different hydrogen concentrations 
a) hydrogen free and T « 300 K (cubic AB 2 struc¬ 

ture) 
b) hydrogen free but at T - 4.3 X (after the 

martensitic transition) and 
C) H/HfV 2 « 3 .9 and T - 4 . 3 K / 2 4 / 
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pounds Hfv2, Zrv2, Tav2,and Hf0>5Zr0 5V2 which,without hydro¬ 
gen, have a cubic Laves phase ( CIS ) structure. These com¬ 
pounds, except Tav"2, undergo a martensitic transition at lower 
temperatures. In the cubic phase, no electric field gradient 
is expected if the probe 18*Hf-181Ta substitutes an A atom in 
the AB2 structure. Experimentally (Fig.8a), a weak disturbance 
is found which can be attributed to small inhomogeneities of 
the sample. Hydriding does not change the efg much although 
the cubic environment should be destroyed for non-stoichiomet-
ric hydrogen concentrations. This means that, as in the case 
of Pd, the proton charge is almost completely screened by the 
conduction electrons. 

After the martensitic transition, a well defined interac¬ 
tion is observed (Fig.8b) in the hydrogen free sample. Hydri¬ 
ding changes the Interaction frequency considerably (Fig.ec). 
It is also found that the martensitic transition is shifted to 
higher temperatures if hydrogen is added. 

VULLIET et al. /26/ studied the system Hf2Fe for different 
hydrogen concentrations between 0 and 4.4 H-atoms per unit 
formula. In the non-hydrlded sample, 3/4 of the probe atoms 
are in a cubic environment and 1/4 in a non-cubic environment 
as expected for the the structure of Hf2Fe. Hydriding changes 
first the 3/4 component and only at higher H - concentrations 
also the 1/4 component. From this behaviour the authors con¬ 
clude that at low concentrations hydrogen Is localized only 
near one type of Hf. 

5. Hydrogen Trapping at Impurities and Hydrogen Diffusion 

In this section, systems with very low hydrogen concen¬ 
trations will be considered. The purpose of these experiments 
is to study the behaviour of a single hydrogen atom in a 
metal and its interaction with impurities. We believe, that 
the real strength of PAC lies in this field, since the local 
sensitivity of the probe methods is ideal for these problems. 
However, in order to reach the high sensitivity it is necessa¬ 
ry that hydrogen is trapped at the probe atom. 

5.1 Hydrogen Trapping at Interstitial Impurities 

The classical case in this field is hydrogen trapping at 
the interstitial impunities oxygen and nitrogen in v, Nb and 
Ta ;for a recent paper and survey of the literature see 
Ref.27). As a result of many different experiments the authors 
/27/ propose that the trapped hydrogen is In a tunneling state 
between two tetrahedral sites, which are fourth nearest neigh¬ 
bours to the interstitial oxygen or nitrogen atom. M and 0 are 
assumed to be at octahedral sites in bec Mb, Ta and v. 
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The 0-H system in Ta was studied by PEICHL et al. /26/ 
with the PAC probe 181Hf - I81Ta. Fig.9 shows Fourier trans¬ 
forms of PAC spectra at low temperatures for a TaOo#ool and 
TaOo ooi

HO 008 samPle' respectively. In the upper spectrum a 
singie efg ( 3 lines) with v>Q - 568 MHz ^ - °-

35 ls observed 
which is attributed to a single oxygen atom trapped at Hf. In 
the lower spectrum clearly a different interaction shows up. A 
fit yields V Q - 580 MHz, ^ " °-73- T n e interaction in the 
lower spectrum is assigned to an 0 - H pair. The fact that a 

* H f • 

VQ(0) 

iJ r\wvwwsi»A»«/ 
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Fig. 9: Fourier spectra of 181Hf-181Ta in Ta.Top: 
oxygen atom trapped at 181Hf. Bottom: oxygen-
hydrogen pair trapped at 181Hf 

unique efg is observed clearly demonstrates that only one 
hydrogen atom can be trapped by one oxygen atom. This result 
was anticipated by other authors /29/. However, the uniqueness 
of the efg also requires that the 0 - H pair has a unique 
position with respect to the probe atom. Since the parent 
nucleus 181Hf is attractive for hydrogen (see below) it seems 
likely that the orientation of the 0-H pair is such that 
hydrogen is nearest neighbour to the probe. 

The lower spectrum in Fig.9 was obtained by quenching the 
sample rapidly to low temperatures. If the sample was cooled 
slowly, only a fraction of the oxygens (approximately 1/2) 
captured a hydrogen. Vhis indicates a competition between 
hydrogen precipitation and hydrogen trapping at oxygen, in the 
case of deuterium, almost always all oxygen is decorated. 
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Fig.10: Fraction of probe atoms in different environments. 
(0 - H complex); f2 fo undisturbed; f±: efg VQ 

efg VQ2 (0 - atom). The concentrations are 
O/Ta » 0.1 at.%, H/Ta K 1 at.% /28/ 

Fig.10 shows the fraction of probe atoms seeing an 
oxygen or O-H pair, respectively. At 55 K, the fraction O-H of 
the interaction disappears and that of the O interaction 
increases by approximately the same amount, indicating a con¬ 
version of O-H to 0 at this temperature. Possible explanations 
are 1) a break-up of the O-H bond or 2) a rearrangement of the 
pair in such a way, that only the oxygen Interaction is seen. 
However, in this later case, the presence of hydrogen in the 
neighbourhood of the probe should give rise to at least a 
small change in the interaction frequency with respect to 
oxygen alone. Since no change was observed, the explanation 1) 
seems to be favoured. However, more precise experiments should 
be performed. 

Similar experiments as described here were performed on 
the O-H and O-D pairs in Nb /30/. The results are comparable 
with those of Ta . The conversion of O-H(D) to O occurs in Nb 
around 65 K. An isotope effect as reported in Ref. 28 for Ta 
was not found for O-H and 0-0 in Nb. 

5.2 Hydrogen Trapping at Substitutional Impurities 

Until recently, very little was known on hydrogen trap¬ 
ping at substitutional impurities. However lately, an increa-



sing amount of data became available /31-33/. The PAC method 
is particularly suited to study this problem if the probe atom 
is the impurity at which hydrogen is trapped. Since the elec¬ 
tric field gradient is drastically changed by the presence of 
a hydrogen atom close to the probe, trapping and detrapping 
can easily be recognized. In addition, different configura¬ 
tions can be distinguished via the different electric field 
gradients. As an example, hydrogen trapping at 181Hf in Ta 
/34/ will be discussed here. 

A Ta sample containing approximately 300 ppm Hf was 
charged electrolytically with hydrogen (H/Ta - 0.006) and 
deuterium (D/Ta - 0.06), respectively. If the sample was 
slowly cooled to 4 K, no disturbance of the PAC spectra was 
found. However, if the sample was rapidly immersed into liquid 
helium, a strong modulation appeared. Fig. 11 shows the Fou¬ 
rier spectra of this experiment. The data can be decomposed 
into two interactions with 

WOO 2000 
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Fig.ii : Fourier transforms of PAC spectra for hydrogen and 
deuterium charged 181HfTa samples which were ra¬ 
pidly immersed from room temperature into liquid 
helium and measured at 4.2 K. The deuterium 
charged sample was annealed at 40 X. The concen¬ 
trations were H/Ta • 0.006 and D/Ta - 0.06, res¬ 
pectively. Thebars connect the three frequencies 
belonging to a certain interaction. 
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The first interaction is assigned /34,35/ to a trapped single 
hydrogen atcm and the second to two or ir.ore trapped H(D) atoms 
in different configurations (because of the distribution of 

»Q 2 ) . The frequencies are very similar for the hydrogen and 
deuterium charged sample; no significant difference was found 
(Pig. 11). 

The fact, that rapid cooling is required in order to 
obtain trapping, indicates that the Hf-H binding is rather 
weak since it cannot prevent precipitation. This behaviour was 
studied more explicitly 1'. an annealing experiment /34/ in 
which the sample was rapidely cooled and then warmed up succe¬ 
ssively to higher temperatures. It was found that the frac¬ 
tion of disturbed probe atoms goes to zero after annealing at 
around 60 K (with a slight difference for the H- and D-charged 
sample). The PAC measurements were always performed at 4 X. 
This experiment shows that the Hf-H and Hf-D pairs are stable 
up to approximately 60 K and then dissolve whereby the H(D) 
atoms migrate to precipitates. 

The positive binding energy of H(D) to Hf in Ta is con¬ 
sistent with the rule /33/ that elements to the left of the 
matrix atom in the periodic table are attractive for hydrogen. 
The HfTa system is similar to TiNb (group iv impurity in group 
V matrix) for which also a positive binding energy for H-Ti 
was found /32/. 

5.3 Hydrogen Diffusion at Low Temperatures 

The low temperature diffusion of hydrogen is particularly 
interesting since large quantum mechanical effects are predic¬ 
ted . It is expected that the classical over-barrier-hopping 
mechanism ceases at low temperatures and that tunneling pro¬ 
cesses take over. At moderately low temperature incoherent 
tunneling should be dominant, whereas at very low temperatures 
coherent tunneling or band propagation might show up. (For 
recent review articles on this subject see Ref. 36-39). 

Experimentally, very little is known on this subject. The 
most direct indication of the onset of quantum diffusion is 
the bend of the Arrhenius function /40/ for hydrogen diffusion 
in Nb and Ta. An extension of these experiments to much lower 
temperatures is not possible since hydrogen precipitates and 
forms hydride phases in which hydrogen is immobile at low 
temperatures. However, precipitation can be avoided by trap¬ 
ping hydrogen at impurities. Usually, this prevents also a 
measurement of hydrogen diffusion in the intrinsic syste*. 
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However if the impurity is radioactive and converts to a 
matrix atom, then the ideal case of a single hydrogen atom in 
a pure matrix is realized and the diffusion can be studied. 

This idea was applied /35/ to 181Hf in Ta. As can be seen 
from Fig. 4, 181Hf decays first to an excited state of iOiTa. 
A hydrogen atom trapped at 181Hf is released after the nuclear 
conversion and may diffuse away during the 25.7 s lifetime of 
this state or remain at 181Ta depending on its intrinsic 
mobility. The subsequent % -fcascade will record the presence 
or absence of hydrogen near the probe atom. Therefore, the 
fraction of disturbed atoms is a direct measure of the jump 
frequency of hydrogen in pure Ta. In an experiment at diffe¬ 
rent measuring temperatures (Fig. 12) it was found that up to 
about 15 K the fraction of disturbed probe atoms is constant 
but then it drops to zero between 15 and 30 K . These measure¬ 
ments were completely reversible, i.e. the non-converted -Hff 
kept their hydrogens whereas the converted ones released them. 

10 20 
TEMPERATURE IK) 

Fiq 12- Fraction of probe atoms which are disturbed by a 
" hydrogen atom as a function of temperature. The 

hydrogen concentration was 0.1 at.%. /35/ 

in the analysis it was assumed that hydrogen resides at 
tetrahedral sites M l / and that the probability of return can 
be neglected. Then the diffusion coefficient D and the mean 
residence time can be determined by the following formulas 

79 (15) 

(16) 



"o 

48 X. 
(17) 

where f/fo is the relative fraction of the disturbed atoms 
normalized to the constant value f0 at low temperatures. The 
factor 4 in (16) between the correlation time T c and the mean 
residence time X accounts for the fact that only one out of 
four jumps leads away from the probe, if tetrahedral sites are 
considered. Equation (15) gives the relation between D and 
for tetrahedral-tetrahedral jumps with a0 as the lattice con¬ 
stant of Ta. 

The results of this analysis are shown in Fig. 13. It can 
be seen that the diffusion coefficients are much larger than 
expected form an extrapolation of the published data /40/ with 
an Arrhenius function. On the other hand, the data are mil 
represented by a T7 temperature dependence as predicted by the 
small polaron hopping theory /42/ for low temperatures. 

XX) 50 30 20 15 IK) 

0 1 0 2 0 3 0 6 0 5 0 6 0 7 0 8 0 
1000/T IK"') 

Fig.13: Diffusioncoefficients D and mean residencetine 
for H in Ta in theot-phase. The thick l ine repre¬ 
sents the data of Raf. 40, the dashed l ine i s an 
extrapolation assuming an Arrkenius law. In the 
insert the data are presented on a log-log scale. 
The solid line shows a T7 law. /3S/ 
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6 Conclusion 

The perturbed angular correlation (PAC) method has been 
used rather little in hydrogen physics so far. This has pro¬ 
bably to do with the fact, that the method is still fairly 
complicated, although simple and standardized set-ups have 
been developed recently, and that it requires handling of 
radioactive materials. On the other hand, a rather large 
number of groups are familiar with the technique. However, 
they have not applied it to hydrogen problems yet. 

Particularly promising are experiments in which the local 
structure around the probe atom is investigated. For example, 
hydrogen trapping at substitional impurities (probe atoms), 
ran be investigated with very high precision and many details 
which are inaccessible by other methods can be studied. The 
advantage of PAC lies in the fact that different hydrogen 
configurations can be distiguished and that changes of the 
structure, e. g. as a function of temperature, can be detec¬ 
ted. The diffusion studies described in Sect. 5.3 are 
probably impracticable at all with classical methods and can 
be performed only in the way described there. Although the 
number of systems to which this method can be applied is 
rather limited, it is nevertheless important that at least on 
one (or several) systems the principal behaviour of hydrogen 
diffusion at low temperatures can be studied. Experiments ir. 
this connection which are not performed yet, are the investi¬ 
gation of isotope effects and the search for coherent diffu¬ 
sion at very low temperatures. For this later case, the PAC 
method is well suited, since a localized hydrogen atom finds 
itself after the nuclear conversion in a pure lattice and the 
development of the wave function from this initial state can 
be studied. 

Concerning structure studies, PAC as all local probe 
methods is inferior to diffraction measurements. However, 
local defects in ordered structures, in particular missing 
hydrogen atoms in hydrides, can be sensitively investigated. 
One can also obtain some information on the electronic struc¬ 
ture of hydrides via the measured electric field gradient. The 
method is in principle surface sensitive, if the probe atoms 
are deposited at the surface, but no such experiments on 
hydrogen systems were performed yet. 
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Impurities and defects in silicon studied with Mossbauer spectroscopy and 

perturbed angular correlation. 

C.J. Kemerink 

Laboratorium voor Algemene Natuurkunde and Materials Science Centre, 

University of Groningen, The Netherlands 

Tellurium implanted and laser annealed silicon was studied using 

ll*Sn, ll Sb, 12STe and l29I-Mos6bauer spectroscopy. It is concluded that 

Te is mainl; incorporated on substitutional sites and that the various 

daughters, v'.th the exception of Sn, may occur in more than one charge state. 

Different charge states are characterized by different isomer shifts and 

Oebye WalLer factors. In Che case of I one state is observed that shows 

quadrupole interaction at low temperature that vanishes above 60 K. The dis¬ 

appearance of the splitting is accompanied by a highly anisotropic 

recoilless fraction. 

For IlxIn implanted and laser annealed silicon two defects with <111> 

symmetry are observed. These defects, and a third one with the same <111> 

symmetry, are also produced by 2 MeV proton bombardment. They dissappear 

around 400 K, corresponding to a dissociation energy of about 1.0 eV. The 

defects are attributed to the In-vacancy pair that can either occur in 

different charge states or is decorated with hydrogen. 

1. Introduction 

Basic to the construction of semiconductor devices is the modification 

of the electrical properties of the intrinsic material by suitable dopants. 

The behaviour of the commonly used shallow dopants is well understood. 

Less well understood are the properties of impurities that introduce levels 

that do not lie close to the valence or conduction band. This holds a fortior, 

when the impurities are associated with lattice defects. 

In this paper the application of Mossbauer spectroscopy and perturbed 

angular correlation (PAC) in this field of research is demonstrated for two 



systems studied in recent years in Groningen . One system is Te implanted Si, 

using ll9Sn, I2lSb, 12STe and 1J9I-Mossbauer spectroscopy. The other is xllIn 

implanted Si using perturbed angular correlation of the Y-Y cascade in the 
l21Cd daughter. In both cases the Si is laser annealed after implantation. 

It will be shown that Mossbauer spectroscopy can reveal specific 

properties of deep level states of substitutional impurities. For instance, 

the effect of a change in charge state affects the electron density at the 

nucleus and the bonding of the impurity to the lattice and will thus be 

revealed by a change in isomer shift and recoilless fraction. The presence 

of quadrupole interaction points to a deviation from cubic symmetry. Using 

single crystals, detailed information can be obtained about dynamical aspects 

of relaxation processes as will be shown for I in Si. Since in all cases 

a parent isotope of the same species, namely Te, was incorporated in the Si, 

the same impurity site is involved for all Mb'ssbaucr probes. After laser 

annealing this is the substitutional site as was deduced from channeling. 

Moreover, this site assignment is confirmed by the results to be presented. 

In a cubic nonmagnetic host perturbed angular correlation can only show 

the lowering of the symmetry of the lllCd probe site. When defects are 

involved they often can be flagged with a unique quadrupole interaction 

frequency and, using single crystals, the main axes of the quadrupole 

interact on tensor can be determined. Together with other information this 

leads us to the conclusion that the basis defect, after laser annealing, 

and also after proton irradiation, is the In-vacancy pair. 

2. Sample preparation 

The starting material in the investigations was n- or p- type floating 

zone refined single crystalline silicon with a specific sensitivity between 

1 and 20 ftcm. The orientation was mainly <100>, in a fev cases <111>. 

To obtain a wider range of n- or p-type doping levels part of the samples 

was implanted with P or B prior to use. 

The radioactive probe atoms iI9(m)Te, 1ISTe and 1 2 9 BTe for Mossbauer 

spectroscopy and lllIn for PAC, were implanted at an energy of about 110 keV 

using the Groningen isotope separator. 121Te was introduced by iaplanting 

the short lived 1 2 IXe, that decays through " Z I to 1 2 1Te, at 60 keV 

with the ISOLDE facility . Partial decay schemes relevant to the 



Partial decay schemes of four radioactive Te isotopes used in thi 
investigation, with an indication of the characteristic propcrtiei 
of the low energy gamma transitions used for Mossbaucr spectros-
copy. 

Mossbauer work are shown in Fig. 1. 

The implanted samples were annealed with a pulsed ruby laser with a 

pulse duration of approximately 30 ns and pulse energy densities of 1.5 -

1.9 J/cm2. This results in the melting of a surface layer of about 2500 A 

which resolidifies epitaxially, yielding high substitutionality in the 

case of Te as was first shown by Foti . Some of our own channeling and 

Rutrherford backscattering results that illustrate this behaviour are shown 

in figures 2 and 3 . 

In the case of In implanted Si part of the In is incorporated on lat.ti 

sites while another part (50-70% under our conditions) segregates at the 
7-9 

Si-surface . This surface layer was removed using the anodic oxidation 

technique. Laser annealing also results in the complete electrical 

activation of co-implanted B- and P-impurities 
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Spectra of 2 MeV He -ions back-
scattered from Te-impurities 
over 105° and emerging under an 
angle of 15° with the surface 
(to increase depth resolution). 

a: Laser annealed Si-crystal 

b: Same after removing of 175 A 
Si 

c: Layer of about 1 |ig Te/ca* 
evaporated on surface. 
<100>: beam along <100> axis, 
R: random beam direction 
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ig. 3. Angular dependence of backscatter yield from Te (A) and Si (0) atoms 
in a laser annealed Si crystal implanted with 1.1 x 1015 at.Te/cm'. 
Substitutional fractions derived from minimum yields are 
82± 62 for the <100>, 85 ± 62 for the <110> and 92 ± 62 for 
the <111> string. 



3. Results from Hossbauer spectroscopy 

3.1. 9Sn impurities in Si 

Laser annealed samples, containing 2-4 x 1013 at. Te/cm*, (including 

the 4.7 day l l 9 mTe activity that decays to 1 1 9Sn through ll9Sb) and 2 x 10ls 

at. P/cm2, 2 x 1015 at. B/cmJ, or no further doping all yield single line 

Mdssbauer spectra. Isomer shifts (S) and line widths (T) derived from these 

spectra are collected in Table 1. 

Table 1. 

le-dose 

(cirT:) 

2x10l! 

4x10' ! 

2x1O13 

B or P dose 

(cnf?) 

2xlO 1 ;P 

2xlO 1 5B 

Si-type 

+ 
n 

(n) 
+ 

P 

(mra/s) 

1 

1, 

1, 

.80(5) 

.77(5) 

.78(5) 

r 
(mm/s) 

1.12(3) 

1.12(3) 

1.11(3) 

a) relative to BaSnOj absorber. T 
meas 

4.2 K 

Na differences in S and F are observed. The P-value is the same as found for 

P standard single line source of Ba119mSnO3. This observation indicates one 

unique site of cubic symmetry for the Sn atoms independent of doping. The 

isomer shift agrees with that observed earlier for subseitutional Sn in Si 

and excludes defect association of the implanted Te-impurities. This conclu¬ 

sion' could not be drawn with the same certainty from the channeling experi¬ 

ments alone. 

3.2. 1;ISb impurities in Si 

Samples were implanted at ISOLDE with short lives 1 J 1Xe to a dose of 

*, \*\0i* at/cm! 13. After the decay of u l X e (39 min) via l 2 1I (2.1 h) 

to l 2 1Te (17 d) the Si-crystals were laser annealed. All spectra consisted 

out of a single line (table 2.) and a quadrupole split component whose 



intensity varied between 6 and 207. of the total absorption area (fig. 4). 

The isomer shift of the split component amounts to - 0.24(4) mm/s with 

respect to GaSb, the splitting je!qQ/h| = 245(60) MHz. 

Table 2 shows that there exists a slight difference in isomer shift 

between n- and p-type samples. The shifts for the heavily doped n-type 

samples should correspond Co neutral Sb, those for the p-type to Sb . 

From the difference in isomer shifts it is estimated that the electron den¬ 

sity at the Sb nucleus is 0.7 a "' higher for Sb° than for Sb . Feher 

determined from ENDOR measurements a value of 0.2 a ~> for the donor 

electron contact density. These results are noC necessarily conflicting 

since both methods do not probe the same quantity: Mossbauer spectroscopy 

gives the difference in total contact density between a state with and one 

without a donor electron, while ENDOR measures the difference in spin-up 

and spin-down contact density of the state with the donor electron. 

Electron - electron correlation! can affect these quantities in a different 

wav. 

Table 2. 

B-dose 

(cm"J) 

SxlO1" 

1x1O15 

2xtO15 

Si-type 

• 
P 

P+ 

P 

S 

(mm/s) 

0.47(5) 

0.37(3) 

0.41(6) 

P-dose 

(cm-*) 

SxtO1* 

2x10ls 

2x10ls 

Si-type 

n 

n 

n 

S 

(ma/s) 

0.17(3) 

0.19(3) 

0.16(6) 

ShifC S with respect to CaSb. 

Linewidth P fixed to 3.2 mm/s. 

« 4.2 K. Te-dose 

3.3. 12STe impurities in Si 

As in che previous case, the Te activity (60 day 1250>Te) was implanted 

in Si-crystals doped with P or B, yielding n , p and compensated type 

silicon after annealing. A higher Te-dose (̂  5x10ll>/cniI) was required because 



MSssbauer spectra of the 37.1 keV 
gamma line of l21Sb for laser 
annealed TeSi. measured at 4.2 K 
with GaSb absorber. 

"-» -c -(. -i o i 
VELOCITY tmir 

Mossbauer spectra of the 3S.5 keV 
gamma line of 12STe for laser 
annealed TeSi measured at 4.2 K 
with SnTe absorber: 

a. n type Si 

b. p type Si 

c. compensated Si. 

of the low specific activity. 

A. Isomer shifts 
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In Fig. 5., some of the Mossbauer spectra are shown. Each again consists 

of a single line, but now there are differences in isoaer shift. In table 3 
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parameters derived from least squares fits of Lorentzian lines to these 
spectra are given. Though the line shifts are only small fractions of the 
line width, there is a clear difference of the isomer shifts for the n and 
p samples, from 0.14 to -0.13 mm/s. A crystal with only Te gives essentially 
the same shift as the P-doped crystal. Both are n -type crystals, as follows 
from our Hall-effect measurements. 

Table 3. 

Te-dose B or P dose 
(cm-*) 

Si-type sa) 

(mm/s) 
r 

(mm/s) 

5x10** 
SxiO1" 
6x101<ł 

6xlO l l ł 

6x10 l l łP 
2x1015B 
6x1O1"B 

n 
P 
comp 

0.14(1) 
-0.13(1) 
0.06(1) 
0.16(1) 

8.60(4) 
8.43(4) 
9.54U) 
8.44(4) 

a) relative to SnTe absorber. T meas 4.2 K 

The result for p and n -type silicon can be understood by realizing that 
different charge states of the Te configuration are formed for different 
positions of the Fermi level, determined by the doping of the silicon. 
This is corroborated by the existence of two levels of Te within the baitdgap, 
at E -0.20 eV and E -0.41 eV (E is the energy of the bottom of the 

15 16 
conduction band) as found by Grimmeis et al. and by Lin et al. 

In the n -type samples (see table 3.), the Fermi level is very close to the 
conduction band and we expect the level at E -0.20 to be filled, making the 
Te neutral. In the p -type sample on the other hand, the Fermi-level is close 
to the valence band and the Te-atoms should be doubly ionized, in agreement 
with the findings just mentioned and, in general, with the double donor 
character of a group VI element. It is to be noted that the Ferni level and 
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the temperature determine the equilibrium charge state of an impurity. This 

does not imply, however, that this charge state vill be realized during the 

short lifetime of the Mossbauer level. At low dopant concentrations and at 

low temperatures the electrons and holes are localized on the donor and 

acceptor atoms, respectively. Trapping of such a charge carrier by a probe 

atom can only occur when it is sufficiently close. This implies that high 

doping levels, where strong delocalization of carriers occurs, are in 

general required to enable changes in the charge state of levels in the band-

gap. Figure 6 shows some characteristics of heavily P-doped Si. As an example 

let us consider the process Te • e •• Te°. The time required for trapping a 

charge carrier can be written as T • onv, with o the trapping cross section, 

n the carrier concentration and v • /3kT/o* the thermal velocity. When we 

assume that the electron trapping cross section of 3xlO"15 cm» found for 

St • e -> Se is a good estimate for the corresponding process in Te, then 

T % 6 ps for the P-doped sample. In this case it is seen that T is indeed 

shore compared to the nuclear lifetime of 1.5 ns. 

This ciiscuBsion also shows that it is probably difficult to measure 
+ 

ie in our experiments since it requires on the one hand that the Fermi level 

is between Ec -0.41 eV and E -0.20 eV and on the other hand a carrier concen¬ 

tration so high that the formation of Te occurs fast enough. The 

Mossbauer line observed for the compensated crystal is therefore probably 

due to the presence of more than one charge state and possibly transitions 

between these states . 

P-CONCENTRATION ( cm"3l 

IP1 9 f 

ZERO 

N r v M _ i IRANS-
N 0 N E I IT ION 

? r RO I TRAT6 

TRANSITION 

ALL 

METALLIC 

COMPLETE 

« CONDUCTIVITY 

OELOCAIIZATION 

INTERACTING 
" DONORS 

I01' I013 10 u 10 lS I0'6 

P DOSEI cnT : l 

Some characteristics of heavily P-doped Si at low temperature (e.g. 4.2 K). 
The P-dose corresponding to a given P-concentration has been calculated 
assuming an impurity layer thickness of 2500 A. 



From the difference in isomer shift an increase Ap(0)»1±3 a~a) follows 
o 

for the contact electron density at Te relative to Te : Thus, each electron 

contributes about 6a"3, only a small fraction of the density contributed 

by one s-electron O 60 a~5) but of the same order of magnitude as observed 
o 

for different chemical compounds with Te in the same oxidation state. This 

suggests a description of the TeSi<, cluster with an M.O.-model, assuming 

that only the Ss- and Sp-electrons of the Te atom and sp] hydridized orbitals 

on the four tetrahedrally surrounding Si atoms participate in the bonding. 

A possible M.O.-level scheme is given in Fig. 7. In the neutral configuration 

two antibonding orbitals are filled. The observed isomer shifts can be 

explained if a 10-20Z admixture of the 5s state is present in the A* orbital. 

It must be remarked, however, that the simple M.O.-picture does not account 

for the effective mass-like excited states observed by Grimmeit et al. , 

who derived a contact density of 2.5 •"' for one bound done electron. 

!SiT«)" [Si Tel" IS> Tel* 

Possible M.O. energy level schemes for TeSiv clusters in different charge 
states. Orbitals indicated by stars are antibonding. 

B. Recoilless fractions 

The area of a Mossbauer absorption line is proportional to the recoil-

les fraction f(T) of the resonant gamma line. Since it is generally difficult: 

to calibrate this area directly in terms of f, the dependence of the absorp¬ 

tion area on T is frequently measured. Assuming validity of the Debye model, 

a Debye temperature can then be determined by fitting the measured area vs T 

dependence to a Debye model curve. This has been done in Fig. 8. for 
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Mossbauer spectra of 125Te implanted in p type and n -type silicon measured 

in a range of temperatures from 4-280 K. The decrease for the p -type is 

clearly slower than for the n+-type, yielding a higher effective Debye 

temperature 6' - 232(3) K for the Te++-ion than for the Te° atom (6* = 

207(3) K). It is interesting to observe such a clear charge dependence of 6'. 

A plausible explanation of this phenomenon is the following. It is well-

known in chemistry that the binding energy (U) between atoms strongly depends 

on the difference in the number of bonding (n, ) and antibonding orbitals 

(n , ); in first approximation: V a (n.-n L)» The impurity-host force constant 

y = -dU/dx and the effective Debye temperature 6' « y therefore decreases 

with increasing n , . 

• (j • K * ot !* t"' 

Fig. 8. 

Absorbtion areas of l2i1e 
Mossbauer spectra of laser 
annealed TeSi crystals as a 
function of source temperature. 
Plots have been fitted to 
Debye model curves. 

a. p -type Si 

b. n -type Si 

SOURCE TEMPE»iIL'RE I « • 

3.4. 129 I impurities in Si 

Samples of n , compensated and p -type silicon, implanted with the 30 

*if l2'mxe activity and suitable concentrations of B or P dopants and subse¬ 

quently laser annealed were used as sources for Mossbauer spectroscopy of the 

27.8 keV transition in I 2 9 I . The results of measurements at <*.Z K are shown 

in Fig. 9. Large differences in the spectra are found. In all cases there 



are at least two components. The isomer shifts of the 1; rge components are 

quite different and a pronounced quadrupole splitting appears for l J 9I in 

n -type silicon. The values of the parameters derived from the spectra are 

collected in Table 4. Apparently, the observed isomer shift differences 

must again be attributed to charge state dependent effects, but the 

appearance of a strong quadrupole splitting in the P-doped crystal is 

puzzling at first, since the Te-parent activity is known to be substitutional 

and therefore has a cubic environment. We shall discuss the isomer shift, 

quadrupole splitting and recoilless fraction results separately. 

Fig . 9. 

1JV: M&'ssbauer spectra of 
differently doped Si tingle 
crystals implanted with r!' 
and subsequently laser annealed. 
Absorber Cu12'I, temp. 4.2 K. 

Top: 2x1015 at.B/cm», 
2.2x10l<tat.Te/cm1 

Middle: SxlO^at.B/ca1, 
6xi0la|at.Te/o»» 

Bottom: 2x101''at.P/c«t, 
1.4x101*at.Te/c»». 

A. Isomer shifts 

The isomer shifts of the main spectral components, designated as Sf 

for p -type, S, for compensated and S, for n -type are given in Table *. 

It is seen that, just as in the case of 1Z5Te, the shift increases when 

going from p -type to n -type silicon, and to compensated silicon. The 

difference in isomer shift between S, and S, corresponds to a contact 
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Table 4. 

Te-dose B or P dose Si-type compo-
(cm"') (cm"*) n e n t 

Say AE 6' 
(mm/s) (MHz) (K) 

2.2X1011* 2x10l5B 

6X101" 6x01 l l łB comp. 

1.4X101" 2x10llłP n+ 

0.94(1) 
1.3(1) 550(20) 

2.34(1) 
1.7(1) 550(.0) 

2.15(4) 452(8)b) 

1.4(1) 550(20) 

196(3) 

170(3) 

} 155(7) c) 

a) relative to Cu I absorber; b) at 4.2 K; c) see also text. 

density increase Ap(0) «6.8(1.0)a~3 that between S„ and S, to a decrease of 
o l i 

-1.1(2)a~J. Such a behaviour can be explained by supposing that the charge 
state for iodine impurities in p -type silicon is I , for compensated I 
and for n -type I . As in the case of 125Te, the shift changes are snail 
compared to the contribution of on e 5s electron in atomic iodine which 
amounts to Ap(O) % 70a~». As in that case we assume a M.O. picture with 
electrons filling the antibonding orbitals, the T* orbital being higher in 
energy than the A* orbital (Fig. 10.). The addition of an electron to the 
A* orbital (I++-*I+) leads to an increase of density because of the partial 
s character of this orbital. The next electron (I+-+I0) fills a T* orbital 
which leads to a decrease of the total s density because it screens the 
nuclei s to some extent and has no s character of its own. The influence of 
this screening on the s density agrees quantitatively with that found for 
many iodine compounds. 

Self consistent Hartree Fock calculations were performed by P. Aerts of 
the department of chemical physics of our University on ISii,Hi2 clusters. 
These yield contact density differences Ap(0) « 20a"' for I++-*I+ and 

o 
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Ao(0) » -5a~' for I -"-I (using the level filling scheme of Fig. 10.). 

Crystals showing components I and I were recently measured at 4.2 K 

in an external field of 2.7 Tesla. In neither case a magnetic hyperfine field 

expected from a polarized paramagnetic electron was observed. This seems to 

be conflicting with the interpretation of component I presented above: 

either the charge state or the proposed electronic configuration of Fig. 10. 

must be incorrect. 

Fig. 10. 

Possible M.O.-energy level schemes for different charge states of an ISi* 
cluster consisting of an iodine atom tetrahedrally surrounded by four 
Si-atoms. Only 5s and 5p I-orbitals and sp3-hybridized Si-orbitals have 
been used. 

B. Quadrupole split components 

In all spectra, a quadrupole split component, designated as Q, is 

observed, which has a large quadrupole coupling (6E_=eQV /h«550 MHz). 
y zz 

Its relative intensity is less than 25Z in most cases. The values of S and 

AE hardly depend on temperature. It is thought that this component is due 

to strained regions in the crystal where the I-atoms reside in static 

Jahn Teller distorted states. 

The component S., is only found in strongly n type silicon, where the 

iodine is supposedly in the neutral state. There, S, is predominant and 

its quadrupole coupling constant, eQV /h=452 MHz at 4.2 K, again indicates 

a considerable distortion from cubic symmetry, comparable to that of 
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component Q. Component S, has some remarkable properties. In the first 

place its quadrupole pattern depends strongly on the temperature of the 

source, as shown in Fig. 11. It experiences a gradual collapse to a single 

line in the temperature region from 4.2. K to 80 K. Further, the intensity 

of this single line depends strongly on the angle of emission of the gamma 

rays relative to the crystal axes. This is also shown in Fig. 11.: the line 

intensity is much higher for gamma-rays emitted parallel to the <111>-axis 

than to the <110>-axis. This anisotropy only occurs at source temperatures 

vhere the spectrum has collapsed to a single line and it is not seen for 

component Q. This is demonstrated in Fig. 12, where the intensity of the 

spectral components S, and Q are given for three different gamma directions 

at some temperatures between 80 K and 200 K. 

• * * • " , . 

* » * « - . : . > 

Fig. 11-

1 2 9I Mossbauer spectra from a 
laser annealed Si-crystal of n 
type for various temperatures. 
Gamma rays emitted along the 
<111>-axis (left) or along the 
<110>-axis (right). 
Cu129I absorber kept at 4.2 K. 

A last feature that is of importance for the interpretation of the observed 

phenomena is that the e.f.g. deduced from the quadrupole spectra of S_ is 

essentially axially symetrie (n \ 0) and has a negative sign. This is 



Fig. 12. 

Measured absorption area of the 
relaxing component S, and of the 
non-relaxing split component Q 
as a function of temperature for 
directions of observation of the 
y-rays along <111>, <100> 
and <!I0> crystal axes. 

130 . 180 1 source ' *' 

consistent with a trigonal distortion through which the Iodine atoms have 

shifted along a <111>-axis towards three nearest Si-neighbours. 

C. Origin of quadruple relaxation and anisotropic recoilless fraction 

of component S-. 

In section 3.4.A. we attributed the spectial component S, to neutral 

iodine atoms that have one electron in the T* nolecular orbital. In contrast 

to the A* level this state is orbitally degenerate. Such a state may erttibit 

a Jahn Teller distortion. The most probable distortion of the tetrahedral 

complex is trigonal and such a distortion is indeed revealed by the 

character of the quadrupole interaction found at very low temperatures. 

The collapse of the spectrum at increasing temperatures indicate* a transi¬ 

tion of the Jahn-Teller distortion from static to dynamic, with the iodine 

atoms jumping between four possible equivalent sites on the <111>-axes 

(see Fig. 13B.). The theory of the spectral shape in the transition region 

between slow and fast relaxation is very involved, it was not tried therefore 

to fie the experimental spectra in this region to calculated ones. Thus, 

only a rough estimate, 2G±I0 tneV, can be given for Cte activation energy of 

the jump process. 

The anisotropy of the recoilless fraction observed at temperatures where 
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the relaxation process is fast (T _1 80; can also be attributed to the 

jumping of iodine atoms between tour equivalent sites. A general theory 

of MossDauer spectra of atoms that diffuse by jumping through a lattice has 
19 

first been given bij Singwi and Sjólander . For the special case encoun¬ 

tered here, where the atom jumps between a limited number (N) of different 

positions and in the limit of fast relaxation, their expression for the 
20 

recoil less fraction reduces to : 

ik.R j 
t - tcn.f T * f(T) : ̂  : 

Tne "jump Debye-Waller factor" fj is the squared sum of the amplitudes of 

-enerent emitters on N equivalent positions, with phases given by k.R . 

<•• re K is the wave vector of the gamma rays and R the displacement vector of 

the iodine atoms. £ • ii*! is the absolute displacement from the centre of 

rbs tetrahedron. In Fig. 13A. results are shown of calculations of 

f,()<,--) for the jumping process indicated in Fig. 13B., with k along 

the three crystal axes for which measurements were performed. 

•*'•• 

^POSSIBLE 
~ • -SHE 235^ 

0" C2 
°5

i(i" °' 

Fig. 13. 

a. Jump Debye-Waller factor fj as a 
function of I-displacement t for 
directions of observation of v-rays 
along the <111>, <1OO> and <II0> 
crystal axes. Hatched areas indicate 
exPer*-mental values for a source with 
2xl0ll%at.P/cmJ and 1 .AxiO^at.Te/cmJ . 

b. Possible I-sites in a trigonally 
distorted tetrahedron. 

Experimental f values for one particular source are given by hatched areas. 

We see that for AM).3A good agreement is obtained in the <111> and <100> 

direction but that the experimental f value for the <110> direction is too 

high. It must be remarked, however, that different experimental f. values 
J 

60 



are found for different crystals and temperatures, suggesting that the model 

represented by Eq. (1) is an oversimplification. The agreement of the model 

with experiment is better, however, for a trigonal distortion than for a 

tetragonal one. We can say that the experimental fact6 can largely be 

understood on its basis, assuming ,M).25-O.35A', but that the distortion 

may be more complicated than assumed for the model. 

D. Charge state dependence of the recoilless fraction 

In the same way as for the Te implanted samples discussed under 3.3B. 

the recoilless fractions of substitutional iodine and therefore the charac¬ 

teristic temperatures 6' decrease as the antifonding orbitals are filled 

(see Table 4.). 

4. Results from perturbed angular correlation »tudie« 

11JCd in Si 

After implantation of 111ln, the samples were annealed by irradiation 

with aQ-switched ruby laser with a pulse width of 25 ns and an energy 
7-9 

density of 1.6 J/cm2 per pulse. It is known that by this procedure 

indium atoms can be introduced at substitutional lattice positions to 

concentrations far beyond the solid solubility limit of 2x1018 cm~s 

It is also known that a significant number of indium atoms segregate at the 
7-9 » 

surface . To remove them, a layer of about 60 A was stripped by means of 

the anodic oxidation technique, which caused a loss of implanted radio¬ 

activity of about 5O-7OZ. 

The y-rays emitted in the decay of llIn were measured with a four-

dectector coincidence set-up, each detector consisting of a 30 ran x 0 44 am 

BaF, scintillation crystal mounted onto a XP2O2OQ photooultiplier tube. 

The achieved time, resolution, about 700 ps FWHM, makes it possible to 

observe QI frequencies up to 3 Grad/s. 

The experimental perturbation factor was determined in the standard 
22 

way by calculating a double-ratio R(t) from the four measured coincidence 
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time spectra. The QI frequencies were derived either from the Fourier trans¬ 

form of R(t), or by fitting R(t) with a sum of cosine functions. Fig. 14. 

shows a typical result obtained at room temperature from p-type, <I00> 

silicon (FZ, 2-5 .Qcm) with an estimated indium concentration of <3x1016 cm"1. 

There are three different defects that give rise to QI frequencies of 328, 

418 and 433 Mrad/s (the defects will be labelled accordingly as § 328, 

#418 and it 433). The same defects were created by bombarding the sample at 

300 K with 2 MeV protons to a dose in the range from 10I5-1016 cm~J. Under 

suitable conditions, however, § 418 becomes the dominant defect. The follo¬ 

wing properties emerge from our PAC measurements. 

The defects show equal thermal stability: in a 15 min isochronal 

annealing sequence they disappear in the temperature range from 100 - 160*C 

(Fig. 15.) 
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Fig. 14. 

a. PAC spectrum R(t) obtained at 
300 K from laser-annealed p-type 
<100> silicon (FZ, 2-5 Stem) with 
an estimated indium concentration 
of less than 3x1016 cm"1. 

b. Fourier transform of R(t). 
The three set of modulation 
frequencies correspond with the 
defects U 328, § 418 and # 433, 
respectively. 

10 , 15 2X1 
frequency iG'aA's: 

Each gives rise to an axially symmetrical EFG tensor with the main principal 

axis oriented along the <111> crystallographic direction. Therefore, the 

three defects are closely related. Their symmetry properties suggest that 

they are due to trapping of a point defect at a nearest neighbour position. 

To investigate this further, we studied samples with different concentrations 



Fig. 15. 

Annealing behaviour of § 328, 
H 418 and § 433. 

- * 328 
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Fig. 16. 

Defect fractions for f 32B and 
U A33 at 300 K as a functioo 
of dopant concentration, after 
laser annealing. 

of group III (B, In) or group V (P, As) elements. The following results 

were obtained. 

In laser-annealed p-type silicon, § 328 is the dominant defect (for an 

indium concentration of about 5x10 1 7 C M " ' it may even be the only defect 

present), whereas the formation of # 4 3 3 is slightly enhanced in n-type 

silicon (Fig. 16.). A similar observation was made in the case of proton 

bombarded p-type silicon, while in compensated or n-type silicon # 418 is 

dominant instead of U 433. One can observe a reversible transformation of 

§ 433 into U 328 by changing the temperature of the sample, as shown in 

Fig. 17. These results prove that the same point defect is involved in the 

formation of X 328, # 418 and § 433. 

It should be noted that the defect is trapped by the radioactive atom 
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Fig. 17. 
Defect fractions for § 328 and 
U 433 as a function of sample 
temperature. 
Sample: laser-annealed p-type 
<100> silicon (FZ, 2-5 Gem) 
with an estimated indium con¬ 
centration of 5x1016 cm"5. 

lllln, whereas the QI is observed on the daughter ll:Cd. The electron capture 
decay of l n l n to lllCd may result in three different charge states of the 
Cd-defect complex, each correponding with one of the observed QI frequencies. 
According to this interpretation, the transformation of # 433 into # 328 
is due to hole trapping after the nuclear decay. 

To check whether the defect is one of the common contaminations of 
silicon, we co-implanted some samples with either D, C, 0 or Fe. 
Deuterium, implanted at 15 keV to a dose of U 1 0 l Ł at/cm5 had no influence 
on the fractions of # 328 and i 433. In the other samples, all implanted 
to a dose of 3x!O13 at/cm*, the above QI frequencies were not observed. 

The major intrinsic point defect in laser-annealed silicon is believed 
to be the lattice vacancy. Therefore, the defect observed in the PAC experi¬ 
ments is most likely a n i I n atom that has trapped one of these vacancies. 
This interpretation is consistent with the symmetry of the defect complex. 
If the complex dissociates in a single-jump process, we can write the 
dissociation energy in the form (neglecting entropy factor and the like): 
E • kT In v. By putting the dissociation temperature T 2l 400 K (see Fig. 15.) 
and Che attempt frequency v ^ 1013 s"1, we find Ed 2L 1.0 eV, which is 
similar to the dissociation energy observed for other impurity-vacancy 

23-27 pairs in silicon . Defect formation by proton bombardment is possible 
because the vacancy in each of its charge states is mobile at roon tempera¬ 
ture. 

Wichert and Deicher recently found U 328 and § 433 after exposure of a 
sample to a H-plasma discharge or to boiling water. This might indicate 



chat H is involved in these defects, e.g. Chat the In-vacancy pair is 

decorated with H. 

Impurity-vacancy interactions in silicon are controlled by Coulomb 

forces and, eventually, by the strain field around the impurity. The latter 

viii lead to trapping of vacancies that are within a certain trapping 
2+ . 2-

radius. Vacancies migrate as V in p-type silicon and as V in n-type 
29 silicon , whereas the acceptor indium will be negatively charged in either 

type. Therefore, Coulomb attraction will enhance the formation of In-V in 

p-type silicon but not in n-type silicon, in accordance with the results 

of the PAC experiments (Fig. 16.). The fact that no In-V complexes are 

formed if the dopant concentration exceeds 1018 cm"5 implies that both P and 

B impurities act as competitive trapping centres for vacancies at room 

temperature. 

From the observed defect fractions (see Fig. 16.) and the known dose 

of implanted indium atoms, the absolute number of In-V pairs can be deduced. 

Numbers as large as IxiO12 cm"1 are obtained in this way. Assuming ttut all 

vacancies in the melted silicon layer were trapped at the indium atoas and 

taking the width of this layer to be 2x10' A for the present laser condition 

conditions , we find a lower limit of about 5xtO16 aa~> for the vacancy 

concentration in laser-annealed silicon. 

Conclusions 

It was shown that in favourable cases Mossbauer spectroscopy can yield 

a great deal of information on the electronic and lattice dynamical 

properties of impurities in silicon. Different charge states, with different 

bond strength to the host, have been identified. For I an interesting 

deformation, static at low and dynamic at higher temperatures, could be 

studied in considerable detail. 

With perturbed angular correlation the In-V defect was identified. 

This defect manifests itself in three different configurations. The 

difference is either due to a difference in charge state 

with hydrogen. 
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ION IMPLANTATION OF Te AND I IONS IN SI AND GaAs STUDIED BY 

MÓSSBAUER SPECTROSCOPY, ION CHANNELING AND NUCLEAR ORIENTATION 

G. Langouche 

Instituut voor Kern- en Stralingsfysika, University of Leuven, 

Celestijnenlaan 200 0, S-3030 Leuven, Belgium 

1. INTRODUCTION 

Hyperfine interaction studies of implanted radioactive atoms in 
semiconductors offer the possibility to study the microscopic neigh¬ 
bourhood of these atoms. Studies of this kind are of fundamental 
interest, as the different mechanisms that determine the final site of 
an impurity atom [1] are still not fully understood. The question 
whether there is really Impact amorphization upon implantation, for 
example, is still a matter of discussion. The technological interest, 
on the other hand, in understanding the microscopic configuration of 
impurity atoms in semiconductors, 1s of course evident. This confi¬ 
guration will determine the macroscopic electrical transport behaviour 
and optical properties of the implanted material. 

This paper deals mainly with results obtained with Mossbauer 

Spectroscopy and Ion Channeling on the behaviour of Te and I atoms in 

semiconductors. The newest results deal with implantations in GaAs, 

but a review of the data on implantations in Si will provide the 

necessary background. 

In recent years the interest in GaAs as a technologically important 

semiconductor material has been increasing steadily because of its 

superior properties in terms of electron mobility, intrinsic resis¬ 

tivity and, e.g. radiation hardness. Moreover, its wider bandgap than 

Si makes it especially useful both for optical devices and elevated 

temperature operation. 
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Cnalcogen impurity atoms (S, Se, Te) in GaAs are expected to behave 
as donor atoms when they occupy substitutional As sites. However, the 
lack of sufficiant electrical activation at higher doping levels is a 
puzzling experimental result. It has stimulated intensive research 
especially with techniques revealing information on the nature of the 
microscopic neighbourhood around the impurity atom such as Extended X-
ray Absorption Fine Structure (EXAFS) spectroscopy [2-3], Ion Chan¬ 
neling and also Mossbauer Spectroscopy [4-6"i 

Tellurium is indeed an element that is very well suited for high 
resolution hyperfine interaction studies: while 12bTe itself is a 
Mossbauer isotope (3/2 * 1/2 transition of 35 keV) that can be studied 
directly in the decay of Te, two other Mossbauer isotopes can 
provide indirect information on the Te lattice configuration. re 
decays to the l29I Mossbauer transition (5/2 • 7/2 transition of 28 
keV) which 1s superior in resolution to 1 2 5Te. The shortlived 119Te 
isotope decays via 119Sb to the U 9 S n Mossbauer transition (3/2 •* 1/2 
transition of 24 keV), but because of the possible influence of this 
intermediate state, experiments with this isotope will not be discussed 
in this paper. We will also mention a few experiments where the 125Te 
Mossbauer transition was populated via the 1 2 5I parent, rather than via 
1 2 5 mTe. 

2. Te IN SI AFTER LASER ANNEALING. 

The data on the lattice configuration around Te atoms implanted in 
semiconductors remained for a long time ambiguous, until it was shown 
by channeling experiments [7] that pulsed laser irradiation of the 
implanted layer drives almost all the Te atoms into substitutional 
sites. This allowed De bruyn et al. [8 - 10] to make a consistent 
interpretation of the measured Mossbauer spectra of Te implanted in Si, 
which was subsequently laser annealed. 
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Kemerink et a l . [ i l l made a detailed study of the Mossbauer spectra 
of laser annealed Te-impl anted Si as a function ot the doping of the 
host. They studied 125Te in the decay of implanted "Ve and I in 
the decay of implanted "Ve. In both cases the substitutional atom 
was found in a different charge state, reflected by a difference in 
isomer shi f t , depending on the doping of the Si host. Te° and Te+ were 
detected, while for I three charge states were observed: 1 + + , 1+ and 
1°, and the latter one was found to be Jahn-Teller distorted. 

3. Te IN Si AFTER OVEN ANNEALING 

The substitutional site, occupied by Te atoms implanted in Si, 
followed by laser annealing, was found to be metastable. Subsequent 
thermal annealing of a laser annealed sample results [10, 12, 13] in a 
site symmetry change: the Mossbauer spectrum changes back to tne 
original spectrum which is observed in as-implanted samples. Oven 
annealing (in inert gas atmospnere) of Te-implanted Si does not result 
in any drastic change from the as-1mplanted spectrum shape. This can 
be judged from Figure 1 for the 125Te resonance in the decay of "Ve, 
measured versus a ZnTe-absorber containing 2 mg/cm2 125Te, and for the 
l 2 9I resonance in the decay of ""Te, measured versus a Cul absorber, 
containing 8 mg/cm2 1 2 9 I . The implantation dose was 5 x 1011* atoms/cm2 

for both samples. 

This is a fairly surprising result as it is well known that the 
implanted layer is completely amorphized during the ion implantation 
procedure, at least for implantation doses above 101** atoms/cm2, we 
thus conclude that the local symmetry around the Te atom, reflected in 
the hyperfine interaction parameters, is the same in amorphized Si, and 
in monocry stal line Si layers obtained by the solid phase epitaxial 
regrowth due to oven annealing. 

71 



o 
c/l 

2 
•y 

r X 11% \ / 

/ 

1 

w 

600-. 

VELOClTYtmm/s) V£LOClTY(mm/si 

Figure 1 Mbssbauo- spectra from sources of 1Z5mTe and l ^Te implanted 

in Si , right after implantation and after oven annealing. 

quadrupole splitting 
as implanted 
600*C annealed 
800*C annealed 

linewidth (ran/s) 

isomer shift (mm/s) 
versus absorber 

125Te 

(mm/s) 
+ 4.55(7) 
+ 4.54(7) 
+ 5.60(7) 

7.1(1) 

- 0.27(5) 
ZnTe 

125! 

(MHz) 
+ 483(8) 
+ 536(8) 
+ 560(9) 

1.6(1) 

- 1.42(7) 
Cul 

Taple 1: Mossbauer parameters of the spectra shown in Figure 1. Tne 

signs of the 125Te quadrupole interactions are derived from 

the nuclear orientation experiments, discussed further. In 

the 1 2 9 I analysis, tne asymmetry parameter v was taken • 0. 
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Except for low implantation closes, the Móssbauer spectra of as-

implanted and oven-annealed Te-implanted Si, shown in Figure 1, do not 

contain the single line resonance due to substitutional Te or I, 

oDserved after laser annealing. Altnough an analysis of the spectra 

with two roughly equal intensity single lines gives even a somewhat 

better quality fit, the spectra nave been analysed with a single 

electric quadrupole interaction, the parameters of which are given in 

Table 1. 

Indirect arguments [9, 10, 13] for a quadrupole interaction analysis 

were based on the systematically correlated behaviour of the two 

resonances, the difficulty to interpret the isomer shifts of the 

separate i r 5 Te resonances, the linewidth of the 1 2 9I resonances and 

the derived ratio between the quadrupole interactions strengths for 

both isotopes, and between the two measured isomer snifts. 

Kemerink '141 obtained similar Mdssbauer spectra, and made also a 

quadrupole interaction analysis. A somewhat better fit was obtained by 

assuming a (Lorentzian) distribution with a widtn of about 4U % around 

an average quadrupole splitting value of 570 MHz, and a asymmetry 

parameter * = 0.8 was obtained as best fit value. A still better fit 

could be obtained by adding weak extra components in the spectrum, 

especially at low implantation doses: at implantation doses of W12 

and 10 1 3 atoms/cm2 about 15 % of the spectrum area could be assigned to 

a single line, with the same parameters as the substitu-tional line 

from the the laser-annealed samples. 

A more direct argument for a quadrupole interaction was obtained 

from a time-differential perturbed angular correlation (TOPAC) 

measurement on an unannealed "Ve implanted Si sample by Kenerink et 

al. ''15}. An analysis, using the above mentionned values for the 

quadrupole splitting and its spread, was found to be consistent with 

the data, altnough the statistics of tne difficult measurement was 

rather poor. 

Maybe the most direct argument for a single quadrupole interaction 

hypotnesis, which also allows for the sign determination of tfte l25Te 

quadrupole Interaction, is discussed in section 5 of this review, where 

it is shown that the ratio between tne two Mdssbauer resonances in the 
12sTe spectrum changes at extremely low temperature, due to nuclear 

orientation effects. 
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So far we have not discussed the possible origin of tnis large 
electric field gradient. A model has oeen proposed [10, 12] in wnicn 
the Te atom relaxes towards an associated vacancy in the <111> 
direction, as shown in Figure 2. 

Figure 2 
Impurity plus nearest 
neighbour vacancy model 
for Te and I in Si. 

Using this model, Van Rossurn et al. [16] have calculated (Table 2) 
displacements towards a vacancy in the <111> direction that would 
introduce an EFG of the observed order of magnitude. It was comforting 
to observe that the calculated displacements (z) result in impurity-
host bond lengths (R), which are consistent with Pauling covalent radii 

(Rcov>' 

Te(Si) 

I (Si) 

vzz 

UO 1 8 V/cm2) 

- 3.47 

- 3.83 

z 

(A) 

0.34 

0.16 

R 

(A) 

2.49 

2.41 

RCOV 

(A) 

2.49 

2.45 

Table 2 Experimental field gradient V , calculated displacement z 

an; bond length R for Te and I implanted in Si, and Pauling 
covalent radius Rcov. 



A more direct test for the lattice configuration around the 
implanted Te atoms should in principle be possible from channeling 
studies on oven-annealed samples. Unfortunately, the reported results 
are not conclusive, and even seem inconsistent. Several cnanneling 
studies on Te in Si nave been published, but we will only mention two 
recent ones, wicn were undertaken in combination witn Mossbauer 
experiments. 

Kemerink et al. [14, 17] report channeling spectra for 900*C 
annealed samples where tne Te channeling dips are appreciably narrower 
and less deep than tne host strings. However, no significant 
differences are noticed between the different strings, so tnat the Te 
site cannot be uniquely determined. A laser annealed sample, 
subsequently thermally annealed at 900*C, showed an increase in the 
X , of Te from 23 to 33 %, clearly indicating a site cnange. 

Dezsi et al. [IB], on the other hand, report similar experiments. 
A drastic reduction in the width of the angular scan In the <IOO> 
direction is observed upon thermal annealing of the laser annealed 
sample, from 96 i to 77 % of the Si scan width. But x a ( n only rises 

from 13 % to 15 %, as can be seen in Figure 3. 

These channeling data therefore clearly demonstrate a site location 
change for the Te atom, but clear evidence for the size and the 
direction of this change has not been obtained yet. 

75 



10 

- f 0' I" 
TILT ŁNGIE 

Figure 3 
<100> angular scans for 
(a) laser annealed and 
(t>) subsequently 700' C 
tnermally annealed Te 
in Si. 

4. IMPLANTATION OF I IN Si 

The Implantation site of I directly implanted in Si, in contrast to 
the I site in the decay of implanted Te, discussed previously, was also 
investigated by Mossbauer spectroscopy as well as by ion channeling. 

Mossbauer spectroscopy on 125Te in the decay of 1 2 5I implanted into 
Si shows essentially the same spectra as after 1 2 5 mTe implantation [10. 
19], as well for as-implanted as for thermally and laser annealed 
samples. It is therefore concluded that also the implanted I atom 
after implantation and annealing, resides in a very similar lattice 
configuration as the Te atom. 

Detailed channeling studies by Boerma et al. [20-22], on thermally 
annealed I-implanted Si showed that the major part of the I atoms 
occupies a lattice site which is shifted about 0.15 A into the <111> 
direction, and is therefore probably vacancy-associated in that 
direction, in agreement with the model shown in Figure 2. It is 
comforting to see that the measured shift is almost exactly equal to 
the value calculated from the Mossbauer data given in Table 2. 
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5. NUCLEAR ORIENTATION USING DEFECT INDUCED ELECTRIC FIELD 6RADIENTS 

In order to study nuclear quadrupole interactions with the technique 
of nuclear orientation (NO) at low temperatures, one normally has to 
use single crystal hosts, in which the principal axis system (PAS) of 
the EFG has a unique direction with respect to the macroscopic orien¬ 
tation of the sample. In this way, when cooled down to sufficiently 
low temperatures in the millidegree Kelvin region, one obtains a non 
isotropic angular distribution of the emitted radiation. This is a 
consequence of the fact that lower lying nuclear hyperfine sublevels of 
the parent state obtain preferential Boltzmann populations, and the 
emitted radiation is not added up to an isotropic sum any more. If, 
however, one does not detect the sum of these radiation components, but 
one resolves these components energetically, by using Mossbauer 
spectroscopy, the condition for a macroscopic orientation of the PAS is 
not necessary any more. In this case, one measures directly the 
unequal populations of the hyperfine sublevels, and from this the 
hyperfine interaction of the parent state, responsible for the nuclear 
orientation, can be derived, without the use of single crystals. 

Especially electric quadrupole interaction studies by "classical" i 
low temperature nuclear orientation experiments are hampered by the 
fact that sufficiently large single crystals, containing radioactive 
atoms, are not easily available, and are often very difficult to handle 
in NO equipment. Mossbauer spectroscopy on oriented nuclei allows tke 
use of polycrystalline samples. A general discussion on the use cf 
Mossbauer spectroscopy to detect NO effects, can be found in Ref. 23. 

Defect-induced EFG in cubic lattices, as the ones liscussed in the 
previous section, are normally directed in several equivalent direc¬ 
tions. They therefore do not result in an anisotropic radiation 
pattern in classical low temperature nuclear orientation experiments. 
Detection of the radiation by Mossbauer spectroscopy therefore allows 
even the use of cubic lattices In nuclear quadrupole orientation 
experiments. 

We have demonstrated this [24] in a NO-Hossbauer experiment, in 
collaboration with the hyperfine interaction group of the university of 
Lyon, using the EFG of Te in Si. 
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The Si la t t i ce is certainly oot tne .>est canaiaate, in terms of 

tnermal conductivi ty, to obtain a low temperature. «e nave used tnis 

l a t t i ce oecause tne EFG is large, unique and well Known. As a parent 

state we used l 2 5 I . implanted into Si witn 1 x l C i ! atoms/cm2, and we 

oven annealed this sample to 800' C A good tnermal contact witn We 

Cu cold f inger of tne 3He-HHe-refrigerator was ootained oy evaporation 

of 50 ran Co onto the implanted and annealed surface, on wnicn Sn solder 

could easi ly be applied. Tne temperature of tne substrate was 

monitored t>y a 60Co(Fe) tnermometer. A f a i r l y wrick absorber of 10 

mg/cm2 125Te in Mg3Te06 was used to maxm *e the experimental e f fec t , 

at the expense of some extra l ine broadening, as an be seen in F ig. 4. 

Figure 4 
125Te Mossbauer spectra of l25I(Si) 
source at 4.2 K (HT) and 50 mK (LT) 
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Figure 5 

Evolution in time of the tempe¬ 

rature at the 60Co(Fe) thermo¬ 

meter and the l 2STe(Si) source 
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The nuclear orientation effects In the source can clearly be seen in 
Figure 4. The cooling behaviour is shown 1n Figure 5. Although the 
substrate descends to 7 mK, the Si host only reached 50(5) nfc. The 
shape of the cooling curve is typical for a sceeply Increasing 
relaxation time with decreasing temperature, until an equilibrium is 
reached between the low-temperature thermal conductivity of the 
semiconducting host, and the radioactive heating from the source 
nuclei. The toss of heat conduction at low temperatures is due to the 
lack of conduction electrons in the host. 

The observed asymmetry in the Mossbauer spectrun Is directly 

proportional to QV A T of the parent state. As the positive velocity 

line (Figure 4) gains in intensity at low temperatures, and as both 
quadrupole moments have the same sign, this means that V must have 

the same sign at the parent (I) state as at the excited Mossbauer (Te) 
state. As the sign of VZ2 at the I atom is known from

 129I Mossbauer 

data, we derive a negative sign for the EFG at the Te site. 

6. CONCLUSIONS ON THE LATTICE SITE OF Tt AND I IN SI. 

A remarkebly stable defect configuration appears to exist around Te 
and I atoms in as-implanted and oven-annealed Si, wich Is hardly 
changing, even when the Si matrix is turning from amorphous to 
crystalline during epitaxial solid phase regrowth. This defect site 1s 
characterized by a large electric field gradient of almost - * x 10 l8 

V/cm?, both at the Te and the I nucleus. The Increase in the EFG at 
higher annealing temperatures is thought to be due to the Increased 
defect-free quality of the surrounding SI crystal. 

There is less certainty about a microscopic model for this defect 
configuration, but theoretical calculations of the EFG, as well a 

channeling results on I, indicate a shift towards a near neignour 
vancancy in the <111> direction. 

At lower Implantation doses a small part of the Implanted atoms 
lands up in the substitutional site. Even at the lowest doses studied 
(1012 atoms/cm2) not more th«n 15 S of the atoms are found 1n this site 
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7 . MOSSBAUER ANO CHANNELING DATA ON Te IN G&As 

Tne f i r s t Mossbauer experiments on Te in GaAs indicated a very 
similar behaviour for the GaAs Host as for Si [25 ] . As-implanted and 
oven annealed samples of 1 2 3 ! in tne decay of mTe snowed in isoroer 
sn i f t of - 0.92(1) mm/s witn respect to an Cul absorber, and a 
quadrupole interact ion of • 2901lOj Hhi, rougnly naif tne interact ion 
strength of the Si matrix. L<>ser annealed samples snowed a j ing le l ine 
with isomer sh i f t ć• = • 0.67(1) nni/s with respect to Cul, and a 
linewiJtn of 1.84(4) mm/s. 

A calculation i 26! of tne EFG in iaAs and other I I I -V semiconductors 
using vacancy association in the f i r s t neignDour snell (Figure 2i as 
l a t t i ce configuration model, witn a tendency of tne I atom to approver, 
covalent bond distances, resulted in complete agreement with tne 
experimental data. This confirmed the conclusions about type IV 
semiconductors: the impurity atom has a strong tendency to relax into a 
position which makes i ts distance to the nearest neighbour host atom 
consistent with the normal covalent bond distance. 

While the f i r s t reported Mossbauer data on i 2 9 ! in GaAs indicated a 
strong s imi la r i t y between type IV and type I I I —V semiconductors, a 
number of surprising differences became apparent when a series of more 
detailed measurements was performed as a function of annealing 
temperature [4 , 5j and implantation dose [27] . 

For an implanta t ion dose of 10 ; 5 atoms/cm2 of "Ve into n-type 
GaAs (Figure 6) the quadrupole sp l i t spectrum collapses into a somewhat 
broadened single l i ne , with the same parameters as the laser-annealed 
samples (Table 3) , in an annealing temperature range between 200* C and 
500' C. 
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Figure 6 Mossbauer spectra of mTe in GaAs versus a Na5l06-absorber 
and experimental quadrupole sp l i t t i ngs as a function of 
annealing temperature. 

annealing 
region 

1 
2 
3 

annealing 
temperature CO 
20 - 200 
200 - 500 
500 - 900 

eOV22 

(MHz) 

+ 260(6) 
+ 59(5) 
+ 289(9) 

6 

(mm/s) 

- 0.90(3) 
- 0.60(3) 
- 0.77(3) 

r 
(HM/S) 

1.9(1) 
2.5(1) 
2.0(1) 

Table 3 Average values for tine Mossbauer quadrupole p l i t t ing (eQV ), 

isomer shift (6) and linewidth (D in the three annealing 
regions. 
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rrfe nave performed also channeling studies (Figure 7) in d i f fe rent 
directions inside and outside this annealing region [28 ] , and observed 
a Te atom in the snadow of the l a t t i ce atoms at an annealing tempera¬ 
ture of 450*C, while a d is t inc t displacement was observed at 550*C. An 
analysis of tne angular scans in d i f ferent direct ions is consistent 
with a displacement of about 0.135 s in the < 111 > d i rect ion for the 
majority of tne implanted Te atoms. 

More recent data [27] show tnat tnis thermal oenaviour is strongly 
dose dependent. A sample implanted <u 2 x l u 1 3 atoms/cm2 snows the 
single l ine tnroughout the wnole annealing region (up to 900*C In 
steps of 100'C) wnile a sample implanted at an intermediate dose do1"4 

atoms/cm2) shows an intermediate oenaviour: a single l ine f ract ion is 
present in a l l spectra, and varies in population from about 30 * below 
200* C annealing, to more than 90 •= between 200*C and 5oO*C, and about 
60 i ć>t annealing temperature above 600*C. 

1 0 1 2 
TILT ANGLE (degrees) 

Figure 7 
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Channeling angular scans In the <100> direction fcr Te in 
GaAs at different annealing temperatures. 



Tne MossDauer and cnanneling data of Te-implanted GaAs snow three 
major points of difference with implantations in Si ano Ge: 
(1) Apart from the vacancy-associaced site a new site is populated 

during thermal annealing. Its single line spectrum suggests an 
unperturbed first neighbour shell. A slight line broadening might 
be due to defect association in more distant neighbour snells. 

(2) At doses of 2 x 10 1 3 atoms/cm2 no sign of vacancy association is 
seen, not even when the lattice is amorphous 

(3) While the 200*C annealing temperature transition towards a more 
regular lattice site can be associated with the onset of 
recrystallization of the amorphized GaAs, it is not clear what 
mechanism is be responsible for the vacancy association at high 
annealing temperatures and high implantation doses. 

8. EXAFS ON Te IN GaAs 

Extended X-ray absorption fine structure (EXAFS) were recently 
reported on S implanted in GaAs, with doses of 10l5and 1016 atoms/cm2 

and annealed to 900*C [2], and for Te grown into GaAs [3], with a 
carrier concentration of 8 x 10 1 8 cm"3. Figure 8 shows the S-data. 
According to the authors, the behaviour of S in GaAs is typical also 
for other chalcogens, including Te. 

The authors claim that their data can only be fitted well with a 

model in which two S-sites are almost equally populated: 
(a) unperturbed substitutional S on an As site, with normal bond 

lengths of 2.45 A. 

(b) S on an As site, with an unperturbed first neighbour she I1 with 

four S neighbours at equal distances, which are 0.14(4) A shorter 

than the normal bond lengths in GaAs, but with an associated 

vacancy in the second neighbour shell. 

According to Greaves et al. [3], the Te EXAFS data are consistent 
with an 100 % population of a defect site, where the Te atom h*«- an 
intact first neighour shell, with bond lengths 0.13 X longer than tne 
normal bond lengths in GaAs, and with an associated vacancy in * i 
second neighbour shell. This site is thus very siailar to the (b)-site 
of S except for the expansion of the first neighbour shell instead of 
the relaxation towards the central chalcogen. 

83 



in 
Z 
D 

> • 

* 

a 

o 
5 
Q 

Id 

Ui 

*J 

(/I 
Ul 
a 
o 3 

0 5 

0 50 

0 » 

0 20 

0 1 5 

0 1 0 

JO 

1 5 

1 0 

0 5 

0 0 

-

1 

0 1 

X 

M 

bi 

'< 

1 

0 

-1 

J 

: ^ 

i , 
2 

1 

0 

-1 

j ' ' 
-

-

1 1 1 

2 

MJ V 

4 

l i p 

A t 

Ą U 

l i l t 

4 

.nrr 
• ft 

n f i 1 W Y / V i 

6 
K ( 

1 1 1 1 1 

n fi 
\ \ \M i V 

1 1 . 1 1 

c 

y -

• 1 Li 
At 1 Lit 

1 W \m \ i \I1-
v 1 ' 

-

-

• 

8 10 J 

1' i' -l H 
A 1 . 
\\ A 

1 / l . • 

J \J 1 . 
Mr f: 

V ' : 

* 

-

: 

-

e io -

Figure 8 
EXAFS spectrum for S implanted 
fn GaAs and annealed at 900*C 
ła) 1015 (b) 1016 atoms/c«2 
[from Ref 2] 

ZSOO KOO 2700 2800 
PHCTON ENERGY (CV) 

The two Interpretatior.s are consistent in that they both assume a 
defect-associated lattice site with a defect in the second neighbour 
shell. However, there is no agreement with the first-neighbour vacancy 
association model discussed In the previous section. 

The channeling data are maybe not conclusive in this respect, as 
they measure displacements with respect to lattice rows, wich might 
also be present if defect association occurs in more distant neighbour 
shells. We do not see, however, how the very large EFG measured in 
Mossbauer spectroscopy, can be associated with an intact first 
neighbour shell. The hyperfine interaction data are especially 
sensitive to defects in the first neighbour shell, while radial 
distribution functions, derived from EXAFS data, measure the average 
distance of this global shell. 



However, a more probable origin for this difference In results sight 
be found in a difference between the samples studed, especially In 
view of th« strong dose dependence observed in the Mossbauer data, 
discussed 1n the previous sections. Comparative measurements, using 
identical samples in botn techniques, are urgently needed. 

9. CONCLUSIONS 

We have demonstrated how hyperfine Interaction studies can lead to \ 

first-neigbour-vacancy-associated model for the lattice configuration 

of Implanted Te and I atoms 1n type IV and type I I I -V semiconductors. 

Ion channeling results support this Model, but EXAFS-data, at least for 

Te In GaAs, are Interpreted with a second-neigbour-vacancy-assodated 

mode), with • Intact f i r s t neighbour shell . The most l ikely reason for 

this discrepancy 1s a difference in sample preparation. 
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IRON IMPLANTATION IN GARNETS STUDIED BY CEMS, X-RAY DIFFRACTION 

AT GLANCING ANGLES AND TRANSMISSION ELECTRON MICROSCOPY 

G. MAREST 
de. Phyuqua Wuctóute [and W2P3), Unive.tUtż Claude. Bzinaid Lyon-1 

43, Bd da 11 Nove.mbxi\ 191& - 69622 ViUzaxbunne. Czde.x (Fiance.) 

ABSTRACT 

Due to their numerous physical properties, garnets are often used in new 
technologies. Recently it has been shown that high doses implanted ions, chemically 
reacting with the matrix could give interesting results. If the bulk is completely 
amorphized after implantation, further annealings can recrystallize it. In this study 
Y-.F.O..,, Y-AILO.. , and Gd,Ga,O. , single crystals were 100 keV implanted with 
57 16 17 -2 

Fe ions at doses ranging between 10 and 10 ions.crn . The iron chemical 
states were determined chanks to Conversion Electron Mbssbauer Spectroscopy 
,CEMS) and it was shown that the alloying elements of the matrix could influence 
the nature of the created phases. After thermal treatments the sample superficial 
layers were characterized using CEMS, glancing angle X-Ray Diffraction (GXRD), 
Transmission Electron Microscopy (TEM) and Rutherford Backscattering Spectros¬ 
copy (RBS). Different annealing stages were put forward : the oxidation of the 
implanted iron below 650°C and the garnet recrystallization around 8^0°C with 
some iron substitution in the garnet octahedral and tetrahedral sites. The over-
stoichiometric iron forms particles of mixed oxides (FeAŁ}-Cu, (FeGa)„O, or 
partiries of pure Fe„O, oxide depending on the garnet. For the first time it is 
proved that after annealing around 12OD-13OO°C a complete rebuilding of the 
garnet matrix can induce for these oxide particles at room temperature a Morin 
transition. 



I. INTRODUCTION 

Magnetic single crystal films of garnets are the subject of great interest due 

to the iarge potential for applications. Yttrium iron garnet Y-jFecO^YIGj is the 

basic material in which any metal of the periodic table can be substituted in the 

crvstalhne lattice to create new physicsl properties. Ion implantation, a non-

euuilibpum doping technique, is interesting to introduce into a garnet a wide 

variety of atomic species properly chosen so as to obtain a specific dopant effect 

for new applications or to synthetize new materials. 

Previously, in the particular case of bubble garnets, this technique has been 

extensiveh used with rare gas ions at low doses in order to produce a small 

damage for suppressing hard bubble formation and for making propagation patterns 

Un memory displavs [ 1 ]. More recently other ions (H, Fe. Ga, As, ...) which 

chemically react with the matrix elements have been implanted in order to produce 

some peculiar effects on the magnetic properties [2-4]. In the latter case high 

implantation doses arp generally used leading to the amorphiration of the matrix 

i H Tne formation of an amorphous layer in heavily implanted garnets has been 

shown directly bv transmission electron microscopy [5,6] and indirectly using 

conversion electron Mossbauer spectroscopy [7-14], RBS and channelling [8, 

12-18], X-rav double crystal diffraction and ferromagnetic resonance [2, 19, 

20] and a susceptibility method [21]. This highly damaged layer can be recrystal-

II zed by means of high temperature annealings. The crystalline regrowth mechanism 

starts from the bottom of the damaged layer by an epitaxial regrowth proc ;s [21 

Some measurements have been undertaken on iron implanted Y ^ e ^ O . 'IG)r 

Y,A15O12 'VAC) and Gd?Ga501 2 (GGG) garnets, in the case of YIG i •• of 

underlying interest to know how will be the behavior of overstoichiometi ie iron 

introduced by implantation at different stages of the annealing process. For YAG 

and GGG the practical aim is to try making ferromagnetic out of non magnetic 

garnets by substitution of Al or Ga by Fe during thermal treatments. The study of 

the evolution of the implanted iron (depth, charge states, precipitated phases) as a 

function of thermal annealings is the purpose of this study. Rutherford backscat-

tenng (RBS), conversion electron Mossbauer spectroscopy (CEMS), transmission 

electron microscopy (TEM: and X-ray diffraction at glancing angles IGXRD) 

techniques have been used to characterise the damage and the implanted ions. 



I I . EXPERIMENTAL 

A pure YIG single crystal enriched with 25% of Fe isotope has been used 
for Fe+ implantation whereas a non-enriched YIG single crystal has been used for 
implantation of Fe ions. Implantations in garnet single crystals of YIG, YAG and 
GGG were carried out at room temperature with 100 keV energy using the isotope 
separator of the Institut de Physique Nuclśaire de Lyon. During implantation the 

_2 
current density was maintained rather low (~ 3 iiA.cm ) to prevent thermal 
effects. 

Ion depth profiles have been measured using the Rutherford backscattering 
spectroscopy technique of 2 MeV alpha particles produced in the 2.5 MeV Van de 
Graaff of the Dśpartement de Physique des Materiaux de l'Universits Lyon-1. 

CEMS spectra were recorded at room temperature RT and liquid nitrogen 
temperature (LNT) using a helium flow proportional counter in which the sample 
was placed in backscattering geometry. For measurements a liquid helium tempe¬ 
rature (HeT) the 7.3 keV conversion electrons were selected and focused by means 
of magnetic coils on a channeltron detector. This Mossbauer device has been 
described by Massenet [22]. The source was 50-100 mCi Co in a rhodium host. 
The velocity scale and all the data are referred to metallic iron absorber at RT. 
The spectra were f i t ted with a computer least-squares procedure with the 
assumption of Lorentzian shapes of Mossbauer lines or of a distribution in the 
hyperfine field values [23] due to the existence of non nomogeneous phases. The 
CEMS technique is very sensitive and convenient for the study of implanted layers 
since it probes mainly a depth comparable to the one which contains impurities and 
induced defects, taking into account the above mentioned implantation energy. This 
depth resolution is very useful when the sample contains itself iron (case of YIG) 
or when the iron content is very low (~ 10 iron atoms.cm" ). 

Some samples have been studied with TEM using the JEOL 200CX apparatus 
of the Centre d'Etudes Nuclśaires de Grenoble. To obtain a real "tridimensional" 
characterization of the implantation defects, two series of observations have been 
performed ; the first series is classical with a bevelled thinning of the implanted 
zone whereas the second series is more difficult to use with a thinning in a parallel 
direction to the surface of the sample [24]. 

Grazing incidence X-ray diffraction spectroscopy [25] has been used as a 
complementary technique to identify precipitated phases, to determine sizes of 
precipitates and to follow the crystallization of garnets. When the X-ray beam 
makes an incidence angle of 1° with the surface the penetration depth of 
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CuKa (X z 0.154 nm; radiation is small isome tenths of nanometers) allowing to 

probe only the implanted zone without perturbation of the background due to the 

substrate. The detection of the diffracted X-ray beam is performed in the 

equatorial plane defined by the incident beam and the normal to the surface. By 

this way the Bragg peaks due to the single crystalline part of the sample are not 

observed. 

Unless otherwise states most of the thermal treatments were performed in 

air for Ih. 

III. RESULTS 

A/ As-Implanted Garnets 

,16 Garnets have been implanted a( medium and high doses in the range 10 

10 ' ions.cm~ . A part of the obtained data has been published recently [26]. 

1/ RBS data 

After each implantation RBS measurements have been performed to control 

depth and concentration of implanted iron. Figures 1 and 2 show spectra obtained 

with implanted YIG and YAG. 

In table 1 are reported experimental and calculated values of the mean 

penetration depth R and of the straggling range 2 AR in the different garnets. 

Systematic differences between experimental and calculated values can be explai¬ 

ned by the fact that for such high doses the sputtering effect plays an important 

role. 

YAG 

YIG 

GGG 

Exp. 

32 

31 

32 

Rp (nm) 

Calc. 

41 

39 

34 

Exp. 

40 

50 

45 

2 ARp (nrn) 

Calc. 

38 

38 

38 

TaMe 1 

The iron profiles have a gaussian shape and the implanted layer concerns 

approximative^ the first 100 nm outermost layers. 
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2/ Mossbauer results. 

a) Yttrium iron garnet 

Figure 3 displays the as-grown YIG spectrum. Its good resolution, due to the 

enriching of Fe, allows to consider U subspectra corresponding to 2 octahedral (a) 

sites and 2 tetrahedral (d) sites with different hyperfine parameters (isomer shifts 

(IS), quadrupole splittings (QS) and hyperfine fields (HF) [4]. 

Mossbauer spectra obtained with the two types of Y,Fe,O._ samples are 

similar (figure 4). So it can be stated, from such a comparison that whether 

implanted or originally present in the matrix, iron cannot be discriminated from 

one another. Mossbauer spectra are made up 3 components : 1) a sextet f!5 = 

0.02(2) mm.s" and HF = 333(3) kOe] is due to implanted iron precipitates, 2) 

an assymmetric doublet [IS = 0.46(2) mm.s"1, QS = 0.95(3) mm-s"1] is Fe3 + in a not 
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well defined environment and 3) 4 sextets a, a', d and d1 due to the crystalline 
underlying part of the impianted layer. The parameters of Fe are comparable to 
the parameters measured by Eibschiitz et al. [27] (IS = 0.49 m m / 1 , OS = 1.12 
mm.s ) for a vitreous YIG. Thus we are tempted to assign this component to the 
amorphized garnet. 

b) Yttrium aluminium garnet 

YAG single crystals have been implanted with 1016, 3x1016, 6x1016 and 1017 

57 2 
Fe^.ions.crrf [13]. The analysis of the spectra displayed in figure 5 shows that 

iron is distributed into 3 different charge states : Fe (wide doublet), Fe (narrow 
doublet' and Fe° Single line) due to small metallic precipitates which behave 

17 7 
superparamagnetically at RT. For the dose of 10 ions.cm the size of the iron 
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precipitates is sufficients large to exhibit a magnetic pattern whose lineE have a 

non-Lorentzian shape thus reflecting a distribution in the hyperfine fields due tc 

different sizes of iron precipitates. A mean size lower than 10 nm can explain the 

measured 313'!>: kOe effective field less than the value 330kOe of bulk iron. The 

Fe5" valence state defined by the doublet with IS = 0.4 3(5; mm.s" and QS = 1.2(4) 

mm.s is mterpretated as due to the formation <->f an amorphous garnet. The Fe 

valence state can be explained by the formation of a FeAl.O. compound. Its 
-1 -1 

hyperfine parameters IS = 0.97(5) mm.s and QS = 1.64(8) mm.s are in good 
agreement with those given bv Coey el al. [28j. 

c) Gadolinium Gallium Garnet 

Figure 6 shows Mossbauer spectra registered at RT after implantations at 

10 , 3 x 10 , 6 x 10 and 10 Fe'.cm"". f itted parameters are summarised 

in Table II 1 
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1C C and J.10'° iron prec ic,tales unoer For medium doses 1C"" and 5.10 " iro' i prec ic,tales unoer srr.yii panic ies 

Fe° '15 = 0 mm.s" ' . The two other Fe *. r~c~ valerico states are present in earn 

sample as it was the case for Y , .A ! L G 1 O . The Fe " s.ate can oe at t r ibuted to tr>e 

existence of an amorphous oarnet iaver as for YIG and YAG. The Fe" vaience 

state could be explained b\ the format ion of a FeGa.,0, compound whose hvperfine 

parameters IS - 1.00 2 mm.s" and QS = 1.SCi• 3 mm.s are in agreement wi tn 

those of Coev et al . [28]. 

The magnetic ohase created after implantat ion at high dose displays a 

sextuplet whose wide and assymmetncal lines are sign of a large number of various 

surroundings around Mossbauer nuclei . The ar.aio is of this hvper ' ine distr ibut ion 

has been performed using a computer programme editea b\ Le Caor et ai . ! '( '",. 

This progrb Time allows to substrac: the non-maonetic part of the- SDcctrun 

previoush cv ierminpd at low doses and then to obtain the hvpenmc- ; w r . i m f t r ' 

d istr ibut ion as shown in figure 7. Trip hyporfine fiela dr.triDut ion tins beei. f i . toa 

assuminq a linear dependence bptwron the isornpr shift and ! i i r hyper ' inr iic-ld i-. 

aH • b;. The f i t ted parameters are similar wi th tht= pnramptprt oriiainrn; n^ 

N e w k i r k et a l . [ 3 1 ] f o r Fe 
1 ^ c o m p o u n d s . We h a v r f o l l o w e d t he v a r i a t i o n of 

hvperfine field of this Fe, Ga compound as a function of the dose. From !h,: 
1 -x v 

deDendence and the results reported by Newkirx et al. a mean value for x can be 
17 - ? ~ 

deduced for each dose. For 10 lons.cm"" we have calculated v . 0.1Qr ' . 
\2 
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J/ Complementary results 

The arnorphization of the implanted layer and the precipitation of large iron 

aggregates are demonstrated by glancing angle (0.8°) X-ray diffraction spectra 
16 1 ^ -2 

obtained for a YAG sample implanted with 3 x 10 and 10 ' ions.cm" (figure 8). 
In the first case two bumps are observed around 16° and 22° Bragg angles characte-

17 -2 
ristic of amorphized phases. For 10 ions.cm the same degree of amorphization 

o 

is obtained but the [110] line of a-Fe appears at 22.5° (2.04 A) on the second bump. 

From the large width of the [110] line it can be deduced a mean size of 

about 10 nm for the grains [32]. The (211) peak of a-Fe appears around 41.3°. It is 

weak and spread out due to the small quantity and size of the precipitates. 

© 

T'1' Nfc. i 

fi 

30 

9 (<JeQ.) 

40 

FJQVM t - X-tcuj 

tion hpzctw. of, yAG im¬ 

planted with a) 3K1016 F>*. 

cm'2 and b) TO17 Ft*.ct 

A further evidence for the precipitation of iron is given by the crots-secl .i 

micrograph (figure 9) obtained by TEM for a YAG sample implanted with 10 

Fe*.cm"~. The iron precipitates are dispersed inside the implanted layer between 

25 and 65 nm and the grain size is estimated to vary from 3 to 7 nm [24l These 

results are in a very good agreement wi th the RBS and X-ray d i f f ract ion 

measurements. The distribution in sizes of the iron precipitates is also clearly 

demonstrated by the simultaneous presence in the CEMS spectrum of a single line 

and of a sextuplet with deformed shapes. A measurement performed at liquid 

nitrogen temperature shows a decrease of the single line contribution 06% to 5%) 
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and an increase of the sextet contribution (22% to 38%; indicating a mean sue for 
the precipitates of the order of 6 to 10 nm. These CEMS measurements indicate 
also that the magnetization of these precipitates is randomly oriented [A_ , / A . = 
0.72,3)]. 

surface 
10 

5 0 

n m Amorphous garnet 

Fiqute 9 - Cioi>b-t>ection miaogiaph of) 10 Fe*.cm impta.nte.d /<trO.„. 

In figure 10 the X-ray diffraction spectrum corresponding to a Gd,GacO1n 
17 <• -2 garnet implanted with 10 Fe .cm is presented. The bump located at 15.6° is 

representative of an amorphized garnet and/or of an amorphous oxide (FeGa?O. for 

Ftgttte 10 - X-ray dilixaction łpecttum o< Gd,Gas0.„ implanted 

with 1017 Fe+ .cm' z 



example . The wide reflexion located at 22.10° can be explained by the presence of 

•i crystallized Fe. Ga alloy with a bcc structure [33]. From the precise 
i-x ox 

measurement 2.894 A of the a parameter it is possible to deduce x = 0.15 

from the variation of a as a function of x [33]. 

B/ Annealing behaviours up to 85O°C 

1/ Case of implanted YIG garnets 

As soon as the samples are annealed at 450°C the iron precipitates disappear 

and apart the four sextets of the underlying garnet a well defined doublet with IS = 

0.33 mm.s"1 and QS = 1.10 

mm.s ' is present in the 

spectrum (figure 11). After 

annealing at 650°C the rela¬ 

tive intensity of the assym-

metrical doublet due to the 

amorphous layer decreases 

indicating an appreciable re¬ 

arrangement at the back of 

the implanted layer. This 

regrowth epitaxy is now well 

spread out after the 850°C 

treatment as seen by the 

important increase of the 

garnet sextets. Now the dou¬ 

blet has vanished to give a 

new sextuplet with hyperfine 

£ u 

(6 parameters 
mm.s~ , QS = 0.37(3) mm.s 

0.39(2) 
-1 

and H = 518(3) kOe) typical 

of large (> 20 nm) a-Fe_O, 

particles [34]. 

Ftqmc II - CEMS Spzctta o 

annzalzd implanted VIC. 

2/ Case of implanted YAG garnets 

For the four different implantation doses after annealing at 450°C Mossbauer 

spectra are converted in an assymmetric doublet which persists even when the 

temperature is 650°C. In the case of the highest dose a measurement at liquid 
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helium temperature shows that a part of the amorphous phase is magnetic 

(figure 12). 

After annealing at B5O°C the recrystallization of implanted Y ,AUO 1 2 is 

almost complete. Iron Is located iff tetrahedral (d) and octahedral (a) sites as shown 

in figure 13. Hyperfine parameters [fSd = 0.16(2) mm.s" , QS. = 1.02(4) mm.s~ , IS 

= 0.40(4) mm.s" , QS = 0.45(2) mm.s* ) correspond to the two quadrupole doublets 
8 

D. and D of a mixed Y,Fe,- .Al O . , garnet (0 < t< 4) studied by Czerlinsky et 
al. [35] [IS. = 0.12 mm.s , QS = 0.96 mm.s" , IS, = 0.41 mm.s" , QS, = 0.46 

1 1 7 ? 

mm.s* ]. To confirm our interpretation 1.1 x 10 Al+.cm have been implanted at 

50 keV in a Y,Fe 5O 1 2 single crystal garnet enriched with 25% of Fe isotope 

[14]. In these conditions the local concentration Al/Fe in the implanted layer is 

comparable to the Fe/AI concentration in YAG. During thermal treatrsnts the 

recrystallization stages have been found identical in the two cases and seen to be 

governed by the same thermodynamical and chemical rules {figures 14 and 15). 

YAG implanted with W Fe*.cm and annealed et 8M3°C has been analysed 

by XRD. Figure 16 displays well defined lines corresponding to a Y j tA l tFeLO. , 

garnet with a Fe/AI = 0.36 ratio. This ratio has been determined from an 

extrapolation between YAG and YIG lattice parameters. A diffraction spectrum of 

the first 100 nm outermost layers corresponds to a polycrystalline sample with 

randomly oriented grains. From the ratio Fe/AI = 0.36 and the area ratio of the 

two D . and D doublets a mean composition for the substituted garnet has been 

estimated to be Y ^ A ^ ^ F e ^ ] ( A l ^ F e ^ K ) ^ . 

A measurement at LNT shows that the garnet is magnetic. The average 

hyperfine field <H> = 460 kOe is reduced compared to H = 545 kOe and H . = 
a 0 

474 kOe measured for virgin Y.FecO,.- at the same temperature [4]. The two 

sextuplets relative to a and d-sites are not resolved and broad lines of the sextet 

are due to a wide inhomogeneity in the iron environments. For the weaker doses 

the garnet built after annealing at 85O°C is not magnetic. This can be explained by 

a lower iron substitution in the garnet. 

3/ Case of implanted GGG garnets 

For the sample implanted with 10 Fe+.cm (figure 17) and annealed at 

400°C or 600°C the Mossbauer spectrum is reduced to a single assymmetric doublet 

characteristic of an amorphous phase as in the case of YIG and YAG annealed 

samples. 
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I/1. 

> « » • < • t 

The thermal evolution of the Mossbauer 

spectrum for the sample implanted with 
17 -2 

10 Fe.cm and annealed at 200, 400. 

650°C is presented in figure 18. The 

Fe1 Ga is stable at 200°C but vanishes at 

400°C. Part of iron shares in the formation 

of an amorphous garnet, the remaining pre¬ 

charac¬ 

terized by a reduced hyperfine field (HF = 

511 KOe) compared to the hyperfine field of 

a pure a-Fe-O, compound (HF r 518 kOe,. 

The middle part of the spectrum represents 

the amorphous garnet. 

cipitates under mixed (Fe- Ga 

J 

, 1 

V. 

taocr 
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Cl Annealinq behaviours above 850°C 

This thermal stage is the most interesting because the implanted layers are 

almost compietelv recrvs'allized. Depending on the acceptance of iron by the host 

different behaviours can be oredicted. 

1/ Monn transition m YIG 

The CEMS spectra obtained at RT and corresponding to implanted YIG 

subsequently annealed at 850°C, 100°C. 1200°C and 13OODC are presented in figure 

19. The verucai broken lines locate the positions of 1, 2, b and 6 lines of the 

sextuplet characteristic of a-F'e^O, ; its hyperfine parameter values are given in 

Table III .vi 'h those obtained in annealed VAG and GGG samples [36]. 

1.04 

Velocity (mm. s~ ) 
850 1100 1300 
Tann C O 

19 - CEMS ipecfw fai an zniichtd VIC : 

g (a), implanted with 10 Fc .cm and 

anne.ale.d at BSO (b), 1100 lc), 1200 (d| and 

1300°C (el. 

tO - Vaiiatieni o< 

ziiine. paiamctcii 

a function oj annealing 
a-Fc^O, 

at 

te.mpe.wtuK. 
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T { 
ann 

YIG 

VAG 

GGG 

*CI 

IS 
HF 

IS 
HF 

IS 
HF 

8S0 
RT 

0.38 
519 
0.45 

0.31 
p(H) 
0.4 

L37 
501 
0.45 

LNT 

0.49 
p(H) 
0.45 

0.48 
528 
0.39 

1 
RT 

0.37 
51? 
0.53 

0.37 
SO 3 
0.45 

100 
LNT 

0.48 
p(H) 
0.4S 

1200 
RT 

0.38 
S23 

-0.32 

0.37 
p(H) 
0.40 

LNT 

0.55 
541 

-0.84 

I3OO( 
RT 

0.39 
p(H) 
0.12 

LNT 

0.47 
p(H) 
-0.64 

1300( 
RT 

0.37 
517 
0.45 

3h) 
LNT 

0.51 
544 

-0.82 

Table. Ill - homer ihi&ti IS and quadtupete t>pUttingi AE~ ate. g<ve.n in mm.i' and 

hypetfriuc faieldb HF a»e in feOe. p[H) me.ani a dit>tiibution on HF value.!,. 

There is no change between 850°C and 1100°C but when the annealing 

temperature rises up 1200°C the line positions of a-Fe-O, are shifted at RT and 

the quadrupole splitting AEQ defined by AEQ = P., - P-, where P.- and P,, are 

the distances between lines 1-2 and 5-6 respectively becomes negative. Such a sign 

change of AEQ is characteristic of the so-called Morin transition [37, 38] which 

has been found in certain transition metal ion sexquioxides isomorphous to a-Al,O-. 

Rhombohedral a-Fe_O, oxide is characterized by an anisotropy transition for 
a Morin temperature (TM = 263 K) at which Fe spins go from being in the (111) 
plane with a slight canting out of the plane (weak ferromagnetism for T > T.J to 
being aligned in the [111] direction which is the symmetry axis of the crystal and 
the principal axis of the electric field gradient V as well. From the Mossbauer 
spectroscopy point of view this Morin transition will appear by a change in the 
quadrupole value AEQ as it depends on the angle 0 between the direction of V 
and of the hyperfine magnetic field HF acting on the iron nuclei : 

For T > J^, HF is perpendicular to [111], G = 7r/2, A E Q = +1/2 eOV . 

For T < TM, HF is parallel to [111], 9 = 0, AE„ = - eQV 
22 

From Table III it can be inferred that the large a-Fe,O, particles developed 

in the course of high temperature annealing of Fe-implanted YIG behave as pure 
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bulk ferric oxide. Moreover this pure a-Fe.,O, made after a 1200°C anneal is found 

to be. at RT, as if it was in the low temperature regime below T^ . We have to 

point out that for 1200°C there is a simultaneous change in the HF, AEQ and the 

areal ratio A_ , / A , , of the second or f i f th to the first or sixth line values (figure 

20). A _ , / A , , = 0.17(5) indicates an orientation of HF preferentially ononted 
Z.P 1,6 

perpendicular to the surface. After an annealing for 5h at 1300°C a-Fe2Oj 

precipitates recover their "normal" hyperfine parameters indicating a stress re¬ 

lease. 

A RBS measurement performed after the annealing at 1200°C has shown a 

strong diffusion of iron inside the lattice. In XRD spectra taken after annealings at 

1100°C and 1200°C weak but well defined lines typical of Fe,Oj particles are 

observed (figure 21). The intensity ratio of the Bragg rays after 1100°C annealing 

agrees with a random orientation for ^*-&-i precipitates but the large increase in. 

the [104] line intensity is an indication that some Fe2O, grains are preferentially 

oriented with the c-axis normal to the sample surface after annealing at 1200°C. 

16' 

Ftqute ?! - XR J>ipe.ctta at glancing angle o< a-Fe ? 0, parttcte& ajtet OK«taitng at 

? ; 0 0 and 1200'C. The inteniity va.tia.tion ifeowi a [111] otie.nta.tion notmal to the 

iuttface &ot theie pa.tiicte.1 a^tet ?Z0<?°C a«nea/tng. 
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In TE M big precipitates of Fe. ,C, -.mean diameter d - 200 nm are obvious 

after annealing at 11OO°C 'figure 22,. The subsequent annealing at 1?00DC increase;; 

the part ic le size d ~ 300 nm and the bigger precipi tates exhibit 'acets wi th an 

heiaqonal qeonietrv .angles between faces ; 120°. Cross-section micrographs 

dispiav larqe Q-Ke^O^ precipi tates ! 300 nm length and 100 nm th ick ' , oriented 

ajonu the [111] d i rect ion and hui? sunk ir. YIG figures 23 and 2 4 . In these 

'nicrunraphs w e oSser^e that ;.irecipit3tes arr- compieteK located near the surface. 

Their shape is not at all spherical and their thickriess is on averagp less than 100 

rim. 

22 A TBM ipecttum o& a )CU Fz.cm'2 implanted VJF&^O^ and 

anne.ale.d at 1100°C lpcTpe.ndicu.tai view c& the. 
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Figure 2 3 - A c?04i iccr<cn i t w rruciegnaph ' c( 'the implar.ted lanei afca 
atwiahno J ' 120C''C. 

R a u t e u - r E W bpcctra oi an a - F c ^ paittcfe. la] pe?pend<cuta7 v<eu> c* ffee 
мл^асе, lb! ctcii ьес£<ои u<ea). 

:/ Mixed а - ^ е , Д1 i .O, oxide 
1 7 * 2 

Mossbauer spectra of 10 Fe . c m " ' implanted YAG have been registered at 

RT and LNT af ter annealing at 1100°C for 1h (figure 25 a-b). These is a 

coex i s t ence of a garnet s t r u c t u r e (magne t i c at L N T ) w i t h an ox ide whose 

parameters are compiled in Table 111. The line shapes are not lorentzian and we 

have to assume a d is t r ibut ion in hyperf ine f ields. It is noteworthy that the 

quadrupole spl i t t ing hEQ remains posit ive. A XRD measurement (figure 16) 
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proves that these precipitates are substituted Se 1 ^AI^i_J^ oxides with x = 0.1> : 

x is determined from an extrapolation between the lattice parameters of lsomor-

phous a-Al-O, and a-Fe_OT. A line Jocated at 18.2° is attributed to the '422s 

reflexion of Y,AI ,O._ and its relative large width confirms that defects still exist 

into the matrix.However, as only one line is detected and not a powder spectrum 

as after annealing at 830°C, it is possible to assume that the garnet has removed 

its crystalline state. From the dependence of HF as a function of the mean 

concentration x measured by Janot et ai. [39] we deduce x = 0.1 in accordance 

with the XRD measurement. These oxide precipitates have also been observed by 

TEM measurements [24] for 10 Fe.cm" but not for 1 and 3x10 ions.cm . 

Their shape is oblate and they are randomly oriented. 

When an annealing is performed at 1 300°C for 1h (figure 25 c-d) the amount 

of iron substituted in the garnet structure diminishes whereas the oxide quantity 

increases. 

NT 

•JVWft 

'* -•-' 

.v ; 

v*toc:ty mmi 

Ftgate 75 - CEMS ipzctia. tzgiiteted at HT and LNT iot a JO17 57Fc*.cm"Z 

imptantzd VAG la-b| aj tw annzaiing at 1100'C ; Ic -d) aijtet anneating at 1 500"C. 

•The iron diffusion observed by a RBS measurement [29] explains the larger AI 

concentration in a-(Fe. Al which is confirmed by the decrease of HF (496(3) 

kOe) at RT. From this value it is possible to estimate x = 0.23. The abnormal 

value AEn = 0.12(3) mm.s" (Table HI) shows a change in the orientation of the 
3» 

Fe spins versus [111] direction as in the case of iron implanted Y1G. 

A longer annealing (3h) at 1300°C completely eliminates the oxide contribu¬ 

tion in the CEMS spectrum. By RBS iron is no more visible. Iron has diffused into 
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the m?tnx and the garnet which was formed during the annexing al 850°C is now 
poorsr '.n iron and then it remains paramagnetic even at low temperature. A TEM 
measurement has shown that very big precipitates (d - 235 nm) are found at the 
surface level after the first annealing at 1300°C. 

3/ Mined a-(Fe, Ga ),O,. 
i-x xc } 

We have shown that 800°C is the recrystallization temperature for garnets 
and during its diffusion iron is abie to substitute to gallium to share in the 
formation of a Gd,(Ga,Fe),O,. _ garnet during the reepitaxial regrowth of the 
damaged layer. Evolution of CEMS spectra for 10 Fe*.cm is presented in 
figure 17. The sample remains paramagnetic after 1100 and 1200°C annealings and 
spectra can be f i t ted with the two doublets characteristic of d and a-sites of a 
garnet and with a doublet due to the presence of a mixed a(Fe,Ga),O, oxide as in 
the case of YAG. 
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For 10 Fe+.cm" the phases are the same but now a Sarge magnetic 
component due to aCFe.GaLO, appears (figure 26). Its hyperfine magnetic field 
value decreases when the annealing temperature increases (511 kOe at 650°C, 501 
kOe at 850°C and <i30> kOe at 1200°C). This decrease can be ascribed to the 
diffusion of iron inside or outside the matrix and subsequently to the formation of 
a mixed oxide becoming richer in gallium. The p(H) distribution is due to various x 
values for (Fe^ Ga ) .O. . No Morin transition has been detected even after 
annealing at 1200°C. 
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Bv TT.M figures 27 antl 28) u is possible to observe K c G ^ precipi tates after 

annealings at 1 100 and i200°C. The de.ns:i>. is about ID part ic les.cm " . A short 

annealing a! 1 ^CI0"C is enouoh to remove the- precipi tates. 

11 - A c t o i i - l c c ' < c n TEAA mtciraiavh oi GGC- annealed at ?10i 

- T5W Spe.ctia oi 1200'C 

[a] po.ipe.ndicu.tai vizw of, the. 

16) 
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iv. ascussiON 
It has been seen that for the different garnets three annealing stages have to 

be considered : just after implantation, annealings below 650°C and then above 

800°C. When in the first stage phases due to iron implantation depends on the 

garnet and on the dose, in the two other stages the evolution of the implanted 

layer is rather similar with at the beginning a transformation of metastable phases 

in an amorphous garnet and after a complete recrystallization of the perturbed 

?one with creation of a new garnet ana of an oxide with participation of the 

implanted iron. 

A/ Characterization of implanted iron in garnets 

In figure 29 are presented CEM spectra [26] obtained with 10 and 10 

ions.cm" implanted garnets : Y1G, YAG, GGG and a ferrimagnetic bubble garnet 

(Y Sm Lu Ca)j(Fe Ge)5O12. 

Iron implantation with 10 ions.cm" dose leads mainly to the amorphization 

of the outermost layers of garnets. Iron is dispersed in the implanted layers and 

locally it can precipitate into small superpsramagnetic iron aggregates or oxide 

compounds. At higher doses the local iron concentration is enough to give rise to 

precipitation of larger iron aggregates. In YIG iron is overstoichiometric and zr.\y 

big ferromagnetic a-Fe aggregates exist. In the other garnets a distribution in size 

appears : dispersion of small precipitates visible on the TEM micrograph, broad 

lines in X-ray diffraction spectra, non-Lorentzian lines for YAG and bubble t, - f, 

single line for YAG in CEMS spectra. 

The chemical affinity of garnet elements with iron plays a role 
16 -2 

formation of other phases. Even for 10 ions.cm iron is associated with y 

to form YFe compound in YAG. In GGG the affinity between iron and gallium 

hinders formation of iron precipitates and favours the creation of a magnetic 

Fe. Ga compound with x depending on the dose. In any garnet iron substitutes 

easily after implantation. 

In YAG, GGG and the bubble garnet exists a Fe2 + state (doublet with !S = 

1.0 mm.s" and QS = 1.65(10)mrn.s ) whatever the dose is. Coey et al. [28] have 

measured IS = 0.95 mm.s" and QS = 1.75 mm.s"1 for FeGa_CL and Ogale et al, 

[40] have determined for Fe AI2O4 IS = 1.00 mm-s"1 and QS = 1.65 m m / l Just 

after implantation we propose to assume that iron is embedded into ferrite 

compounds. 
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Fiquit ?9 - CEMS kpe.ctm jut yiG, VAG, GGG mid <et«magnct<c babble, 

(a) Jtf'6 S7Fc*.cm'Z, 161 / o " 5;lFe.cm"Z. 

B/ Annealinqa at low temperatures (T^^ < 650^;) 

Thermal treatments allow the recrystallization of damaged matrix by internal 

processes such as defects annealings or impurity diffusion. For T g n n < 650°C the 

behaviour of the various garnets is identical. 

Fe2+ and Fe° valence states disappear at 200°C and iron is completely 

oxidized. It is only for GGG that 400°C is needed to vanish the metallic Fe-Ga 

phase. The hyperfine parameters IS = 0.31(2) mm.s"1, QS = 1.18CB) mm.s"1 of the 



assymmetric doublet correspond to the values IS = 0.31 mm.s , QS = 1.12 mm.s 

obtained by Gyorgy et ai. [41] for an amorphous Y,Fe,O 1 2 garnet. In fact we 

propose in this study that the doublet can be due to the coexistence of an 

amorphous garnet (Y,FecO12> Y -AL Fe O1 2 , Gd^Ga^ Fe^C j J and a mixed 

a(Fe M )?O, oxide with M = Ga or Al (0 ^ x^ 1). 

C/ RecrystaHization of implanted gamete 

After annealing at 850°C Mossbauer spectra show a recrystaliization of 

garnets. XRD and TEM measurements on Y,AJ^O1 „ and Y.Fe5O._ display a 

polycryslalline outermost layer (~ 100 nm). It is possible that recrystaliization 

starts from dispersed points of nucleation and then garnet grains growth without 

preferential orientation. After thermal treatment at 1100°C samples become single 

crystals due to a correlation between the reepitaxial front coming from the bottom 

of the damaged layer and the grains of the polycrystalline qarnet located near the 

surface. Then other compounds different from the garnet can be observed by TEM 

as they are crystal lographical ly uncorrelated wi th the matr ix (figure 16).. 

The substitution of iron about 850°C in the garnet structure is not identical 

for YAG and GGG. For YAG the almost totality of implanted iron is embedded 

into a polycrystalline garnet which is magnetic at LNT. For GGG only a third off 

implanted iron is included in the formation of a mixed garnet, the other part 

remaining oxidised in o(Fe,Ga)?O, precipitates. This different behaviour can be due 

to the fast diffusion of iron as shown by RBS measurements. 

A limited amount of iron is accepted to form during the reepitaxial regrowth 

a REjMc Fe O. - garnet (RE is a rare earth, M a diamagnetic ion). An explana¬ 

tion of this restricted acceptance can lie in the differences between the lattice 

parameters of the host Y ^ A l j O ^ (a = 12.00 A) or GdjGa5O12 (a = 12.376 A) and 

the garnet we want built : Y j F e j O . - ( a = 12.376 A) or Gd3Fe5O12 (a = 12.479 A). 

At 1100°C. due to the co-ordination between the polycrystalline garnet and the 

substrate, only a limited quantity of iron can be accepted to limit the lattice 

differences. Then the refused overstoichiometric iron can only form mixed 

v F e ^ M L O , oxides with trivalent ion M = Al or Ga. 
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O/ Substituted oCFe.M^Oj oxides 

These oxides are very well characterized with Mossbauer spectroscopy. The 

reduction in the hyperfine field value with respect to the value for pure aFe,C, 
3 + 3 + 

hematite is proportional to the number of introduced !Ga or Al ) impurities. For 

Y,FecO.? the iron oxide is pure hematite and its microscrystals located near the 

surface increase as the temperature arises. With a mean range of 40 nm for 

implanted iron we can imagine thar iron oxide particles are closed in the first 3D 

nm and that finally during the recrystallization process they can expand toward the 

free surface only. 

For highest annealing temperatures (1200 and 1300°C) an orientation of Fe 

spin along the [111] direction of rhcmbohedral oxide has been observed. This Morin 

transition (EQ = -0.B1 mm.s" ) occurs at RT and this very astonishing behaviour 

could be explained by pressure effects due to lateral strains existing in the 

recrystallized zone. This phenomenon disappears after a further annealing for 3h 

when oxide particles break the surface as it has been displayed by TEM measure¬ 

ments (figure 23). Very recently Bruzzone et al. [42] have studied the variation of 

the Morin transition of aFe-O, as a function of applied hydrostatic pressures. They 

have shown that a pressure of about 15 kbar can induce a Morin transition at RT. 

For Y ,A l ,O 1 2 and Gd,Ga,O.2 garnets the Morin transition of mixed oxide is 

influenced by the presence of diamagnetic impurities. These impurities can lower 

the Morin temperature [43]. De Grave et al. [44] have shown that the 

transition was lowered below 77 K (instead 263 K for pure aFe,O,) for 

an a(Fe, Al ),O,. When x > 0.077 no Morin transition occurs even at 77 K. In our 
I ~X X L J . - j r y 

implanted YrAIcO,., garnet implanted with 10 Fe+.cm~ we have estimated from 

the GXRD measurement that after annealing at 1100°C x - 0.13. 

Quadrupole splittings deduced from Mossbauer spectra indicate no Morin 

transition : L"Q = 0.45(3) m m / 1 at RT and EQ = 0.41(3) mm.s*1 at LNT. After a 

further annealing at 1300°C for 1h lateral strains can exert on oxide precipitates 

orientating magnetic moments of iron because lattice deformations. The measured 

effective field H f f = 496(4) kOe, lower than 503(4) kOe obtained after 1100cC 

annealing, shows that Al concentration has increased. Consequently, in absence of 
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strains, the Morin transition must be lower. In fact, fits if CEMS spectra give 

EQ = 0.11(3) mnrus"1 and - 0.64(3) mm.s"1 at RT and LNT respectively. The 

quadrupole splitting is small at RT but not negative. We can assume that strains 

are too weak to induce a Morin transition at RT because diamagnetic ions play an 

antagonistic role. A subsequent annealing at 1300°C for 1h removes this pheno¬ 

menon. 

In the case of the paramagnetic Gd,Ga,O. _ garnet implanted with 

10 Fe*.cm" , mixed ai.Fe. Ga )j^-z oxides have no Morin transition due to the 

high concentration in gallium (x = 0.2). The Morin transition must be below 77 K 

and no strains on oxide particles could be detected because during the last 

annealing at 1300°C for In the magnetic phase of oxides was completely vanished. 

V. CONCLUSION 

In this paper a contribution to the study of various garnets implanted with 

iron and their evolution during thermal treatments have been presented. The 

association of complementary techniques well adapted to the study of implanted 

layers has allowed to draw some conclusions : 

.. Ion implantation of iron in garnets can produce segregation phenomena or create 

new phases with matrix elements. These effects are complex and depend on dose 

and garnet. 

.. Annealings under air show the metastability cf produced phases and the parti¬ 

cipation of iron to the formation of new garnets and of a-Fe_O, or a(Fe,M)_O, 

oxides with M = Al , Ga. Annealing temperatures above B00°C are necessary to 

completely recrystallize the implanted layer. 

.. Alterations of the Morin temperature can be explained by the occurence of 

latera1 strains produced during the total rebuilding of the implanted layer about 

1200°C. For th° first time a Morin transition has been detected above RT in pure 

a-Fe-Q, without the use of external mechanical means. More accurate measu¬ 

rements of the lattice parameters are now being made in order to examine the 

high pressure assumption. 
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RECENT RESULTS ON IMPLANTED IMPURITY ATOMS 

IN FERROMAGNETIC HOSTS OBTAINED WITH PAC 

Klaus-Peter Lieb and Friedrich Raether 

II. Physikalisches Institut, Universitat Góttingen, and 

Sonderforschungsbereich 126, Góttingen/Clausthal, 

D-3400 Góttingen, Fed. Rep. Germany 

I. Introduction 

Probing the hyperfine interaction of impurity atoms in ferromagne¬ 

tic hosts has been a longstanding task in which many nuclear and 

solid state physicists have been involved. Progress m this area 

has come in "waves" whenever new implantation facilities (for 

instance ISOLDE at CERN, heavy ion accelerators,..), measuring 

techniques (p-spin resonance, NMR on oriented nuclei in sub-Kelvin 

cryostats,...) or new theoretical approaches became available. We 

have seen some fine examples for new results in several contribu¬ 

tions to this Conference. 

In this talk, we shall give a brief survey over a number of 

studies which the Góttingen group has recently performed or in 

which we have been involved. In all experiments, the IMPAD or 

TDPAC technique after in-beam recoil implantation with heavy-ion 

reactions or implantation of the radioactive nuclei with an ion 

implanter (ISOLDE at CERN, IONAS at Góttingen) have been employed. 

Several of these studies are devoted to characterize the implanta¬ 

tion site(s) in the ferromagnetic lattice in order to calibrate 

the magnetic hyperfine field(s) and ultimately to deduce nuclear 

magnetic moments. Others were explicitly undertaken to investigate 

defect configurations (e.g. in the case of '"In in f cc-Co) , phase 

transitions and/or chemical reactions (lllIn in NiO [BCL6"?j ) . it 

is these two faces which makes this type of research exciting most 

of the time, but occasionally frustrating. 
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II.: Subs titutional implantation - the systems Cr and Br in Fe 
In light nuclei, very often the IMPAD technique is the only way to 
find out the distribution of impurity fields caused by different 
micro-environments, as there are essentially no Móssbauer probes 
ar.d few isomeric states populated in cascades following suffi¬ 
ciently long-lived jł-emitters. In continuation of our previous 
heavy-ion IMPAD experiments on < l - « * C a and « ° . « « . «i K in Fe 
[UKR75.BRA78,BSR83.RAE84]. we have recently studied the system 
*8VFe in order to complete the systematics of impurity atoms near 
the 2=18 electronic shell closure [RAE87a]. 

The «'Cr activity was produced via the reaction <6Ti(cc,2n) with 
the 43 MeV o-beam of our synchrocyclotron. A multi-layer target 
consisting of twelve 11 um thick *łlTi foils and twelve 3 pro thin 
annealed Fe foils was chosen so that the recoil implanted " C r 
nuclei came to rest in the Fe foils. When the irradiated Ti foils 
were separated from the foil stack and since the activation of the 
Fe backings by the a-beam did not interfere with the 113-308 keV 
cascade in *•V populated in the EC decay of *•Cr (Ti/>=21.56 h), 
th> Larmor precession in the 308 keV isomeric state (T«10.3 na) 
could be measured via the PAC technique with a set-up of four BaPi 
detectors. The detectors, each 45 mm in diameter and 38 a» in 
lencrth, were arranged in 90° geometry; they were coupled to 
XP2O2OQ photomultipliers and a conventional fast-fast coincidence 
circuit with window constant fraction discriminators. The 12 Lima 
spectra of all possible coincidence combinations were stored in a 
CAMAC histogramning memory. The circuit is displayed in Fig. 1; 
the prompt time spectrum of the 113-308 keV coinicidence had a 
resolution of 1.0 ns FWHM. The measured perturbation spectra 

R(t) = [W(180,t)-W(90,t)]/M(180,t)+W(90,t)] 
of which one is displayed in Fig. 2 can be fitted with a single 
Larmcr frequency ax=93.0(33) MHz; the fraction at this site 
exceeds 80% and is attributed to substitutional implantation. 
Adopting the magnetic hyperfine field obtained from NMR, B«8.73(3) 
T [KOI64], we find the g-factor of the 308 keV state as 
•3=0.222(8), in fair agreement with the result of a previous tiae 
integral measurement in an external field, g»0.188(17) [AUB67}. No 
other fraction with a well defined Larnor frequency was obacrved. 

A similar experiment [RAE87b] has been performed for the 755-250 
keV cascade in 7 7Se involving the 250 keV isomeric state (t"13,.4 
ns, g=0.42(4)) and fed in the 3-decay of 7 TBr (Twt«57 h) . The 
7 7Br activity was produced at ISOLDE and implanted at room 
temperature into a polycristalline Fe foil which had been annealed 
for 10 h at 1230 K: the implantation dose was 6 101* c»-» and the 
implantation energy was 60 keV. The PAC apactra were again taken 
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with the BaFs apparatus at Góttingen, in the course of an 

annealing program of successive vacuum heatings at 470, 700, 790 

and 940 K, for 15 min each. The perturbation functions displayed 

in Fig. 3 clearly show a single Larmor frequency of ux (RT) = 

1272(2) MHz, attributed to substitutional, defect-free implanta¬ 

tion. Its fraction rises from 21(4) * after implantation to 

nearly 100 % at 793 K, but then the total activity drops due to 

outdiffusion of the 7TBr activity (see Fig. 4). This diffusion 

process was confirmed in a Rutherford backscattering experiment 

with 1.0 MeV a-particles impinging onto an iron foil into which we 

had implanted 4*10''/cm* "Br 1 ions at 80 keV.- We also performed 

a PAC control experiment in which we implanted 5*1010/cm! 77Br 

ions (+2*10' * /cm2 " B r ions) at 270 keV into an ainealed Fe foil. 

The 77Br activity was produced in the synchrocyclotron via the 

reaction r7Se(d,2n) at 15 MeV, chemically separated from the 

target material and transferred to K77Br and finally placed into 

the ion source of IONAS. The Larmor frequency found at the higher 

implantation energy and lower dose, u». =1260 (70) MHz, is in good 

agreement with the previous figure. 

Using the rather badly known g-factor of the isomeric state 

[AUE67], one arrives at a substitutional hyperfine field of 

B(SeFe)=62(6) T which is in agreement with the previous figure 

B=69(6) T obtained in an NMR/ON experiment for »!Br [CAL74]. 

Clearly, a remeasurement of the g-factor with higher accuracy 

would make this probe very useful for further studies, in 

connection with BaF2 detectors. It is norteworthy that no other 

sharp Larmor frequency was observed in the Fourier spectrum. Since 

the Oxford group, in a channeling experiment, had found evidence 

for a large fraction of non-substitutional Br atoms with • well 

defined position in the lattice [ALE74], we had hoped to identify 

the corresponding complex as component in the hyperfine spectrum. 

The present experiment excludes such component of more than 30%, 

if the quadrupole frequency of this complex does not exceed i* c200 

MHz. For higher coo values the quadrupole splitting would give 

rise to a complex hyperfine spectrum which would be difficult to 

disentangle. On the other hand, such large quadrupole interaction 

seems rather unlikely. 

Fig. 5 summarizes the substitutional hyperfine fields of light 

impurities in iron and their fractions at room temperature 

implantation. Also given are the fields calculated by Kanamori and 

coworkers [KAN84, AKA83]. It is evident that the implant&tion of 

"oversize" impurities near the 2=18 and 2=36 shell closures into 

substitutional, defect-free sites is hindered, an effect pre¬ 

viously observed via Mossbauer spectroscopy near the Z«54 atomic 

shell closure [WAA75]. 
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Fraction f, of substitutional implantation at 
room temperature for impurities near the 2=18 
and Z=36 atomic shell closures 
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III . Cb_sęrjv_ą t ion _o_f_ Jt̂ .ę ..I.n_-_V 
The systematics of hyperfine fields of Z=50 substitutionai impur¬ 
ity atoms obtained frorc Móssbauer spectroscopy [WEY66; and pre¬ 
vious high temperature PAC experiments on ' l l I n in fcc-Co [LIN7S] 
point to a large negative hyperfine field of B(CdCo!=-28.74 T at 
room temperature. It is therefore to De expected that radiation 
induced ••'In-defect complexes which usually feature reduced 
hyperfine field strengths [WAA75] should be well observable in 
this system. In collaboration with G. Weyer and J. Chevallier from 
the University of Aarhus, we have therefore performed a detailed 
study. 

The typically 70-180 nm thin Co single crystals were epitaxially 
grown on NaCl crystals with an intermediate layer of LiF. 
Rutherford backscattering spectra with 900 keV a-particles shown 
in Fig. 6 reveal the composition and orientation of the probe: the 
curve (a) represents the backscattering yield at randoit, incidence. 
while the curve (b) is the one at incidence along the [100] 
channel and observation of the backscattered a-particles in the 
(100) plane. The lattice constant a=»0.356 nm was obtained by TEM. 
Some 2*10'3 '' ' In* ions/cm* were implanted at 250 keV with IONAS 
and the perturbation functions R(t) of the 171-245 keV cascade in 
1''Cd were measured with the BaFi detector set-up described above. 
By variation of the implantation, annealing and measuring tempera¬ 
tures, the production and desintegration of lllIn-defect complexes 
and the temperature dependence of their hyperfine fields were 
measured. 

Fig. 7 shows some R(t) functions taken at room temperature during 
a cumulative annealing cycle at 300-873 K, for IS min at each 
step. The frequency spectrum deduced after the 453 K annealing 
shown in Fig. 8 clearly exhibits four fractions with the Larmor 
frequencies uh-=346.9(1) MH*/ 0**255.6(7) MHz, 0**415.3(3) MHz and 
QM*361.9(5) MHz at room temperature. Using the known g-factor of 
the isomeric state in 1 1 » C d and correcting the measured local 
field.3 for the strength of the polarizing external field, B . n * 
0.16 T. we arrive at the following hyperfine fields: Bi*-23.82(8) 
T, B»—17.59(7) T, B3 — 28.55(10) T, and B««-26.21(9) T. By taking 
PAC spectra with different crystal orientations relative to the 
external field direction, we proved that none of the fraction* had 
a large quadrupole interaction component. 

The fraction 1 must be assigned to substitutional implantation 
into a defect free environment [LIN78]. The second fraction is 
formed at room temperature, but not at liquid nitrogen implanta¬ 
tion and disappears at some 650 K. In analogy to a similar complex 
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in the system '''InNi studied by Hohenemser et al. [HOH77,SUT78), 

we associate this hyperfine field with an Ini-V« complex in which 

a substitutional In atoms traps 3 NN vacancies and relaxes along 

the <lil> direction thus forming a cubic complex with four equally 

spaced vacancies around the interstitial In atom. Together with 

the '''In activity a variable amount of inactive ' " Cd' ions are 

being implanted into the sample; it was found that the fraction ti 

decreases for increasing" ' "Cd dose. A similar behaviour was found 

for annealed 'l>InNi samples which were post-irradiated 

[SUT78.ALL83.VOS86]. Among the remaining two fractions, the one 

labeled 3 has the Larmor frequency of hep-Co [LIN'78] , while the 

last fraction with ov< has not been unambiguously explained so far. 

The latter two fractions fa and I* survive the hcp-»fcc phase 

transition temperature T*=690 K. (Note that the whole sample stays 

in the fee phase if heated above TP and then cooled below TP.) 

By means of a LN cryostat with heatable sample, we also determined 

the temperature dependence of the Larmor frequencies in the range 

100STS390 K. The results for u>i (T) and u» (T) are given in Fig. 9; 

<03 (T) follows ciosely IOS (T) . Also given is the temperature 

variation of the bulk magnetization extrapolated from Ni and 

scaled with the Curie temperature Te*1386 K of Co [CRA71J. The 

high field data u)i (T) are well described by this parametrization 

and do not exhibit the anomalies found e.g. for the elements Ga, 

As, Ge and Sn in hep-Co [SEN81]. Senba et al. [SEN81] have pointed 

out that the 11>CdCo hyperfine field in the fee phase measured at 

723K and 963K is also consistent with the bulk magnetization. In 

contrast, the frequency (Oj (T) of the l l' Int -V« complex decreases 

linearly with T with a coefficient Auta/oh AT-0.024 %K-' and thus 

does not follow the bulk magnetization. Salm and Klepper [SAL73] 

have observed a similar linear decrease of the Larmor frequency in 

non-substuitutional sites in the system l«FNi. 

IV. Paramagnetic relaxation - the case Nd in Ni 

Nuclear magnetic moments are very sensitive to the single-particle 

structure of a nuclear state. In T~unstable (triaxially deformed) 

transitional nuclei, the alignment of one or several quasi-

particles along the axis of collective rotation can have a strong 

influence on the shape; very convincing examples for such jr-

driving forces have been recently found in the mass A = 80 and 130 

regions [LUH85,FRA83,PAU87]. While the (lqp) level structure of an 

odd-A nucleus directly reflects the deformation of the underlying 

core, (2qp) and (3qp) bands depend in a more hidden way on the 

collective shape of the nucleus. Hence, g-factors are needed to 

pin down the nature and angular momentum of the aligning particles 

which in turn depend on and influence collectivity. 
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W(0.t;tor<) = 1 + As Qi Ps (cos :e±ui t) ) exp(-Xtt) + .. 

and gives the time integral PAD 

K(8,lort)=1+0.2SAiQjCst Il+3cos(29±2A6s)•[1+tan* 2ń8aJ-' '*I+.. 

where tan 2AS: = 2a> r <1+X*r)-', 
Gsa * (1+Xa T ) - ' , 
Xj = 2 u* i 2 tc 

and Xa-' and tc denote the relaxation resp. correlation times; 
note that Xi scales with g! . The parameters t* and Xj can be 
fitted from the experimental quantities 

e(9) •= !K(+A, ł>+M(-A. ł)-W(*ń. t)-W(-A, t) I/SW. 
S(9) » |W(+A.l)+W( + A. t)-W(-A, O-W(-A. rH/fń ZWI . 

EW = W(+A. i )+W(-A, i) +tf(+ń, t )+W(-A, ») . 
If one adopts the static field B.i = 150(36) T at LN temperature 
[KUG76], one obtains the mean g-factor of the 10'i and 12'• states 
in ia*Nd as g • +1.08(33) which value clearly proves hi i a pr_otpn 
alignment. On the basie of a Cranked Shell Model analysis of high 
spin states in l3łNd, Paul et al. [PAU87] conclude that h;i a 
proton alignment drives the triaxial nucleus to a prolate shape, 
while hi i/a neutron alignment leads to an energetically degenerate 
oblate band. The g-factor of the lowest 2' state in ll«Nd was 
found as g = 0.53(10) [BIL87b]. 

The observed T-ray anisotropies are much smaller than expected 
from the Larmor precessions in the static field and indicate that 
in addition paramagnetic relaxation has to be taken into account 
(Xx * 0). A test experiment wae therefore performed for the lowest 
2' states in J«*-'«»Nd Che g-Jactora of which have been determined 
previously: g(>«*Nd)=0.22(3), g(l* *Nd)=0.25(4) [KUG72]. Both 
nuclei were Coulomb excited by a 38 MeV l*O beam and recoil 
implanted from a 1.5 mg/cmł »4tHd layer sputtered onto a 5 mg/cm* 
Ni foil. The j radiation was measured in four Ge detectors at ±20* 
and ±(110c±A), ń=5», in coincidence with projectiles backscattered 
into an annular silicon surface barrier detector. The resulting t 
and S parameters are shown in Fig. 10. The measured precessions 
ut(><*Nd)*-43('s) mrad and tut<»««Nd) = -248("si) mrad are in 
agreement with previous work [KUG72]. The c parameters at 20* and 
110s clearly show the relaxation effect as they deviate consider¬ 
ably from the tc «• 0 curves (no relaxation) . The other curves 
refer to xe • 50, 75 and 100 ps; the t values in l ł łKd give at 
both angles the correlation time TC - 84(15) ps. The definition of 
the correlation tine Tc has been somewhat arbitrarely chosen as tc 
• Xt/2cu. * by replacing the unknown average fluctuating field of Nd 
by the static field B*t which causes the Larmor precession. Zf one 
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In collaboration with J. Billowes, G. 0. Sprouse and others 
[BIL36,BIL87a,BIL87b], a series of g-tactor measurements has been 
recently performed with the Stony Brook tandem-MNAC heavy ion 
facility. The time integral IMPAC or IMPAD techniques after recoil 
implantation into Fe and Ni backings by means of Coulomb excita¬ 
tion and heavy ion fusion reactions were used. We will discuss 
here the case Nd in Ni because it has provided some interesting 
results on the paramagnetic relaxation of this 4f element. Tab. 
4.1 lists the excited states and reactions used in the experi¬ 
ments. The nucleus 1 J 6Nd has two pronounced baekbends at Ir«10' 
attributed to hi i * proton and neutron alignment; the esti-nated g-
factors of thess 10ł states are g*»l.l resp. go=-0.2 [HAM86). The 
lifetime! of the 3298 keV 10*i state is sufficiently long (T*74 ps, 
[BIL87a]) as to produce a measurable Larmor precession in the 
large static hyperfine field B(NdNi)=150 T [KUG76J. 

Table 4.1: Nuclear states of Nd isotopes 
A E, (keV) r (ps) g Reaction; £»*.. (M*V) 

134 
136 
146 
148 

295 
3298 
453 
300 

[BIL87a,bJ 

92(6)* 
74(8)* 
32(3) 

123(3) 

0.53(10)* 
1.08<33)« 
0.22(3)» 
0.25(4)» 

* ) [KUG72] 

"O«('°Ni. 
" G e C ' N i , 

" • N d P ' O , 

4n)r 235 
4n); 235 
'*©•); 3B 
«»O* ) ; 38 

The IMPAD measurements for i3«-i3*Nd were done in the r 

way: The 3-layer sandwich target consisted of 0.7 mg/-
evaporated onto 5.5 mg/cm* Pb deposited onto an annealed 5 
Ni foil. The Ni beams and the evaporation residues were -!> 
down ir. the Pb layer in order to avoid background reactions and 
transient field effects in the Ni backing. The target was 
polarized by an 0.12 T external nagnetic field reversed every 2 
min (it), and kept at 80 K. Two Ge detectors operated in 
coincidence with a large solid-angle NE213 neutron detector were 
placed at angles 8i =+120°±A and 8i «-120«±A, A=11.8», and the four 
spectra labelled ¥(•*,*>, W{+A,t>t W(-ń,A) and W(-a,T) were 

accumulated. 

Assuming a purely magnetic hyperfine interaction in a static and 

fluctuating field, the tine-differential PAD can b« written 

(FRA65.ABR53J as 
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Fig. 10: The quantities S and £ defined in the text 
for the 2 + - 0 + transitions in 1 4 6Nd and 
148Nd after Coulomb excitation with a 3B MeV 
oxygen beam and recoil implantation into Ni. 
The curves are labeled by Tc * 0, 50, 75 and 
100 ps. The deduced correlation time is T C = 
84(15) ps. 



uses the estimated 4f field reported by Kugel et al. [XUG76], B«i 
= 420 T, one gees che correlation time tc ' = (Bs /B«r)2Tc= 11 ps. 
This figure is by an order of magnitude larger t -.an the correla¬ 
tion tiroes measured time differentially for Nd i.i Sn, SnBi and 
SnAu alloys and extrapolated to 80 K [RIE83,RIE85]. 

Evidently more work is needed, in particular time differential 
measurements of Nd in Ni and other ferromagnets as well as for 
different temperatures to better understand the relaxation of 
this 4f elements in ferromagnetic, both in the context of nuclear 
magnetic moment measurements and for its own sake. 
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RECENT RESULTS OF PAC APPLIED TO STUDY JF MAGNETIC ALLOYS 

M. Rots 
Instituut voor Kern- en Stralingsfysika, University of Leuven, ts-Ju3u 
Leuven, Belgium 

In this report two new applications of PAC in tne study of magnetise wi U ae 
introduced. The f i r s t topic is devoted to tne problem of reentrance Deha-
viour, tne nature of wnich is s t i l l controversai especially in the case ot 
<VuFe alloys around lbatoFe. Recently tne applicaDi l i t y of PAL to tne study 
of spin-glass freezing was investigated and the results in tne reentrant 
concentration region were discussed in recent puohcations i"i. Here we <ma 
new results on the interplay oetween local atomic order and the appearance 
of tne oouDle magnetic transit ion: paramagnetic-terromagnetic-spin glass 
upon cooling. In tne second part we introduce preliminary PAC results on the 
study of antiferromagnetism in manganese and i ts alloys. 

1. Local atomic order versus reentrant magnetic benaviour in AuB^Fels 

The controverse on the low temperature behaviour of non-dilute AuFe alloys, 
especially the character of tne double magnetic transit ion, depends neavily 
on whether or not alloy randomness can be assumed. A Mossoauer study at 
room temperature by Whittle and Campbell 3 led to tne conclusion tnat in tne 
concentration range 5-20 at%Fe the AuFe alloy is not a random solid solu¬ 
t ion. In the as-rolled state a tendency towards clustering was noticed, 
while heat treatment at 550* C induces atomic short range order or anticlus-
tering. In an earlier Mossbauer work " on 17 at»Fe an increase in ordering 
temperature upon annealing was found, while ac-magnetic susceptibility 
measurements b on 14 and 15 atSFe reflects tne opposite oenaviour. Tne 
broad spread in ordering temperatures among the different investigations 
i l lustrates this influence of tne actual metallurgical state. Comparing 
hyperfine interaction results, Hossoauer and PAC spectroscopy ł , one notices 
a close similarity in the response, altnougn tne former technique proces on 
the Fe impurity i tse l f while the latter senses the magnetic state by means 
of a foreign probe atom. This has led us to the conclusion tnat not a loc*l 
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picture Dut ratner long range magnetic in teract ion oetween s t a t i s t i c a l l y 

induced spin clusters of d i f ferent sizes explains tne temperature oenaviour 

of tne nyperfine f i e l d . Tne present study aims to ver i fy tn is interpreta¬ 

tion Dy invest igat ing tne PAC response for a 15 atiFe sample [well w i tn in 

t.ne cluster-glass region) to cnanges in tne metal lurgical state due to cola 

working and annealing. 

Tne sample was prepared by induction melting unaer vacuum ano cola r o l l i n g 

to f o i l tnickness of 100u. Between the production and actual use of tne 

f o i l a period of 7U0 days room temperature ageing elapsed. Tne radioactive 
i ; 1 I n tracer was diffused into tne f o i l during 4 nours at 900*C unoer H_-

atmosphere, terminated by a quench in l i qu id ni t rogen. After measurement 

tne same sample was cold ro l led to f o i l tnickness of 20^ and measured as 

such (AR-state). Tne sample was subsequently given a tnermal treatment of 

13 hours at 550*C (HT-1 state) and 4 hours at 900*C (HT-2 states respecti¬ 

vely. 

tie measure as a function of temperature tne average nyperfine in te rac t ion , 

at the m C d probe nucleus, or ig inat ing from tne d is t r ibu ted Fe impuri t ies 

in the Au- la t t i ce . This temperature dependence of tne average in teract ion 

frequency is represented in Fig. 1 for the d i f fe ren t metal lurgical condi¬ 

t ions of tne sample. 

GO-i 

F ig . l . Hyperfine f ie ld vs. temperature for A t ^Fe^ in different metallur¬ 
gical states; o : anneal 900'C+Q; • : as-rolled; A: anneal 5uO*C+Q. 

The salient features are as follows: 

i . Under the in i t i a l treatment conditions the hyperfine f ie ld as a function 

of temperature closely resserables our earlier result on tne same concentra-
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t ion. ihe ordering temperature is UUK and around tfUK a second increase in 

nf-interaction is clearly visiDle. However the 4.2 K nff value is somewnat 

lower than observed earl ier. 

i i . In the as-rolled state the hff behaviour changes completely. The 

ordering temperature drops to 5OK, where the interaction strength steeply 

increases to a value substantially larger than under the previous condition. 

Moreover above 50K the average nf-interaction remains at the plateau seen 

between 80K and 110K in the previous run. 

i i i . in the annealed state (HT-1) the nf-interaction strength below 5UK 

hardly changes, although the temperature behaviour above develops towards 

the two stages patem seen in the in i t i a l state but with a reduced ordering 

temperature located around 80K and an increased "background" interaction. 

iv. The brief annealing at 900*C apparently does not ful ly restore the 

original alloy conditions in the sense that the hf-interaction strength, 

measured at T=2OK and 200K only, ire moderately reduced relative to the 

previous values. 

Tne results clearly snow that tin. nyperfine interaction strengtn at low 

temperature, but also i ts temperature variation, sensitively depends on tne 

hi story of the alloy. Tne present measurement was done on a part of tne 

same fo i l used earlier with the thermal treatment (4 hours at 900*C plus 

quench) identical. Nevertheless the hyperfine f ie ld at 4.2K equals 

3O.2(4)kG in the earlier measurement, while we observe 26.1(2)kG in tne 

present one. The former sample was prepared after 10 days room temperature 

ageing, the latter after 700 days ageing. Subsequent cold working on tne 

latter sample substantially increases the hyperfine f ie ld to 37(2)kG when 

measured in the fresh AR-state. Upon annealing at 550*C tnis high f ie ld 

value remains unchanged at 4.2K while at 20K a reduction can be noticed. 

In the as-rolled state, due to clustering, tne matrix remains with an effec¬ 

tive Fe concentration reduced in respect to the nominal value. Tnis cluste¬ 

ring is seen here by an increased interaction strength at higner temperatu¬ 

res. The steep increase of hyperfine f ie ld around 50K marks tne spinglass 

freezing of the depleted matrix. Short term annealing or room ter.perature 

ageing gradually dissolves the clustering thereby increasing tne Fe concen¬ 

tration in the matrix as reflected by the increase in ordering temperature, 

weakening of the slope change around 50K and reduction of the low temperatu¬ 

re hyperfine f i e ld . 
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2. Hyperfine f ie ld distributions in a-Mn. 

One of tne four allotropic forms of manganese stabilize at room temperature 

in the a-Mn phase, having a cubic structure with latt ice constant 

a = 8.9135A and 58 atoms per unit ce l l . The basis of the atomic arrangement 

is a simple body-centred cubic latt ice with a cluster of 29 atoms associated 

with each latt ice point. The structure contains four crystallograpnicalliy 

inequivalent sites. Each type I atom at the DCC-lattice points is surrounded 

by an octahedron of type IV atoms of tetrahedral symmetry and somewhat 

further from the center four type I I atoms, arranged tetrahedrally around 

the center. Finally the outermost atoms are 13 type I I I atoms in a polyne-

dron with cubic and octahedral faces, sucn that the whole cluster nas tetra¬ 

hedral symmetry. From space f i l l i n g considerations, atoms on sue I and i I 

tend to t)dve larger electronic radii to f i l l tne relative larger volume of 

the CN16 coordination. In diluted alloys one expects that larger impurity 

atoms occupy preferentially site I and I I , while smaller Impurity atoms 

prefer the smaller volume associated with CN13 and CN12 coordination in site 

I I I or IV. 

Neutron diffraction studies 6 on the magnetic structure revealed tnat below 

T(j = 95K an antiferromagnetic ordering sets in . A non-col linear spin model 

was proposed with relative large localized moments on site I and I I but 

small moments on the other two sites. This proposal could be confirmed in 

NMR experiments 7 showing different hyperfine f ie ld proportional with the 

site moments. I t is the purpose of present study to investigate the local 

moment picture as opposited to a spin-density-wave approach. The l i terature 

does not report any PAC work on the manganese system and therefore we 

restrict here to a survey of the f i r s t observations. 

2 .1 . Site identif ication. 

In the present study u l C d and 100Rh will be used as probe for the hyperfine 

f ie ld distributions. From titt atonic arrangement one may derive an electric 

f ield gradient almost zero at site I , different from zero but axially symme¬ 

tr ic at site I I , relatively large and non-axially symmetric at site H I or 

IV. Measurements in the paramagnetic state reveal at the m C d probe a qua-

drupole interaction strength ^S. " 45(2)Hc with a broad distribution of 



18Mc and Ti = 0 at T = 15OK, wnile for l00Rh probe at T = 293K we found 

£ j * ^ = 67.9(5)Mc with an asymmetry parameter close to n -- l . From this 

observation we derive tnat n i I n occupies site I or I I and louPd goes to 

site I I I or IV, consistent with what may be expected from atomic size con¬ 

sideration. 

In addition to the quadrupole interaction oDserved in the a-Mn phase (produ¬ 

ced by annealing at 620*0 we determined the quadrupole interaction strength 

in the g-Mn phase also. This phase was produced ay annealing the sample at 

900"C followed by a quench in ice water. Me observe at 77K as well as 4.2K 

^ 3 . = l067(8)Mc and TI = 0.11(1). The same sample was subjected to an 

isochronal anneal treatment followed by a measurement at T •= 77K. Up to 

annealing temperatures of 500"C no significant cnanges in the interaction 

parameters were observed. After a brief anneal of 10 minutes at 600*C, 

however, the PAC spectrum changes drastically. This spectrum needs an 

analysis with the assumption of a magnetic Interaction with two distinct 

sites. We find a fraction of almost 804 of probes experiencing a magnetic 

interaction of uc * 80(l)Mrad/s and width óuc * 10(3)%, while tne 

remaining probes experience an interaction of oog • 42(17)Mrad/s. Obviously 

the a-Mn phase formation was reached at 600*C anneal and the sample shows up 

the antiferromagnetic ordering expected below 95K. The in i t i a l hyperfine 

interaction parameters measured for the electric quadrupole interaction in 

p-Mn could be restored by annealing at 900*C followed by a quench. 

2.2. Determination of the magnetic ordering temperature. 

Furtheron we concentrate on samples treated appropriate for the production 

of the a-Mn phase. 

Different experiments using a veriety of techniques determined tne Neel 

temperature in the vicinity of T^ * 95K for the pure a-Mn state, either 

decreasing or increasing when a-Mn alloys are considered. Shifts ATR of 

the order of 10-20 degrees per at.5 were observed 8 depending on the valence 

or size of the alloying element. 

High purity Mn flakes of quot.d purity 99.99% was used and the indium con¬ 

centration did not exceeded 2OOppb, assuming that the radioactivity diffused 
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homogeneously throughout tne sample. Tne ordering temperature could De 

measured very sensi t ively by fol lowing the nyperfine parameters from room 

temperature down to a temperature were tney dras t ica l l y change from almost 

T-independent quadrupole-type to T-dependent magneiic-type. 

The observed Neel temperature was located at TN = 120(2)K, substant ia l ly 

larger than found in dny other experiment. Moreover th is value turned out to 

be extremely sensit ive to the n - I n loading, increasing up to TN = 160K in 

cases where the In-Cd concentration was increased by a factor of ten. 

Compared with tl^ sh i f t s quoted for al loys in trie at% region, our value 

refers to a concentration region eight orders of magnitude smaller, we also 

performed measurements on a-Mn alloys and our preliminary results indicate 

tnat £TN sn i f t s of the same magnitude and sign are observed out s t i l l 

re la t i ve to our previous TJJ = 120K value. Lat t ice expansion is a commonly 

accepted possible explanation for tne increase of Neel temperature in a-Mn 

as well as fc-Mn a l loys . Because indeed indium may produce the largest e f fect 

in view of u s large atomic size, tne sn i f t in Neel temperature remains 

anomalous. Since manganese oxidize quite readi ly case was taken to prepare 

tne sample under high vacuum, but the annealing was done under H2 atmospne-

re. Tnerefore the absorption of hydrogen may be pa r t i a l l y responsible for 

our high Neel temperature. 

. . I * 

Fig.Z. Typical PAC spectra for a-Mn (1UC<1) with their frequency distribution. 



2.3. Magnetic hyperfine fields in a-Mn. 

in fig. 2 some typical PAC spectra are displayed togetner with the frequency 

oistrioution. Tne data in the time domain where fitted according to tne 

familiar expression for a randomly oriented magnetic interaction. Tne fre¬ 

quency distrioution on tne other nand was ODtained using a multi-frequency 

mapping routine witn 100 steps within the range 0-200 Mrad/s. Obviously tne 

frequency distribution is peaked near to 45 and 94 Mrad/s, revealing tne 

existence of tow distinct sites. Over the whole temperature range down to 

4.2K, the interaction frequencies corresponding to the two sites remain in a 

ratio close to 1:2, wnile tne population of tne nignest interaction site 

amount 60*. All probes contribute to one or tne other site and no paramagne¬ 

tic fraction could be detected. The respective hyperfine fields at 4.2K 

equal 3.24(4)T and 6.46(2)T. The hyperfine field distribution widths equal 

0.29(5)T and 0.22'.3)T at the low and nigh field sites respectively and 

remain almost temperature independent. The temperature dependence of both 

ny per fine fields is shown in fig. 3. In the temperature region near to Cne 

ordering temperature (T/Tjg > 0.75) the hyperfine field data nicely follow 

a power law. 
Hnf { T ) e 

with 0 = 1.18(5); 3 = 0.42(3) for 

the low field site and 0 = 1.174(3); 

S = 0.316(2) for the hign field site. 

The fitted Neel temperature then """•''""• "•"• 

equals Tu = 121.3(5)K and i . . . . . . 
™ so-, 

TN = 120.14(5) respectively. 

A remarkable jump in hyperfine f ie ld 

below T = 20K is observed at the low 

f ie ld site but not at the high f ie ld i , , . 

si te. Moreover a further distinction I 2 ° , " " , \ 

between sites becomes apparent when 2 '"" ' " , ; 

the In-concentration increases. While "T* ST5 IT2—5—~~i S 3T 
TIKI 

the high f ie ld site remains almost 

unchanged, the low f ield site change 

to an interaction site reminescent Fig.3. Temperature observation 

of the 6-Mn pnase, together with an dependence of tne nyperfine f ie ld 

increase of the global ordering tempe- in a-Mn at the two l u Cd sites. 

rature. 



Assuming a localized moment model ana the nf- f ie ld at l u Cd proportional 

witfi tne effective moment at eacn si te, the expected f ie ld ratio oetween 

site I and site I I equals 1.67, a value close to tne observed rat io. On tne 

other hand the latt ice contribution to the electric f ie ld gradient at site 

I I amounts ( l -Y^eq, t t = 1.1O17 V/cm2 to oe compared with the ooserved 

value of eq = 0.39(2) 1017 V/cm2, while tne efg dt site I equals zero. Tne 

measured spectrum at T = 150K, however, could De interpreted only in terras 

of a single probe environment. Moreover, tne relative population in tne mgn 

and low f ie ld sites oeeing 3:2 is at variance with tne atomic abundance 1:4 

of type I to type I I , indicating at least that In prefers site 1 ratner tnan 

site I I . The anomalous temperature dependence of tne hyi:erfine f ie ld at 

T = 20K in the low f ie ld s i te, ressemDles the jump in nf- f ie ld at the spin 

f l i p transition temperature, where tne magnetization becomes parallel to the 

spin density wave vector, observed with the same technique in pure chromium. 

2.4. Experiments under an external polarizing f ie ld . 

In order to investigate the possible difference in nature of tne magnetic 

sites observed, a serie of experiments was performed using an external mag¬ 

netic f ie ld . The f i r s t noticed f ie ld effect concerns a suostantial narrowing 

of the hyperfine f ie ld distribution at the low f ie ld site from 18* in zero 

f ie ld cooling to 54 after f ie ld cooling in tf = 4T, both measured without 

external f i e ld . At the nign f ie ld s i te , however, tne same narrow f ie ld dis¬ 

tribution of 1.7% was observed in DOtn cooling conditions. 

In a next step the hyperfine fields ooserved at 4.2K and 77K were followed 

as a function of external f ie ld up to 4T. The results are summarized in 

f ig . 4. For the high f ie ld site we observe at Doth temperatures the Deha-

viour expected for an antiferromagnet under the influence of in external 

f ie ld . Depending on the relative orientation of the polarizing f ie ld and the 

local magnetic axis, in a poiycrystal line sample one may observe a gradual 

rotation of the spins towards a perpendicular orientation when the external 

f ie ld approaches the spin-Hop f ie ld strength. Tne observed hyperfine f ie ld 
Bobs t n e r e f o r e increases with B t according to 

Bobs = a ( Bhf + Bext> + b /B~nV&ext 
with a=l/3 and b-2/3 in low external f ie lds, while a*0 and b=l above the 
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Fig.4. Dependence of the high and low f ie ld site as a function of external 
f i e ld , measured at 4.2K and 77K. 

spin-flop f ie ld . The high f ie ld value oDviously follows this behaviour, 

while the low f ie ld value do so approximately only at T • 77K. At 4.2X, on 

the contrary, the observed f ie ld at the low f ie ld site increases much tou 

slowly. This different behaviour is I l lustrated even more clearly NMCH t 

temperature dependence of the hyperfine f ie ld Is Measured with B 
ext 

4T 

In this case a maximum In the observed hf - f ie ld is observed around T • 2UK 
for the low f ie ld s i te, while the high f ie ld site behaves normal. Froa the 
amplitude ratio between both frequency harmonics as well as the Magnitude of 
the frequency i t se l f , one derives that the h f - f ie ld is perpendicular to tne 
external f ie ld at the high f ie ld s i te . The sane Is true for the low field 
site at 4.2K, but at higher temperatures the hf - f ie ld wakes an angle of 
almost 80* with the external f i e l d . 
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RECENT DEVELOPMENTS IN PAC SURFACE STUDIES ' 

G Schaiz. T. Klas. R Platzer. J. Voigi, and R. Weschc 
Fakultat fiir Physik, University of Konstana, D-7750 Konstanz 
F.R. of Germany 

1. Introduction 

Recently interesting experiments have been reported where hyperfine 
techniques, like Mofłbauer spectroscopy »»> and perturbed angular correla¬ 
tions (PAC) 3M>, have been applied to study surface phenomena. Especially 
PAC has proven to be rather powerful since surfaces can be prepared with 
an extremely low probe concentration, I.e. surfaces can be labelled with 
Isolated radioactive probes In such cases the hyperflne parameters, like 
the electric field gradient actinc at the probe nuclei, can serve as a fin¬ 
gerprint to elucidate different probe sites at the surface, impurlty--probi> 
configurations and diffusion of Impurities. In this paper most recent ex¬ 
amples of PAC surface studies will be presented. 

2. Surface studies with PAC 

Most of the PAC surface work has been performed by utilizing the 
luIn PAC probe. Several surfaces have been investigated so far, but the 
most complete body of data is available for copper surfaces. Therefore in 
the following the system "'In on copper surfaces shall serve to demon¬ 
strate different aspects of FAC surface investigations. 

2.1 Surface field gradients for the different Cu surfaces: Ca(100). 
Cud 10) and Cu(ll l) 

Copper single crystals, cut accordingly, have been cleaned and an¬ 
nealed in UHV and checked with Auger-electron-spectroscopy and LEED. 
Radioactive u l ln probes have then been deposited at the surface with £ 
concentration in the order of 10~4 of a monolayer. Experimental details can 
be found elsewhere.S) 

In Fig.l PAC time spectra are shown for the three main orientations 
of the fee copper system, namely Cu(lll) (top). Cud00) (middle) and Cud 10) 
(bottom). The samples have been annealed up to about 600 K for 20 min¬ 
utes. In all cases the surface normal was lying in the y-detector plane 
pointing under 45° between detectors. As one can see from the data most 
of the n iIn probes are exposed to well-defined electric surface field gra-

* This work was supported by the Deutsche Forschungsgemelnschaft through 
the Sonderforschungsbereich 306. 
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Fig, l: PAC time spectra together with their Fourier transforms tor isolated 
'"In probes on a Cu(lJJ) (top). Cv(100) (middle) and Cu(llO) (bottom) sur¬ 
face. The surface normals were lying in the detector plane under 45° with 
respect to two adjacent detectors. The time spectra are fitted with three 
frequencies corresponding to a unique electric field gradient. On the right-
hand side the atomic arrangement for the corresponding Cu surface is shown 
and the measured principal-axis orientation is depicted. The possible '"In 
sites, consistent with experiments are also indicated (dashed: substitutions] 
site, star: hollow site). 

dlents. which is manifested by sharp transition frequencies seen in the 
Fourier analyses (right part). Due to the chosen geometrical ariangement. 
from the expected three transition frequencies (since the nuclea* spin of 
the lsomerlc mCd-Uvel is I • 5/2) the second frequency Is doralnately 
seen. Since for Cu(lll) and Cu(100) the ratio between first and second 
frequency is found to be 1:2, an axial-symmetric electric field gradient 
with asymmetry parameter i) = 0 is deduced. The following electric field 
parameters have been found: 

Cu(lll) 
Cu(l 00) 
Cu(l 10) 

VB * 9.8(15) 10" V/cm* D = 0 
Va * 8.8(14)-10" V/cm* IJ = 0 
Va * 7.7(12)10" V/cm* TJ = 0.74(1) 
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Fie.2: Dependence of the frequency amplitudes for isolated '"In probes on 
a Cu(l00) surface as a function of a selected set of angles between surface 
normal and y -detector plane. 

In order to determine the orientation of the principal axis system of 
the electric field gradient tensor PAC spectra for different geometrical ar¬ 
rangements have been recorded. Flg.2 shows an example for J"ln on 
Cud00), where the angles of the surface normal with respect to the y-de-
tector plane has been varied (for definition of angles: see insert). The 
dashed curves are calculated by assuming the symmetry axis of the surface 
field gradient pointing along the surface normal and by neglecting the fi¬ 
nite size of the sample and y-detectors. The finite solid angle of the y -
detectors can be taken into account, which results in the solid lines in 
Fig.2. The agreement with the experimental data clearly establishes the 
fact that the symmetry axis of the electric-field-gradlent tensor Is directed 
perpendicular to the Cu(lOO) surface. Similiar experiments have been per¬ 
formed for the Cud 11) and Cud 10) surfaces. The obtained principal-axis 
orientation is depicted on the right side of Fig.l together with the atomic 
arrangement for each surface. It is clear that the symmetry and the orien¬ 
tation of the electric field gradient reflects the symmetry of the surface 
atoms. 

In the case of Cu(Ill) and Cud00) only two sites of the t n ln pro¬ 
bes can explain the experimental findings: firstly a substitutlonai site, i.e. 
In Is Incorporated in the topmost layer or, secondly, a hollow site, i.e. In is 
occupying a regular Cu site in the next (still empty) monolayer. Cluster 

149 



calculation by Llndgren 6) favour the substltutional terrace positions of 
M1ln on copper surfaces. 

2.2 Surface field gradient at m In probes deposited at different depth 
from the surface 

As It was demonstrated before, l l Iln probes which are occupying 
substltutional sites in the topmost atomic layer are exposed to rather 
strong unique electric field gradients. The electric field gradient acting on 
to probe nuclei should be governed mainly by the next-neighbouring atoms 
and the conduction electrons In the neutral Wigner-Seitz cell. Therefore 
once the 1Mln probes are surrounded by the 12 next neighbours in fee Cu 
a vanishing electric field gradient is expected. This situation is valid al¬ 
ready for '"In probes one layer below the surface layer in Cu(100) and 
Cu(ll l) , since then a complete next neighbour Cu-shell is present. 

n moi 

[iioi 
loon 

Fie.3: The largest component V» of the electric-field-gradient tensor 
measured at '"In probes as a function of the depth from a Cud 10) surface. 
The asymmetry parameter t) is also included. The inset illustrates the next 
neighbour arrangement around the substitutions! '"In probe atoms. 

For Cu(l 10) the situation is different, here two additional Cu mono-
layers are needed on top of the '"In probes to restore the complete co¬ 
ordination (see Fig.3, right side). This effect was investigated experi¬ 
mentally, by labelling Cu(llO) surfaces with "Mn probes and successive 
coverage by additional copper. The result is shown in Fig.3 where the 
electric field gradient is shown for IUIn probes situated at different depth 

150 



from the surface. '"In probes situated in the secoti i layer are still ex¬ 
posed to a rather strong electric field gradient, whicl stems from the Tact 
that l uIn is only surrounded by 11 Cu atoms. Only tfter coverage by two 
layers, i.e. m In is now situated in the third layer, the electric Held gra¬ 
dient tends towards zero, as it should be for a cubic surrounding. This re-
suit shows that the electric field gradient can be used to determine the 
position of n i ln probes with respect to the surface layer. This opens the 
possibility to follow migration of probes perpendicular to the surface on an 
atomic scale. 
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-0.1 

200 

time (ns) 
300 

..AA, «^V-< - _ ^ / \ |.«^ 

P(w) 
[o.u.1 

v/WV, A/jWy^-! »M/\ 

.^^L^JL 
400 

w (Hrod/sl 

FiK.4: PAC time spectra with Fourier transforms for isolated "'In probes on 
a Cu(Ul) surface measured at TH = 77 K after annealing for 20 min at 
three different annealing temperatures TA. The insert illustrates the pos¬ 
sible i!'ln probe step sites denoted by the fraction ft. 
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2.3 SUp sites for "*ln on Cu(lll) surfaces 

As described above łIIIn probes occupy terrace sites at copper sur¬ 
faces after thermal treatment. The question arises through what paths the 
tMIn probes find such terrace sites after deposition at 80 K and successive 
annealing. In the case of "'In cr. Cud 11) we tried to reconstruct the pos¬ 
sible behaviour of the probes until they settle down at terrace sites. For 
this purpose a Cud 11) surface was prepared with a high number of steps. 

In Fig.4 PAC spectra together with Fourier transforms are shown for 
three different annealing temperatures. The topmost spectrum was taken 
right after deposition of the 1MIn probes, In this case a fraction fi is 
exposed to an electr'ic field gradient with V« = 9.8(15)10" V/cm» and 
T) = 0. exhibiting some distribution. Annealing up to 160 K results in com¬ 
pletely undefined electric field gradients for all '"In probes. Finally after 
annealing above 350 K the '"In probes are occupying the above mentioned 
terrace sites (lower spectrum, fraction U). Closer inspection of the electric 
field gradient associated with fi, shows that the z-axis of the principal-
axis system is inclined under 33° to the surface normal. Ov interpretation 
of these results is as follows. After deposition of the "'In probes at 77 K 
they have landed on the surface in for example hollow sites in which they 
are highly mobile and are then trapped at steps at Cud 11) (fraction fi). 
Further annealing releases the m l n probes from the step sites, they may 
diffuse to impurities and imperfections at the steps characterized by a va¬ 
riety of electric field gradients. Finally at higher temperatures the l l lln 
probes enter the surface layer from the step configurations occupying re¬ 
gular terrace sites. 

2.4 Indium Diffusion on Cud00) 

The labelling of copper surfaces by radioactive PAC probes offers 
the possibility to study diffusion processes. The basic concept hereby is 
trapping and detrapping of a certain species under consideration at the 
isolated m I n probes. Trapping car be recognized by a detuning of the 
surface field gradient obtained for free ł l lIn probes. 

We have performed experiments to investigate Indium diffusion on 
Cu(lOO) surfaces. 7> In a first step isolated m l n probes have been depos¬ 
ited at Cu(l00) and after annealing the PAC probes are exposed to a well-
defined, axially symmetric electric field gradient (see Fig.5a). As can be 
seen in the Fourier transform the amplitude for u« is dominant, which is 
consistent with the principal z-axis system of the field gradient being 
oriented perpendicular to the surface (see chapter 2.1). 

In a next step the Cu(lOO) surface, marked with isolated "'In pro¬ 
bes, was covered at 77 K with about 7 % of a monolayer of natural Indium. 
The effect of this Indium deposition on to the PAC spectrum is that a 
broadening of the electric field gradient distribution from 1 % to 3.5 H oc¬ 
curs, however, without any significant shift of the average frequency 
(u* = 344(1) Mrad/s). Now the sample was subjected to to an isochronal 

152 



-0.1 

-0.1 

a) 

b) 
JU 

100 200 300 

time ins] 
0 400 

U IMrad/s] 

la u.l 

6 

Fig.5- PAC time spectra and their Fourier transforms for isolated '"In on * 
Cud00) surface (measurement temperature: 77 K) 
a) for a clean Cu(lOO) surface 
b) for the CudOO) surface covered with about 7 H natural Indium and 

annealed up to 580 K. 

annealing program (annealing time: U = 20 min, measurement temperaturę: 
TH = 77 K) to thermally activate diffusion of Indium atoms. 

At an annealing temperature T* = 200 K a frequency shift of the 
electric field gradient distribution of about 3 H to higher frequencies 
(u)i = 354(2) Mrad/s) is observed and at TA = 240 K even another fraction 
with a higher frequency shift (u« = 367(2) Mrad/s) appears. Over the entire 
annealing temperature range no other new frequencies occur. The PAC 
spectrum after annealing up to T* = 580 K is shown in Fig.5b. The Pourier 
transform ciearly shows the splitting of on into three fractions, the cor¬ 
responding splitting of u)i is not resolved. 

The annealing behaviour of the different fractions related to the 
three frequencies is depicted in Fig.6a. The fraction fo is characterized by 
U'2 = 344 Mrad/s,. which is the same as found for the CudOO) surface with¬ 
out natural Indium deposition. Therefore we assume that this fraction of 
m l n probes has no Indium at nearest-neighbour sites on the surface, the 
observed increase of the field-gradient broadening is due to Indium in the 
further surrounding. Heating the sample induces Indium diffusion and with 
our Indium coverage already one or two Jumps are sufficient to form In-ln 
pairs. This effect occurs at temperatures between 150 K and 200 K. the 
fraction of free Indium probes converts as Indicated by a frequency shift of 
3 V At higher annealing temperatures the new fraction fi of In-In 
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Fig.6: Fractions of "'In probes, which are related to different In configu¬ 
rations, on a Cu(lOO) surface covered with about 7 f* natura] Indium 
a) as a function of annealing temperature (u = 20 min) 
b) as a function of measurement temperature. 

pairs partially converts In a fraction f», which we might identify as small 
Indium clusters. The slow increase of ft at temperatures below 240 K can 
be explained by the fact that only few free In atoms are left to promote 
further cluster growth and therefore other clusters have to dissolve. 

The l l lIn fractions were also investigated as a function of PAC 
measurement temperature, which was kept for several hours typically. This 
experimental dependence Is shown in Fig.6b. Now with Increasing tem¬ 
perature the fraction f2 is reduced in favour of fi; finally above 470 K 
also the fraction fi starts to diminish, e.g. in our model now In-In pairs 
break up. 

3. Conclusion 

The field of employing hyperfine probes to surfaces Is still at the 
beginning, however due to the experimental sophistication surface hyperfine 
fields can now be measured in a systematic way. Especially the utilization 
of the PAC method has led to a variety of interesting results, some of them 
have been indicated in this review. In conclusion, a summary of all the 
surface hyperfine fields for free metal surfaces known up to now are listed 
in Table 1. This- table demonstrates that a remarkable progress has been 
achieved recently in the field of surface hyperfine fields. 



Table 1: Magnetic hyperfine fields and electric field gradients at free metal 
surfaces. *' 

Surface 

An (100) 
Cu (100) 
Cu (110) 

Cu (111) 
Fe (110) 

!n ( 1 1 1 ) 

Mo ( 1 1 0 ) 

«' ( 1 1 0 ) 

W ( 1 1 0 ) 

* ( 1 1 0 ) 

Probe 

•"In. 
'"In 
"'In 

•>'ln 
"Fe 
l l l l n 
>"Cd 

•U 
'Li 

«N» 

Method 

(PAC) 
(PAC) 
(PAC) 

(PAC) 
(ME) 
(PAC) 

(PAC) 
(NMR) 
(NMR) 
(NMR) 

B». (T) 

-
-
-

-
30.9(4) 

-

-
-
-

— 

v« (v/cm») 

12(2) 
8.8(1-1) 
7.7(12) 

9.8(15) 
3.29 
4.7(8) 
•1.0 

0.0(4) 
-1.1(1) 
-4.74(3) 

• 1 0 " " 

10" 
10" 

•10" 
•10" 
10" 
10" 

•10» 
• 1 0 " 

•10" 

I) 

0 
0 

0.74(1) 

0 
0 »> 

0.44U) 
0.2 

0.07(1) 

Orientation of 
Principal axis 

z 1 surface 
z i surface 
z 1 surface 
y 11 [ i i o | 
z 1 surface 
z i surface 
z 1 surface 

z J. surface 
z 1 surface 

• • two probe sites observed, assumption by authors 

1) 
2) 
3) 

4) 

5) 
6) 
7) 

8) 
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NEW PERMANENT MAGNETS INVESTIGATED BY NOSSBAUER SPECTROSCOPY 

J.P. SANCHEZ 

CENTRE DE RECHERCHES NUCLEAIRES 67037 STRASBOURG Cedex .France 

I - INTRODUCTION 

A permanent magnet is a material able to produce a steady 

magnetic field after being magnetized. Materials suitable for this purpose 

should give rise to large hysteresis i.e. high remanence B and large coer¬ 

cive field H . The measure of the quality of a permanent magnet is usually 

described by its energy product (BH) . The relevant parameters of a per¬ 

manent magnet are illustrated by the hysteresis loop plotted as magnetic 

induction B versus the magnetic field strenght H (figure 1). It is obvious, 

Figure 1 - Second quadrant of hyste¬ 

resis loop, or demagnetization curve 

of permanent magnet. The energy pro¬ 

duct (BH) m a x is given by the area of 

the shaded rectangle. 
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that for practical use the material should order magnetically at a tempera¬ 

ture well above RT. It follows, that the main conditions required for good 

permanent magnet properties are : a) high Curie temperature, b) large spon¬ 

taneous magnetization {B is intimately linked to it), c) large uniaxial 

anisotropy (one of the primary sources for a high coercive field). These 

conditions may be fulfilled by alloying 3d transition metals with rare-earth 

(RE) elements. Indeed, until very recently (1983), Sm-Co intermetallics were 

known as the laurels of high performance magnets, (BH) = 30 MG Oe. Prices 

of the raw materials and erratic supply of Co have however impeded growth of 

the Sm-Co market. 

The status of the RE based permanent magnets changed dramati¬ 

cally, when in the late 1983, Sumitomo metals /I/ and General Motors /2/ 

announced the discovery of a cheap high performance magnet, related to ttm 

Nd Fe B phase, with an energy product as high as 40-45 MG Oe (or ~* 350 

KJ/m ). The importance of Nd-Fe-B materials for permanent magnet technology 

has initiated considerable scientific investigation around the world and 

specially in Europe, where the European Communities decided to support an 

Concerted European Action on Magnets (CEAM). One of the aims and objectives 

of these researches was to characterize and determine the intrinsic proper¬ 

ties of alloys with the Nd_Fe _B structure and cf other RE-Fe-B phases as 

well. 

The elucidation of the balic properties of these materials, 

which is complicated by the coexistence of large number of low-symmetry 

atomic sites, requires a combination of experimental methods. Among these, 

Mbssbauer spectroscopy is attractive for the elucidation of the local ma¬ 

gnetic and structural properties from hyperfine interactions at both the 

iron and RE elements. This microscopic tool has provided a variety of useful 
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informations concerning the local magnetic moments, the magnetic structure 

and spin reorientation effects. The analysis of the quadrupole interaction 

data ( Gd, XDy) allowed the first experimental evaluation of the second 

order RE crystal field parameters, a key to understand the magnetocrys-

talline anisotropy in these materials (i.e. easy axis or easy plane). It has 

also been possible to deduce the Fe-RE exchange interactions from the tempe¬ 

rature dependence of the RE sublattice hyperfine fields ( Dy). Moreover, 

the Mbssbauer spectroscopy has been shown to be very suitable for phase ana¬ 

lysis, determination of the iron site preference and for the study of 

hydrogen adsorption properties. 

In this paper, we will first summarize the structural and bulk 

magnetic properties of the RE.Fe B phases. The contribution of the 

Mossbauer spectroscopy to the knowledge of the intrinsic properties of these 

new permanent magnets will then be given. 

II - CRYSTAL STRUCTURE AND BULK MAGNETIC PROPERTIES OF THE RE„F> B 
£. 14 

COMPOUNDS 

II.1. - Crystal structure 

The crystal structure of the Nd_Fe B phase was determined by 

powder neutron diffraction /3/ and single crystal X-ray measurements /4,5/. 

Subsequent works showed that the RE elements form a series of isostructural 

compounds with the Nd.Fe B structure (the Eu compound, however, does not 

exist). The structure is tetragonal (space group PA /mnm); it includes two 

structurally distinct RE sites and six non-equivalent Fe sites, all of which 

possess point symmetries lower than axial symmetry (Figure 2, Table 2). It 

is interesting to notice that the RE atoms occupy the center of an hexagonal 



© Nć1t 4f 
<& Nć2,4g 

• Fe2.4c 
*>Fe3t8jf 

,8j2 

, /6/r; 

• B , 

Figure 2 - Crystal structure of NdpFe.-B after Herbst et al. /3/. The c-axis 
is not to scale. The notation of the site follows the convention 
of Givord et al. fA/. 

prism as in the RECo5 structure. The other points which deserve attention 

are the occurrence of very short Fe-Fe distances i.e. 2.39 X (Ji-Kj) an^ t n * 

similarity of the Fe(j„) site with the dumbell 2c or df sites in the hexago¬ 

nal or rhombohedral REFe._ structures /6/ (the j„ (2c, 4f) sites are situ¬ 

ated on the midpoint between the centers of Fe hexagons stacking along the 

c-axis). 
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Table 1 - Atomic sites, number and type of nearest neighbours (CN) and 

average distances. The notation of the sites follows the covention 

of Givord et al. /£/. Notice that Nd site designed by g corres¬ 

ponds to the f site in the Herbst et al. /3/ paper. 

I Aton | Site | CN and average distances 

I I I Nd | F e | B | 

I I I I I I 
| Nd̂  | 4f | (3) 3.71 | (16) 3.23 | (1) 2.89 | 

I I I I I I 
I Nd2 | 4g | (2) 3.79 | (16) 3 . U | (2) 3.25 | 

I I I I I I 
I Fe1 | 4e | (2) 3.19 | (9) 2.59 | (2) 2.09 | 

I I I I I I 
I Fe2 | 4c | (4) 3.25 | (8) 2.53 | - | 

I I I I I I 
| Fe3 | 8 j x | (3) 3.30 | (9) 2.55 | - | 

I I I I I I 
| Fe4 | 8J2 | (2) 3.10 | (12) 2.70 | -- | 

I I I I I I 
| Fe$ | 16K1 | (2) 3.06 | (9) 2.58 | (1) 2.10 | 

I I I I I I 
I Fe6 | 16K2 | (2) 3.17 | (10) 2.54 | - | 

I I I I I I 
I B | At | (3) 3.13 | (6) 2.10 | - | 

I I I I I I 
I I I I I I 
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II.2. - Bulk Magnetic properties 

The magnetic properties of the R£„Fe B series have been reviewed 

by Buschow /">I, Coey /8/ and Givord /9/. It has been shown that they are 

governed by the Fe-Fe and RE-Fe exchange interactions and by the RE single 

ion anisotropy, at least at low temperature where the 4f anisotropy usually 

dominates the 3d one. 

Investigations of the alloys with non-magnetic RE showed that the 

mean iron moment ( „ 2.1 LJ_ ) is slightly smaller that the value of 2.2 u o 

of a-Fe .'10/. This moment reduction was ascribed to electron transfert and 

hybridation effects. 

The Curie temperatures (figure 3) are relatively low compared to 

iron metal (T = 1043 K). This is attributed to the occurrence of Fe-Fe 

bonds shorter than 2.5 A which favour antiferromagnetism . 

Analysis of magnetization data of Y_Fe .B single crystal allowed to 

conclude that the c-direction is the easy direction of magnetization for tiie 

iron sublattice. The anisotropy constant K, which is rather small (7.05 x 

10 erg/cm at 4.2 K) has a peculiar temperature dependence /ll, 12/. 

From the values of the spontaneous magnetization at low temperature 

it was concluded that the Fe and RE sublattices couple ferromagnetically for 

light RE and antiferromagnetically in the case of heavy RE /10/. It should 

be noticed that the Fe-RE interactions almost constant for heavy RE is about 

twice as large for light RE (Pr or Nd). This effect is attributed by Givord 

to different 4f-5d overlap accross the series /13/. 

The RE anisotropy which is related to the crystal field acting at 

the RE sites determines at low temperature the magnetic structures of the 

non-S RE alloys. At RT the direction of the bulk magnetization (excepted for 

the Yb compound) is strongly correlated to the sign of the second order a. 
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Stevens coefficients (figure 3). This suggest the dominance, at RT, of the 

second order crystal field terms (B., Bp) in determining the RE anisotropy, 

and in turn the bulk anisotropy. At high temperature (i.e. close to T 1 the 

iron anisotropy overrules the RE anisotropy and the c-direction is the easy 

direction (excepted for the Sm compound). Thus, the uniaxial iron anisotropy 

competes with the RE anisotropy when a, > 0 (figure 3). Spin reorienta-

tions, as expected, have been observed in Er Fe,4B (323 K /12/), IiJe 8 

(315 K /12/) and Yb Fe, B (115 K /Id/). Another type of spin reorientation 

transitions occurs in Nd.Fe,,B (150 K) and Ko_Fe,.B (58 K /12/) at low tem-
£ lu Ł 14 

peratures (the net magnetization becomes inclined with respect to the 

c-axis); 4th order crystal field terms should be considered in these cases 

/15/. Notice that the actual magnetic structure of Nd„,Fe,aB has not yet been 

RE9Fe14B 
T(K) 

400 
• MII 

Complex 

Y La Ce Pr Nd SmGdTb Dy Ho Er Tm Yb Lu 

Figure 3 : Curie temperature, second order Stevens factor for different RE 
and easy axis direction in RE Fe B alloys. 

162 



completely solved ; preliminary work by Givord indicates tnat the structure 

is non-collinear with several RE subiattices. 

Although RE-Fe-B magnets have very high (BH) , their Curie tempe-

ratures and anisotropy fields are relatively low. Thus, many efforts have 

been devoted to improve their high temperatures properties by atom substitu¬ 

tions in the Nd^Fe B or Prje 8 phases .'16,17,18/. Co substitution for Fe 

increases dramatically the Curie temperature but has negative effects, both 

the spontaneous magnetization and the anisotropy field decrease. The aniso¬ 

tropy, and therefore the coercitivity, can be improved by replacing Nd or Pr 

by RE with uniaxial anisotropy ( a. < 0). Dy or Tb seems to be the best 
J 

candidates however, the spontaneous magnetization decreases owing to the 

antiparallel coupling of the Dy and Fe moments. 

Ill - MOSSBAUER MEASUREMENTS IN THE REoFe,.B ALLOYS AND RELATED PHASES 
2 14 

III.l. - Iron sublattice properties : local iwaents and site 

preference of Iron 

Numerous Fe Mbssbauer investigations of the RE Fe B alloys were 

undertaken with the emphasis to obtain informations on the magnetic proper¬ 

ties of the Fe sublattice /19,20,21/. Complex Mossbauer spectra were obser¬ 

ved as expected owing to the occurrence of six iron sites of low svwnetry in 

addition to the presence of Fe-base impurity phases ( a-Fe, REFe.B or 

RE„Fe17). Thus, constraints need to be included in the data analyses, i.e., 

the intensities of the six subsites were maintained proportional to the 

occupation numbers deduced from the crystal structure (16:16:8:6:4:4). It 

should be noticed that when the magnetization is not in the c-direction, 

some sites that are crystallographically equivalent become magnetically 
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inequivalent 1221. This further complication was never taken into account in 

the fitting model ; it shows up by a mere broadening of the resonance lines. 

In all cases, the quadrupole interaction was treated as a first 

order perturbation of the magnetic interaction i.e. the effective quadrupole 

splitting is given by : 

D = 1/4 e2q0 (3 cos26 - 1 • n sin2e cos2 (p) (1) 

where ( 6 , <P ) define the direction of the hyperfine field in the electric 

field gradient (efg) tensor principal axes. 

Due to the complexities of the spectra and the limited resolution, 

there was no unique way to fit the data ; but some general agreement exists 

for the hyperfine field values of the three major sites 16K,, 16K„ and 8j-

but some discrepancies exist for 8j. and the weaker 4c and 4e patterns 

(Table 2 - figure 4). Nevertheless, the average hyperfine field appears to be 

insensitive on the fitting model. The assignment of the different Fe sites 

was made by reference to the systematics of the hyperfine parameters esta¬ 

blished in the RE-Fe intermetallics, i.e., a monotonie correlation exist 

between the hyperfine field and the number of n.n. Fe atoms (Table 1). The 

hyperfine pattern with the largest H. . was assigned to the structural site 

8j 2 which present 12 n.n. Fe ; as already pointed out the coordination of 

this, site is comparable to the dumbell site in RE_Fe,7 alloys which also 

present an enhanced H. _ value /20/. 
hi 

The evaluation of the efg parameters was far more difficult owing 

to the low symmetry of the Fe sites ; large asymmetry parameters and arbi¬ 

trary orientations of the efg axes were predicted from point charge calcu¬ 

lations /2O/. Friedt et al. /20/ showed however, that the 8j 2 site which has 
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Figure 4 - Fe Mb'ssbauer 

spectra of Dy Fe B at 

4 .2 K (A) and 295 K (B) ; 

and of Dy2Fe14BH3 5 at 

295 K (C) / 2 3 / . 

VELOCITY* riri/S) 
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the largest quadrupole interaction was of nearly axial symmetry ( ~ = 0) 

along the c-direction. This favourable circumstance was used to detect spin 

reorientation transition (see below). 

The rare-earth dependence of the average hyperfine field at 300 K 

is presented in Figure b. For non-magnetic RE (including Y), the average 

hyperfine field is shown to decrease from La to Lu. The Ce compound is some¬ 

what anomalous, Ce is tetravalent ano its T is depressed. The iron hyper¬ 

fine fields are larger with magnetic RE (the maximum value is observed for 

Gd); they follow roughly the De Gennes law, H ^ {g -1)J. 

fit o 

O 

Ui 

Z 

30 

28 

£ 26 
Q. 
>• 
1 24 

I I I [ I I I f i l l 

!?*• 

\ 

I I I 

La Co Pr Nd PmSmEuGdTb Dy Ho ErTmYb Lu 

Figure 5 - RE dependence of the mean iron hyperfine field at RT (adapted 

from /21/). 

The magnetic moments deduced from Mb'ssbauer effect are compared in 

Table 2 with those obtained by neutron scattering measurements /24/ ; only 

crude agreement between the two sets of results was obtained. Notice, 

166 



57 
Table 2 - Values of the hyperfine fields acting on Fe nuclei at the six Fe sites in Y Fe D at. 4.,? K. 

The value of the iron moment was estimated from the hyperfine field corrected for Ihe dipo¬ 

lar field /21/ using th«i relation 1 i. = 15 T. The last 1 
D 

duced from polarized neutron scattering experiments /24/. 

lar field /21/ using the relation 1 u = 15 T. The last line corresponds to the moments de-
D 

8 J 2
 8J 1

 ac 4e average 

Hhf ( T ) 3 4' 4 3 2- 5 S8-1 i2-1 3 2- 4 32-0 33.7 

H h r H d i p ( T ) 3 4' 6 3 2' 5 3 8" 8 3 2- 7 31.5 32.0 33.9 /20/ 

U<U„) 2.31 2.17 2.59 2.18 2.10 2.13 2.26 

H h f (T) 34.3 32.1 36.9 35.2 30.3 35.3 33.9 

Hhf- Hdip ( T ) 3 4 ' 5 3 2 > 1 5 7' 6 3 5- 8 2 9 - 4 35.3 34.1 /21/ 

u(u„) 2.30 2.14 2.51 2.39 1.96 2.31 2.27 

2.2b 2.25 2.80 2.40 1.95 2.15 2.32 /24/ 
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however, that the probing of magnetic moments by these two methods are not 

strictly equivalent and, that the neutron measurements are rather unsensi-

tive to the polarization of the conduction electrons. 

Tne other point which deserves attention is the demonstration by 

Mossbauer effect measurements of a small anisotropy (1 - 2.5 %) of the iron 

magnetization /14, 2X1. The occurrence of a minute Fe orbital moment was 

evidenced from the observation of a discontinuity of the average hyperfine 

field when the Fe magnetization changes its direction from parallel to per¬ 

pendicular to the c-axis. It was furthermore shown by Fruchart et al. /21/ 

that the local iron anisotropy has opposite sign for the 16 K and 8j_ sites; 

these authors suggest that this may be the reason for the unusual tempera¬ 

ture dependence of the iron anisotropy in Y.Fe.^B. 

Fe Mossbauer measurements in RE_(Fe. Co ) B alloys have been 

undertaken with the aim to obtain informations on the site preferences /17, 

25, 26/. The data confirmed the preferential occupation of the 8j„ site by 

the iron atoms while the opposite holds for the 16K„ site (Figure 6).Table 1 

shows that 8 J 2 site in ltd Fe B has the highest number (12) of n.n. 3d 

atoms at the largest average distance (2.70 &). In contrast 16K. site has 

10 n.n. 3d atoms at a mean distance of 2.54 X. Thus, as pointed out by Van 

Noort and Buschow /25/, the preferential site occupancy of Co and Fe atoms 

is mainly linked to the smaller size of Co atoms. The Co atoms by occupying 

the smaller size suppress the weakest Fe-Fe exchange interactions and thus 

enhance Tc- Deppe et al. /26/ showed, furthermore, that the average hyper¬ 

fine field decreases with the Co content when x > 0.1. 
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Figure 6 - 5 ? Fe Mbssbauer spectrum a t RT of Nd.Co B doped with 2 X 5 7Fe ( a ) . 

The Nd_Fe, .B spectrum (b) i s shown for comparison / 2 5 / . 
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III.2. - Rare-earth sublattice properties : crystal field, local aoaents 

and exchange interactions 

Measurements of the hyperfine parameters (Figures 7 to 9) at the 

two RE sites in the REJe B alloys have been performed using the Gd /27, 

28/, X Dy /20, 21/ and 1 6£r /29/ Mossbauer isotopes ( Tm measurements were 

1 74 

mentionned in HI but not yet published, Yb Mossbauer experiments by 

G. Czjzek et al. are in progress). 

-1.0 -3.8 -1.2 0 1.2 
vtlicity M n / 

3.1 1.0 

Figure 7 - Gd Hossbauer spectrum of Gil Fe B at 4.2 K /27/. 

The magnetic hyperfine field acting on the RE nuclei in REpFe ,B 

alloys (Table 3) is commonly described as a sum of several contributions : 

V = H4f V R E ) + Hn ( F e ) (2) 

H 4 f represent the field produced by the 4f localized electrons (orbital plus 

spin dipolar contribution); H is the core polarization field, 
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H = - 10 (g -1 )J(Tesiai ; the last three terms stand for the conduction 
cp \i 

electron contribution due to the RE own polarization (H ) and to the neigh¬ 
bouring magnetic atoms, H (RE) and H (Fe). For S-state ions (Gd ) the 4f 
field vanishes to zero. Thus, the Gd hyperfine field data (Table 3) allow 
a direct estimate of the field produced by the conduction electron polariza¬ 
tion, H 5 H + H (RE) + H (Fe), along the RE.Fe,„B series. Strictly spea-

ce op n n 2 14 
king H and H (RE) are proportional to the RE spin whereas H (Fe) is pro-op n n 
portional to the iron sublattice magnetization. The larger contribution to 

H is provided by H (Fe); hence, the Gd data actually provide an upper 

limit for H which is taken as + 49 T for site 4f and + 62 T for site 4g. 
1 AC 

The intra ionic fields (H. = H._ * H ) at both the Er (757 T, average) 
1 41 cp 

and Dy (566 T and 566.5 T) nuclei are very close to the respective free 

ion values (Table 3). Thus the hyperfine fields imply that J is nearly 

fully saturated in RE Fe. B alloys, in agreement with magnetization data. 

Table 3 - Hyperfine fields at the 155Gd, 161Dy ar 1 166Er nuclei in RE-Fe..B 
Ć 14 

alloys. A positive Gd hyperfine field means that the field is 
parallel to the RE sublattice magnetization. 

1 Site 

1 
1 4f 

1 4g 

Free ion 

155Gd 

+ 15.3 

+ 27.6 

- 34.0 

(2) 

(2) 

(2) 

H^CT) 

161Dy 

616 (2) 

628 (2) 

563 (11) 

1 
1 
| 812 
1 
i 
1 
| 765 
1 

(5) | 

(8) | 
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Figure 8 - Er Mossbauer spectra of E r J e B(a) 

and Er2Fe BH2 (b) taken at 4.2K /29 / . 
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161 Figure 9 - Dy Mossbauer spectra of 

Dy2Fe B at (A) 77 K, (B) 4.2 K and in 

Dy2F'l4BH3 3 a t (C) 

/20, 23/. 
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The electric field gradient (efg) acting at the RE sites -s the sum 

of a 4f contribution eq and of a lattice contribution eq . The possible 

contribution from the conduction electron is included in eq : 

&t "l 
eq = eq * eq 

At low temperature the second term is treated as a perturbation of the domi-

4f 
nant and essentially axial eq : 

<3 c o s 2© - 1 + nlatsin26 cos2 (J)) (4) 

where ( 9 , <t>) are the polar angles defining the direction of the RE ir... .. ni 

(Z-axis) in the lattice efg system of axes (z). 

For S-state ions (Gd *) the 4f efg vanishes to zero. This a 

calculate the lattice quadrupole coupling constant for the non-S F 

(Table 4). 

The orientation of the lattice efg principal axes with r 

the crystallographic reference frame deduced from symmetry cons 

and point charge calculations /11.20/ was confirmed by the Gd 

data. Ons axis coincides with the crystal c-axis and the other two are iin 

the (a, b) plane (Figure 10). Thus, the polar angles ( 6 , «P) can be deduced 

wnen the orientation of the RE moments is known. Notice that we assumed in 

Table i that the Er moments are along the a-axis. Actually, this is only 

true for the net Er moment ; a fan magnetic structure was predicted for 

Er2Fe14B /30/. 
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Table 4 - Measured quadrupole interaction parameters in RE Fe B alloys and estimated contribution 

from the lattice to the total quadrupole coupling constant at the Dy and Er nuclei 

as calculated by scaling from the 1 5 5Gd data /28/ (with Q (155Gd) = 1.30 b. 

Q*(166Er) = -1.59 b and 0 (161Dy) = 2.35 b). e2q4fQ is estimated according to Eq.4. 

Site 

2 
e qQ (mm/a) 

2 lat. , . . 
e q Q (mm/a) 

nlat 

(6,(0) 

e q Q (mm/s) 

2 -free ion, . , 
e qQ (mm/s) 

155Gd 

4f 

-3.50(9) 

-3.50(9) 

0.61(7) 

(0,0) 

0 

0 

4g 

+5.05(9) 

+5.05(9) 

0.35(3) 

(H/2.TT/2) 

0 

0 

4f 

115(2) 

-21.3 

0.61 

(0,0) 

136.3 

161n Dy 

*g 

114(2) 

+ 30.8 

0.35 

(W/2../2) 

134.8 

140(7) 

4f 

+4.60 

0.61 

U/2.* 

14.6 

166Er 

4 

12.3(5) 

-6. 

0. 

/4) (IT/4 

14. 

16.3(7) 

g 

63 

35 

. 0) 

5 
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Figure 10 - Orientation of the lattice efg principal axes with respect to 

the crystallographic reference frame. The direction of RE sub-

lattice magnetization (or hyperfine field) corresponds to the 

situation occurring in the Gd or Dy compound. 

The estimated 4f contribution to the quadrupole coupling constant 

in Dy.Fe B and Er.Fe.^B (Table 4) show that they are very close to the fr-e 

ion values. Actually a minute crystal field admixture was observed for the 

Er compound. 

In conclusion both the hyperfine field and the quadrupolar data 

indicate a nearly free ion behaviour for the non-S RE compounds, as expected 

when the exchange dominates the crystal field interaction. 

The Gd data are of special interest owing that the determination 

of the efg acting at the Gd nuclei provided a direct information on the 

second order crystal field terms which determine the RE anisotropy. B, and 
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at can be scaled frorr the efg parameters using the relations : 

j eq 
a (l-o.,! 

4(1 - V 1 
1 tn 

| - |B°| n l a t (5) 

Separating the factors which vary from one RE ion to another, Boge et al. 

/28,' defined universal parameters A™ by B^ = (1- o _) a, < r >
d j -

A
2 '
 T h e 

A- parameters being approximatively constant for all RE in the RE.Fe B 

series. It follows that A, = - |^y-—- and |A2| = |A2I r,
 a in the efg 

principal axes system. It is customary to use the c-axis as reference system 

for the crystal field ; thus, for site 4g the coordinate system has to be 

rotated by 90°. The values for A- deduced from the ~Gd efg data are listed 

in Table 5 along with the values resulting from point charge calculations 

/ll/. The A_ values have about the same magnitude and are positive for both 

RE sites. This means that the c-axis is an easy axis for RE ions with 

a ,< 0 while an easy plane is favoured when a, > 0. 
j j 

Table 5 - Experimental values of the second order crystal field parameters 
0 2 155 

A„ and A_ (referred to c-axis) derived from Gd efg data 
( Y =-92) and point charge calculations /28/. 

I Site 

1 4f 

| from 

1 efg 
| 

I cal. 
i 
1 

| cal. 

1 

2 0 

600(17) 

1900 

661(19) 

1400 

||A|| (K/a|)| 

414(49) | 

500 | 

1298(27) | 

1600 ! 

1 
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Informations about the physical parameters describing the exchange 

interactions between the RE ions and the Fe sublattice may be derived from 

the temperature dependence of the hyperfine field acting at the RE sites. 

Berthier et al. /31/ deduced the experimental variation of the Dy moments 

wi*.h temperature from H, _(T) by assuming that the temperature dependence of 

Dv 
H (Fe) can be neglected below 400 K and starting from M J = 10 u_ at 4.2 K 
n D 

Dv 
(Figure 11). The magnetic exchange interaction (Hg

J) acting on Dy moments 

100 200 300 
TEMPERATURE (K) 

Figure 11 - Experimental temperature dependence of the Dy hyperfine field in 

DyjFe^B and deduced temperature dependence for the Dy moments. 

The solid curve represents the best fit to the data with a 

Brillouin function (see text) /31/. 

was obtained from the fit of the experimental points to the Brillouin func¬ 

tion : 

HDy{T) = HDy(0) B._ .. (2S u n H
D y /kT) (6) 
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with the exchange field assumed to be proportional to the Fe sublattice 

magnetization, K e(T) = M(T.) - M y(T), obtained from magnetization measure¬ 

ments on a single crystal. The value of 2 u„H = 385 K at 4.2 K was found 

to be in good agreement with other estimates /27/. 

III.3. - Magnetic structures and spin reorientation phenomena 

The two types of spin reorientation phenomena encountered in 

KE„Fe, .8 alloys have been investigated thoroughly by Mossbauer effect measu-
a 14 

rements in powdered and magnetically aligned samples /14, 2C-2?, 32-36'. 

Spin reorientations whiro the Fe magnetization changes ;ts 

direction from c-axis to basal plane, as the temperature is decreased, were 

detected by following the temperature dependence of the outermost right hand 

resonance line belonging to the 8j„ pattern (Figure 12). The reduction by a 

factor of about -2 of D (Eq. 1) for the 8j site, when crossing the spin 

reorientation transition from above, is consistent with a 90° rotation of 

the moments. 

The data obtained with magnetically aligned samples are more infor¬ 

mative since the rotation of the moments can be followed more easily and 

their orientations with respect to the crystallographic axes may be provided 

by complementary X-ray diffraction measurements. 

The Fe spin reorientation are detected by observing the relative 

intensity change of the Am = 0 Fe Mbssbauer resonance line? (Figure 13). 

57 
This method relies on the fact, for magnetically split Fe spectrum, the 

intensities of the six lines are (ideally) in the ratios 

3:Z( a ):1:1:Z( a ):3, where a is the angle between the gamma-ray wavevec-

tor and the hyperfine field (or magnetization) direction, and Z( a ) = 
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Figure 12 - Fe Mossbauer spectra of Tm Fe B above and below the spin reo-

rientation transition 722/. 
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4 sirTa /(I • cos a ). Thus, for an absorber whose spins are initially 

aligned parallel to the gamma-ray direction, a 90° spin reorie- ̂ation ••ill 

manifest itself as a Z( a i change from 0 to 4 (Figure 13). 

Am ±i ±1 ±i 

.00 

±i 

I' 
M 

M 

M 

t.oo 

VEL0CITY<rtf1/S) 
Figure 13 - Principle of the method for determining the orientation of the 

Fe magnetic moments from the relative intensities of the six 

resonance lines of a magnetically split spectrum (*ee text). 
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For Er.fe B /33/ and Tm.Fe B /21/ the 'F>. Mbssbauer spectra 

change dramatically around respectively 328 and 316 K (Figure ld>, in clear 

demonstration for a spin reorientation occurring at these temperatures , 

with the spins rotating from c-axis to basal plane when the alloys are coo¬ 

led. The residual intensity in Am = 0 above the spin reorientation tempe¬ 

rature is due to imperfect alignment of the powder. 

For the cases of RE„Fe,4B compounds with BE H Y, Ce, Pr, Tb, Dy, 

Lu !2\, 33/ no change of the relative resonance areas was observed in the 

temperature range investigated (4.2 K - 350 K). It was concluded that the Fe 

spins remained aligned parallel to the c-axis (Figure Id), it was further¬ 

more shown, by Dy Mb'ssbauer spectroscopy /33/, that the Dy moments are 

collinear with the Fe spins between 300 and 4.2 K (Figure 15). 

Spin cantings jf the Fe sublattice in Ho.Fe B /2l/ and NtUFe B 

/32/ at low temperatures were clearly evidenced from the change in the t* 

= 0 line intensities. The canting angles with respect to the c~axis were 

deduced to amount 30° for both samples. 

The change of the reorientation temperature (T ) by partial subs¬ 

titution of Er by another RE in (Er-RE)pFe. .B alloys was investigated by 

Fe Mossbauer spectroscopy in (Er Gd )gFe14B /35/ and (Er, Dy )_Fe,4B 

/34, 36/ magnetically oriented samples. The study of T as a function of x 

sr 

in (Er REx).Fe.4B compounds is a means of testing microscopic models for 

the crystal electric field (CEF) and exchange interactions in these alloys. 

The data for (Er. Gd JpFe.-B were quantitatively explained in 

terms of a Hamiltonian which included second order CEF terms, RE-Fe interac¬ 

tion, plus an uniaxial anisotropy due to the Fe sublattice /35/. 

A rapid decrease of T with x was observed in (Er Dy ),Fe 3 

alloys, as expected from competition between the uniaxial anisotropy of- Dy 
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Figure 14 - Fe Mbssbauer spectra of magnetically aligned Dy„Fe.,B and 

Er2Fe14B powder samples. Alignment at 360 K along the y-pro-

pagation axis in a field of 1.7 T and freezing in paraffin/ 

epoxy resin. Measurement of the Dy alloy at (A) 295 K, 

(B) 4.2 K and of the Er alloy at (C) 328 K, (D) 295 K 720/. 
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Figure 15 - Calculated Dy 

Mb'GBbauer spectra for oriented 

samples : (A) ViDy//y, (B) vPyXy 

and (C) non-oriented samples. 

(D) Dy Mossbauer spectrum at 

4.2 K of a magnetically oriented 

Dy2Fe14B 
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and the basal anisotropy of Er (Figure 16). In addition, these measurements 

revealed that the spin reorientation occurs gradually over some tens of K 

when x > 0 /36/. More interesting was, however, the necessity to include dth 

and 6th order CEF terms in the Hamiltonian for a quantitative description of 

the T vs x data in the whole x concentration range (Figure 16). 
sr 
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Figure 16 - Spin reorientation temperature as a function of x for 

(ErlxDyx)2Fe14B. Experimental data : black bars /36/, white 

bars /34/. Calculated values : using 2nd order CEF terms only 

(dashed curve), using 2nd, 4th and 6th order CEF terms (full 

curve) /36/. 



III.4. - Hydrogen dependence of the hyperfine interactions 

The hydrides of REJe B alloys were studied essentially for 

their structure and intrinsic magnetic properties. However, charging and 

decharging with hydrogen was shown to be a useful method for powder decrepi¬ 

tation prior permanent magnet processing. 

The RE?Fe.-B alloys absorb large quantities of hydrogen (2-5 

atoms per formula unit) while preserving their crystal structure. Increase 

of Curie temperature and saturation magnetization (M ) coupled with lar:ge 

decrease of magnetic anisotropy and coercive field were observed /8, 37-*l/. 

57 
Fe Mbssbauer measurements on the RE-Fe. BH (RE = Y, Dy. Er) 

alloys were reported /20, 23, 39-41/. The data showed that the average hy¬ 

perfine field increases (2- 3 %) on hydrogenation (Figures 4 and 17). The 

increase of the average Fe moment was however insufficient to account for 

the observed enhancement of T ; volume expansion and electronic tractors 

must be considered too. It was noticed that the hyperfine field for all six 

sites changes on hydrogenation (Figure .7). This suggested that tine iron 

anisotropy is not completely dominated by the contribution of any one of the 

sites. Another point which deserved attention was that the relative increase 

of the saturation magnetization ( „ 6 %) for the Yttrium compound was alwost 

twice as great as that of the average hyperfine field. Thus, the proportio¬ 

nality, 1 u E 15 T, between H. . and M_ was questionned in these hydride* 

D nz 3 

/39/. 

Finally, it was shown that the combination of the Fe Wtiiihimrr 

results and bulk magnetization data on Dy-Fe.4BH /40, 41/ allows to deter¬ 

mine that the magnetic structure of these hydrides is canted. 
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The influence of hydrogen on the hyperfine parameters at the RE 

site was investigated by 161Dy and 166Er Mbssbauer spectroscopies /20, 23, 

29, 40/. The spectra of the hydrides are 3hown together with those of the 

virgin samples in Figures 7 and 8. The data are collected in'Table 6. 

In the hydrides the hyperfine fields were significantly reduced in 

comparison to the virgin samples. This may arise from changes in the contri¬ 

bution of the conduction electron polarization on hydrogenation and /or/ (Er 

hydride) from crystalline field admixture. The decrease with hydrogen of the 

Dy isoaer shift is consistent with the trend established in the RE-Fe 
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intermetallic hydrides, i.e., a charge transfer from the RE 6s orbital onto 

the H atoms. 

Table 6 - 161Dy and 1 6Er hyperfine parameters in the REnFe BH (RE = 

Dy,Er) alloys at 4.2 K. The isomer shift 6TC for Dy refers to 

the (Gd,Dy)F3 source at RT /20, 29/. 

1 Site 

1 Hhf(T) 

| e qQ(mm/s) 

1 4f 

1 6 i s ( m m / s ) ^ 

i D y 2
F e i 4 B i 

i i 

I 616(2) | 

1 1 
| 628(2) | 

1 1 
1 1 
I 115(2) | 

1 1 
1 114(2) | 

1 1 
1 1 
1 1.8(2) | 

i i 

1 1 

1 2.2(1) | 
i i 

1 1 
1 1 

Dy2
Fel4BH3.3' 

1 
610(2) | 

1 
622(2) | 

1 
1 

130(2) | 

1 
125(2) | 

1 
1 

1.4(3) | 

1 

1 
1.8(3) | 

i 
1 
I 

Er2Fe14B 

812(5) 

12.3(5) 

-

-

|Er 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
• 

1 
1 
i 

1 
1 

2Fe14BH2.6 

786(5) 

12.8(5) I 

| 

| 

On hydrogenation one observe a large increase of the quadrupole 

coupling constant for the Dy compound whereas it stays almost constant for 

the Er compound. The K. anisotropy constant is known to decrease in the hy¬ 

drides /8, 41/; thus the Bg (and therefore e 2
q
l a tQ) m expected to decrease 

too on hydrogenation, i.e. the total quadrupole coupling constant should in¬ 

crease. This was indeed observed in the Dy compound. In the Er hydride the 

constancy of e qQ was reasonably assigned to a decrease of the lattice part 
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(opposite to the 4f contribution) which would be compensated by a decrease 

of the flf contribution via crystal field admixture. Concomitantly, the de¬ 

crease of R , was relatively larger for Er(/v 3 %) than for Dy ( ** 1 %) on 

hy drogena t i on. 

III.5. - Phase analysis, properties of the RE, +
 F e

4
B
4 

The RE„Fe.-B compounds do not melt congruently, the alloys of stoi-

chiometric compositions are, thus, not singie phase. The amount of foreign 

phases depends somewhat on the annealing treatment. This shows up in the 

Mttssbauer spectra ( igure a) by additional patterns : more often a parama¬ 

gnetic doublet attributed to a new tetragonal phase RE. Fe^B^ /42-dd/ 

wnich probably plays a role in magnetic hardening processes. 

All compounds of the RE. Fe.B. series are paramagnetic at RT but 

most of them order ferromagnetically at low temperatures (T 4 37 K). Such 

low temperatures are closely related to the absence of magnetic moment on Fe 

which was inferred from magnetization and Mossbauer measurements /4S-47/. 

Fe Mossbauer spectra for all compounds are doublets with quadrupole split¬ 

tings in the 0.52-0.60 mm/s range. Line broadenings below T , due to the 

occurrence of a small magnetic splitting, were observed only in two cases, 

namely RE = Dy and Sm. Analysis of the spectra of simultaneous magnetic and 

quadrupolar interactions revealed the magnetization to be parallel to the 

c-axis for Sm and perpendicular to the c-axis for Dy /47/. These results are 

consistent with a 2nd order CEF mechanism for anisotropy; the negative sign 

of the A° CEF term being deduced from 155Gd /48/ and 1610y /49/ Mossbauer 

measurements. It is of interest to notice the giant value of the A° term 
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(-2450 i 50 K/a.) due to the peculiar structure of the RE F e
d
B4 alloys 

0 2 
(for the RE Fe..B phases A_ amounts only 660-680 K/aQ). 
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SOME BIOLOGICAL APPLICATIONS OF THE MOSSBAUER EFFECT. 

E.R. Bauainger, Racah Ins t i t u t e of Physics, Jerusalem, I s rae l 

Abstract; Two different biological appl icat ions of the Mossbauer effect 
a r e desc r ibed : a) In Mossbauer s t u d i e s of blood samples obtained froir. 
pat ien ts with thalassemia, f e r r i t i n l ike iron in la rge quan t i t i e s was 
observed. Desferral was found to remove excess iron from serum, but not from 
red blood c e l l s . b) Mossbauer measurements of myoglobin and f e r r i t i n , 
showed di f ferent dynamical behaviour of the iron in the two pro te ins . 
Measurements as function of iron concentration show a gradual change from 
almost myoglobin like dynamics in iron poor fer r i t in to a f i r s t order phase 
transition in the dynamics of iron rich ferr i t in . 

Among the many works which have been performed, u t i l iz ing the Mossbauer 

effect in s tudies of problems in biology and medicine '* ' , I am going to 

describe as an example only two different applications. The f i rs t application 

is in the study of blood diseases and has been performed in Jerusalem several 

years ago with my l a t e col legue S. Ofer, and with E.A. Rachmi lewitz from the 

Hadassah Medical School'-'. The second application is in the study of protein 

dynamics'-^. This work was a l so s ta r ted severa l years ago with my l a t e 

co l legues S.G. Cohen and S. Ofer, and i s continuing with I. Nowik in 

Jerusalem, in co l l abora t ion with P. Harrison and A. Treffry from the 

Biochemistry Department in Sheffield, England. 

a)Thalassemia. 

Introduction - In recent years the Mossbauer effect (ME) has been found to 

be a powerful tool for investigating the iron containing compounds of blood 

c e l l s . In the Mossbauer spectra , d i f ferent "fingerprints" are obtained for 

each iron component whose concentration i s la rger than 10xl0~" g/cc in 

samples nonenriched in Fe . Using the ME the iron content of human blood 

c e l l s and blood serum obtained from patients with various henoglobinopathies, 

has been investigated. 

The main component of blood is hemoglobin. Hemoglobin i s bui l t around 

the heme molecule. Heme is built around an iron atom, which is bound to four 

nitrogen atoms; one additional bond is connected to the protein via an amino 

acid and one bond i s free to bind and r e l ea se oxygen. If oxygen i s bound to 

the sixth position - we have oxy-hemoglobin - if the sixth bond i s empty, we 

have deoxy-henoglobin. 

Nornal hemoglobin contains 4 subunits, 2 alpha-chains and 2 beta-chains. 



The difference between the alpha- and beta-chains is in the sequence and 

structure of the amino acids in the globin chains, which are attached to the 

heme molecule. In thalassemia either alpha- or beta-chains are not 

synthesized in adequate quant i t ies / ' In alpha-thalassemia there is an 

excess of beta-chains, in beta-thalassemia an excess of alpha-chains. In 

beta-thalassemia, the excess of alpha-chains cannot form stable tetramers. 

The l i fe span of the red ce l l s is shortened and hemolitic anemia resul ts . 

Alpha-thalassemia (HbK disease) is usually less severe, as beta tetramers are 

more stable. In beta-thalassemia many of the RBCs produced in the bone 

marrow, do not reach the peripheral blood. The deficiency of RBCs in the 

blood results in a compensating over-activity of the bone marrow and in the 

presence of a large number of reticulocytes (young RBCs) in the blood stream. 

Beta-thaiassemia is the most widespread abnormality of Hb in the world And is 

found in large numbers in the Mediterranean area and in China. The life span 

of thalassemic patients is about 20 years and the disease is responsible for 

the death of about 100,000 children per year throughout the world. The death 

usually results from iron overload in the cardiac muscle. 

In the Mossbauer spectra of blood samples of thalassemic patients, a well 

defined spectrum, different from that of oxy - or deoxy - hemoglobin, has been 

found. This additional spectrum is identical to that obtained in the iron 

storage compound ferritin. The amounts of ferritin-like iron were comparable 

to those of hemoglobin iron and were particularly large in reticulocytes 

(young RBCs). Comparison of the amount of ferritin-like iron detected by the 

ME in hemolysates and the amount of ferr i t in detected by imnunoradioaetric 

assays showed that not a l l the fe r r i t in - l ike iron found by the HE can be 

accounted for by the present inmunoradiometric assays employed. The effect of 

medication on the iron content of the erythrocytes and of the seria of these 

patients showed that desferral removes iron from the serum, but has DO effect 

on the iron content of RBCs. 

Materials and Methods. - The Mossbauer spectra were obtained by using • 

conventional spectrometer. A 100 mCi source of Co in rhodium, which was 

maintained at room temperature, was used. The 14.4 keV gana rays vere 

detected using a Harwell proportional counter operating at about 5x10* 

counts/s. For most measurements about 1 nl of the aaterial investigated was 

sealed in lucite containers of about 1.5 cm* cross section and stored in 
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liquid nitrogen before measurement. For measurements, the samples were held 
in cryostats enabling absorption measurements to be made at any temperature 
between 4.1 K and 300 K. Most measurements were performed at 85 K. In 
measurements performed on serum and hemolysates, where the iron concentrations 
were small, lyophilized (freeze dried) samples were used. Typically, the 
lyophilized absorber with a volume of 1.2 cc was prepared from 10 ml serum or 
hemolysate. 

Least squares computer f i ts to the experimental spectra were performed, 

taking the hyperfine interaction parameters corresponding to each subspectrum 

and the relative intensity of the subspectra as free parameters. Lorentzian 

line shapes were assumed. 

The diagnosis of the disease in each case was made by common medical 
techniques. Blood samples from patients getting regularly blood transfusions 
were obtained at least 60 days after the last transfusion. For some of the 
measurements the RBCs were separated by differential centrifugation into 
samples containing mainly young RBCs (reticulocytes and normoblasts), and 
samples containing mainly old RBCs. The hemolysates were prepared by lysis of 
the RBCs and subsequent centrifugation at 15000 rpm for 20 min^. 

Results: - Normal RBCs; The only compound in normal RBCs, which contains 
iron in a concentration above 10xl0~6 g/cc, is hemoglobin (Hb). Usually the 
Mossbauer spectra consist of two doublets, one corresponding to deoxy-Hb and 
the other to oxy-Hb. Exact computer analysis of the oxy-Hb subspectre at 

various temperatures, shows that these 
cannot be f i t t e d by a doublet 
consisting of two Lorentzian l ines . 
Very good f i t s to the oxy-Hb 
subspectra can be obtained by a 
superposition of 2 quadrupole doublets 
with d i f f e r e n t s p l i t t i n g s and 
di f ferent l i n e widths and equal 
intensities. This phenonenological 

Fig. 1. Fe57 Mossbauer spec trim procedure for f i t t i n g the oxy-Hb 
at 82 K of normal RBCs; subspectru. s p e c t r u a i s r e q u i r e d a s t h e l ines do 
(a) cooresponds to deoxy-Hb, sub- r 

spectrum (t>) to oxy-Hb. not have an exact Lorentzian shape, 
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probably due to relaxation effects^ '. A spectrum obt.lined in normal Hb is 

shown in fig. 1 and the parameters obtained from the computer fits at 85 K are 

given in table 1. 

Thalassemic RBCs; In Mossbauer spectra of RBCs obtained from patients vith 

alpha or beta thalassemia, varying amounts of a third component, in addition 

to oxy and deoxy-Hb, were seen. An example of such spectra at various 

temperatures is shown in fig. 2. Fig. 3 displays the spectrum obtained at 4.1 

K. The parameters of the third component obtained from computer fits at all 

Table 1. Mossbauer parameters of subspectra corresponding to oxyhenoglobin, 
deoxyhemoglobin and ferritin found in RBCs. 

Deoxy-Hb 

Oxy-Hb ' site I 

site II 

Ferritin in RBCs 

Rat Liver Ferritin 

T (K) 

85 
85 

4.1 
82 

200 

263 

4.1 

82 

200 

263 

Line Width 
(mm/sec) 

0.32(2) 

0.24(2) 

0.38(2) 

0.7(1) 

0.54(2) 

0.44(2) 

0.46(2) 

0.5(2) 

0.50(2) 

0.48(2) 

0.46(2) 

eqQ/4 
(mm/sec) 

1.15(2) 

1.09(2) 

0.95(2) 

<0.05 

0.33(2) 

0.35(2) 

0.34(2) 

<0.05 

0.35(2) 

0.35(2) 

0.35(2) 

Isomer shifta 

(mm/sec) 

0.92(1) 

0.27(1) 

0.27(1) 

0.48(2) 

0.46(1) 

0.43(1) 

0.38(1) 

0.47(2) 

0.40(1) 

0.42(1) 

0.38(1) 

496(3) 

498(3) 

a relative to iron metal at room temperature. 

temperatures are identical to those obtained in ferritin or he«osiderin^'»8' 

and are given in table 1. Ferritin is the iron storage protein in mammals. 

It consists of a core of FeOOH of about 70 A in diameter, surrounded by a 

protein shell with an outer diameter of about 120 «• The iron compound in 

henosiderin is identical to the iron compound in ferritin, but the protein 

shell may be partially or completely absent. The iron core is 

antiferronagnetic and displays the phenomena of superparaaagnetisa due to its 

small size. At 4.1 t its Mossbauer spectrum consist of a veil defined 
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1.000 

Fig. 3 - Fe-3 Mossbauer spectrum at 
K of RBCs obtained from a patient 

with beta thalassemio. Subspectra 
(a),Cb) and (c) as in fig.2. -i o i 

VELOCITY <mai/s*c) 

Fig. 2 - F e " Mossbauer spectra of 
RBCs obtained from a patient with beta 
thalassemia. Spectra A,B and C were 
obtained at 82, 200 and 263 R, respec¬ 
t ive ly . Subspectrum (a) corresponds 
to deoxy-Hb; (b), to oxy-Hb and (c), 
to the ferritin-like compound. 

magnetic sextet. As seen from fig. 2, the temperature dependences of the f-

factor of Hb and ferr i t in are very different. The f factors can be deduced 

from the spectral areas and the absolute amount of Fe in ferritin or in normal 

RBCs measured by other techniques. The ratio of the amount of ferritin-like 

iron to Hb iron (denoted by R) was in thalassemic RBCs between 3" and 50%, 

whereas in RBCs of normal controls, the R values are less than IZ, These 

results correspond to an absolute concentration of 3 to 50xlO~*5g of ferritin-

like iron per single thalassemic RBC, as compared with 100x10 ^g Hb iron in 

one normal RBC. In 1 gran of packed ce l l s there are about 1010 RBCs; thus 

there are between 0.03 and 0.5 mg fer r i t in- l ike iron in 1 gn of thalassemic 

packed cells. 

The peripheral blood of thalassemic patients contains a comparitively 

large amount of young RBCs (about 1OZ of reticulocytes). It was known before 

that apoferr i t in synthesis i s great ly enhanced in thalassenic 
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reticulocytes' . The question arises, whether this apo erritin contains iron 

already in the reticulocytes or is f i l led with iron cnly in later stages. 

Samples with significantly different concentrations of reticulocytes were 

prepared by differential centrifugation. Some samples contained as much as 

85% reticulocytes. The R values were determined for samples containing 

significantly different concentration of reticulocytes and mature RBCs. The R 

values obtainad in the reticulocyte rich fraction were about three times 

larger than the R values in the reticulocyte poor fraction. The amount of 

ferri t in like iron in reticulocytes was between 2.5 and 8 times that of 

ferritin like iron in mature RBCs. The results are summarized in table 2. 

Table 2. Ratio of fer r i t in- l ike iron to Hb iron and absolute amounts of 
ferritin-like iron and Hb iron per blood cell in RBCs of 17 patients. 

Hb iron/cell 

100 
70 
50 

Normal RBCs 

Thaiassernic 

Thalasseraic 

old RBCs 

retic. 

0. 
0. 

R* 

R<0.01 

15<R<0 

40<R<l 

.54 

.6 

10 !»g 

F<1 

10<F<40 

2(KF<110 

_ R « (ferritin like iron)/(Hb iron) in mature RBC 
F - (ferritin like iron)/cell 

The presence of intracellular unstable Hb is common to the disorders in 
which ferr i t in- l ike iron has been detected in the RBCs. In a few cases 1 «1 

of whole blood contained as much as 250x10 g fer r i t in- l ike iron - as 
compared to about 2xlO~° g in normal blood. This may be a consequence of the 
high rate of in t racel lular denaturation of Hb during the accelerated and 
ineffective erythropoesis in these diseases. 

The l a rge difference in the amount of f e r r i t i n - l i k e iron between 
reticulocytes and mature RBCs may be explained by two alternative hypotheses: 
1) Appreciable amounts of f e r r i t i n - l i k e iron are somehow removed froa the 
RBCs during the l i fe span of the RBCs; 2) These reticulocytes which contain 
large amounts of ferritin-like iron are destroyed before reaching maturation. 
The mature RBCs, as old surviving c e l l s , contain more s table Rb and l e s s 
ferritin-like iron. 
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Hemolysates of Thalassemic RBCs; Heraolysates are solutions of hemoglobin, 
obtained by rupturing RBCs. The amount of ferr i t in in hemolysates was 
determined hitherto by immunoradiometric assay (IRMA). IRMA determines the 
amount of a protein by using antibodies reacting with this specific protein. 
It can be performed only on solutions. Two distinct types of ferritin, spleen 
type and heart type fer r i t in , are known. Until recently, the ferr i t in in 
hemolysates was assayed using antibodies to spleen type ferr i t in only. 
Comparison of the amount of ferr i t in detected by the ME and by IRMA with 
antibodies to spleen type fer r i t in , showed that only about 10% of the 
fe r r i t in - l ike iron detected by ME could be accounted for by this IRMA 
technique. In order to solve this discrepancy - IRMA, with antibodies to 
heart and spleen type fe r r i t in , were performed on hemolysates and the ME 
measured on the same samples (5) In order to increase the accuracy of the 
estimates of fe r r i t in - l ike iron by the ME some of the measurements were 
performed on lyophilized hemolysates. Fig. 4 shows the dependence of the f 
fjctor of lyophilized ferritin, oxy- and deoxy-hemoglobin on temperature. The 
f-factor of lyophilized Hb drops off much faster than the f-factor of 
lyophilized ferritin - and therefore in measurements taken at room temperature 
on lyophilized samples, the subspectrum corresponding to ferritin sticks out 
much more than in spectra taken at 80 K on frozen samples. This is even more 
pronounced if the Hb in the sample is reduced to deoxy-Hb before measurement. 
This can be achieved by s t i r r ing the sample in a N2 atmosphere or by adding 
Na»dithionite to the sample. Fig. 5 shows the spectrum obtained in the 
lyophilized sample at room temperature (A) and in the frozen sample at 80 R, 

of the same hemolysate (B). The 
4 lyophilized sample was prepared from 

Ferntin """* 9—— _l i „ 
60.81- Sł-"T 8 c c hemolysate. 
•> HbOi T* v i 

By IRMA the amount of whole 
ferritin (protein + iron core) is 
determined, whereas, the ME measures 

T<**> the amount of ferritin-like iron only. 
Fig. 4. - The temperature dependence The iron/protein ratio in ferritin 

02 
00 

80 120 160 200 240 280 

of the f-values of lyophilized oxy-Hb 
(full doxa), deoxy-Hb («pen circles) 
and ferritin (open diamonds). 

m o l e c u l e s i s between 0 ( in 
apoferritin) and 0.56 (in ferritin 
completely f i l l ed with iron). In 
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•I O 1 

VELOCITY ( m / s ) 

normal c e l l s the amount of fe r r i t in-

like iron is too small to be detected 

by the MF. By IRMA, O.12xlO"15g heart 

type ferr i t in and 0.024xl0"15g spleen 

type f e r r i t i n per normal c e l l were 

d e t e c t e d . The s p l e e n t y p e 

concentration in the hemolysates as 

measured by IRMA could account for 

only 0.1 of the f e r r i t i n - 1 i k e iron 

detected by the ME. IRMA studies of 

heart type fer r i t in showed much larger 
amounts of heart type ferr i t in than of 

spleen type f e r r i t i n , explaining the 

_ s7 x. > large discrepancies between the ME and 
Fig. 5. - FeD ' Mossauer spectra in B v 

(A) a lyophilized sample of hemolysate IRMA found e a r l i e r . In some cases 
at room temperature of a patient with a n i a b l t e r aB10unt 
beta thalassemia and (B) a frozen ri D 

sample of hemolysijte at 85 K cf the of ferrit in-1 ike iron present in the 
same patient. Subspectra (b) corres- w h e r t h r o c y t e s t h a n i n t h f ; 

pond to oxy-Hb ar.d (c) to ferritin. ' 
hemolysates, indicating that in thest? 

cases, some of the ferr i t in- l ike iron is in an insoluble or membrane-bounci.i. 

form (like hemosiderin). In most hemolysates the iron to ferritin ratio ii*. 

s t i l l larger than 0.56. The difference between the amount of ferritin deter--

mined by the IRMA technique and by the ME technique has thus been greatly 

diminished - but not eliminated. The two possible explanations for this 

discrepancy are: 1) Previous studies have shown that ferritin nay undergo a 

process of polymerisation. This process appears to be associated with diges¬ 

tion of the protein moiety, resulting in a high iron/protein ratio.* ' A 
similar process may occur in grossly iron loaded red ce l l s . It May be that 
the ferr i t in- l ike iron measured, is a combination of iron found in intact 
ferri t in molecules and iron found in denatured soluble ferritin polyaers. 
2) At the present time two types of ferritin have been identified , one 
reacting with antibodies for spleen ferritin and the other reacting with 
antibodies for heart ferrit in. I t is possible that other ianunologically 
distinct types of ferritin exist, which do not react with these antibodies and 
which could not be detected by the IRMA used heretofore. 
Human Blood Serum - It was known previously that blood serum of patients with 
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hemoglobinopathies contains an increased amount of ferritin. Normal serum 

contains less than 0.1x10"° g/cc of ferritin, as determined by IRMA - an 

amount much too small to be detected by ME' '. The Mossbauer measurements 

were all carried out on lyophilized samples obtained from about 10 cc of 

serum. One of the spectra obtained at 85 K is shown in fig. 6(A). The 

parameters of the spectra at all temperatures are identical to those of 

ferritin. Among the ?7 cases investigated - 6 had less than 1x10"" g 

ferritin-like iron per 1 cc serum, 4 had more than 2.5x10 g/cc and 7 had an 

amount between 1 and 2.5x10 g/cc. Repeated tests on the same patients did 

not show significant changes in the iron concentrations with time, when no 

iron chelating agent was administered to the patients. The amount of 

ferritin-like iron found in the serum does not seem to be correlated with the 

amounts found in the RBCs of the same patients. The amount of ferritin 

detected by IRMA in thalassemic patients' blood serum is smaller than 1x10"^ 

g/cc^12'. It remains to be seen if using antibodies to heart typo ferritin, 

the amounts of ferritin seen by IRMA will be similar to those detected by the 

ME. 

1.000 -

VELOCITY ( a n / t ) 

Fig. 6. - Fe57 Mossbauer spectra at 
85 K in lyophilized serua of a patient 
with beta thalassenia; (A) before 
treatment with desfeiral (B) after 
treatment with desferral. 

Fig. 7. - Fe^7 Mossbauer spectra at 
85 I (A) in frozen RBCs of a patient 
with heaochroMtosis and (B) in lyop¬ 
hilized serUK of the sane patient. 
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In one case of hemoch-'omatosis, a hereditary defect in the regulation of 

iron absorption resulting in toxic accumulations of tissue iron, an especially 

large quantity, 40x10 g/cc fer r i t in- l ike iron, was detected in the serum. 

The spectra obtained in the serum and RBCs of this patient are shown in fig. 

7. Although the iron concentration in the serum is so large - no fer r i t in-

like iron could be detected in the RBCs. By IRMA the largest concentrations 

of ferritin found heretofore in the serum was 7x10 g/cc' ' . 

The Influence of Medication - Some of the thalassemic patients were treated 

with desferral, a chelating agent which is known to remove excess iron from 

the body. Mossbauer spectra perfornied on RBCs and serum of these patients, 

revealed that whereas the desferral removes most of the ferritin-like iron 

from the serum ffig. 6, A and B), i t has no effect on the fe r r i t in - l ike iron 

content of the RBCs. It seems thus that the fe r r i t in - l ike iron is well 

protected inside the RBCs and is invuln«rable to this medication. 

Conclusions; The Mossbauer effect has shown that large amounts of ferritin 

are present in RBCs of patients with various hemoglobinopathias. As a result 

of the Mossbaucr studies it became clear that the IRMA technique using spleen 

type antibodies c'etects only a small fraction of the ferr i t in present in 

hemolysates and that most of ferritin in hemolysates is heart type. It was 

shown that RBCs of thalassemic patients contain up to 50 times more ferritin 

l ike iron that normal RBCs. There is about 3 times more ferr i t in iron in 

thalassemic reticulocytes than in mature thalassemic RBCs. The serua of soae 

patients with thalassemia contain 25 times more ferr i t in iron than noraal 

serum. RBCs of one patient with hemochromatosis did not contain more ferritin 

l ike iron than normal, but his serum contained 400 tines more ferritin like 

iron than normal serum. There is thus no correlation between the aaount of 

ferritin like iron in the serum and in the RBCs. Medication removes ferritin 

like iron from the serum, but not from the RBCS. 

b) Protein Dynamics. 

Introduction; - A completely different problem to which the Mossbawer 

effect has been applied is the problem of protein dynamics.'""* ' Proteins 

are large macroroolecular systems, which contain large amounts (abcut 50X) of w«ter. 

Many different kinds of proteins exist and they fulf i l l different functions. 

The proteins are not rigid structures and their dynamic properties are of 
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fundamental interest in biology and biophysics. It is well know e.g. that 

Hb can release and bind oxygen only due to the movement of part of the 

molecule - which closes and opens a pocket into which the oxygen is admitted. 

The iron is known to sit in the nitrogen plane in oxy Hb and above i t in deoxy 

Hb. How do these motions occur? Ferritin admits storage iron into i t s core 

through the channels in the apoferritin protein _ these channels also must 

open up to admit the iron and to release i t . Can these motions be studied bv 

the Mossbauer Effect? 

The lucky circumstances which enable the use of the Mossbauer Effect in 

protein dynamics studies are: 1) that Fe is such a good Mossbauer nucleus, and 
Q 

2) that the time scales involved ( 10 sec) fit those of protein dynamics in 

a region which cannot be studied by other methods. 

The Model: - Mossbauer Spectra of the proteins above a certain temperature, 

reveal characteristic and peculiar features in that in addition to the 

presence of relatively sharp lines, like in solids, there are also very broad 

lines extending to Doppler velocities of several cm/sec. 

Usually the ME is observed in solids, where i t gives sharp absorption 

lines with a natural line width of about 0.2 mm/sec in Fe". Broad absorption 

lines are observed for colloidal part icles in a viscous liquid, where the 

width of the line is proportional to the diffusion constant or the viscosity 

of the fluid. The combination of sharp and broad lines corresponds to a state 

intermediate between solid and liquid _ a state of "proteinie matter". 

Characteristic spectra are shown in fig. 8. Spectra like this have been 

observed in oxy and met myoglobin, oxy end deoxy-Hb, Co-Hb and ferr i t in 

crystals. They have also been observed in other polymers and macromolecular 

Systems/18^ 

These spectral shapes can be explained as being due to the motion of the 

iron-atom in a restricted volume. The iron atom performs bounded diffusion 

which is connected to large scale motions of the protein. The onset of this 

motion occurs at a certain temperature Tc, above which the additional broad 

lines appear in the spectra. Above this temperature there is usually also a 

sharp decrease in the overall area of the Mossbauer spectra as function of 

temperature. 

The spectra can be explained using a nodel for bound diffusion based on 
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the Brownian mot ion of an overdamped 
harmonic o s c i l a to r . ' * " ' The model 
deals with a part icle of mass m bound 
to a center by a harmonic force morr, 
damped by a f r i c t i o n a l force m8dr/dt 
and acted upon by random forces F( t ) , 
which follow the equation of motion: 
md2r/dt2-miBdr/dt+muj2r«F(t). If we 
denote by a»ui / g , the r a t i o between 
the harmonic and damping force 
c o n s t a n t s , and D-k^T/mg Che 
d i f f u s i o n c o n s t a n t , t h e »sd 
<x2>s«kbT/i»(»)2-D/ o . The spectra are 
f i t with 2 free physical parameter*: 
with D - the diffusion constant and 
either with a - which Is also the 
relaxation rate of the cnsaable 
average of x, <x>xoexp(t/rc), or with 

2 c o l l e c t l v e 

Fig. 8. - Typical Fe 5 7 spect ra ob- motions are characterized by the value 
tained in met-Mb and Deoxy-Mb below o£ a -2.5xlO8 , which corresponds to 
and above T_. « o •> 

c Tc of 4xlO~y sec, and <x J > s - 0.017A". 
Fast co l lec t ive motions correspond to large values of a (a>2xlO'sec ),lov 
damping and r c<5xl0~*^ sec. The l ines shapes obtained as function of a with 
fixed D, are shown in f ig . 9. For l a rgea (strong binding) a narrow 
Lorentzian l ine of natural width i s obtained, corresponding to the noraal line 
in a s o l i d . For very small a , we obtain a s i n g l e wide Lorentz.Van l ine of 

width ( r+2ftk2D) as expected for free diffusion. At intermediate ve!ues of a , 

s p e c t r a l shapes l i k e those observed in pro te ins are obtained. These can he 
approximated as the sun of two components, one narrow component of natural 
width r 0 and the other broad component of width T »2hk2D 

The area under the Nossbauer l ine is always proportional to the Kossbauer 
eff iciency f, which in the harmonic approximation g ives the mean square 

displacement of the Mossbauer nucleus <x2>, through f»exp(-k2<x2>, where k is 

the wave number of the gamma ray. (k - 1 /0.) "*7A - 1 for the 14.4 keV gama ray 
of F e " ) . At 0 K, f i s close to unity. From the temperature dependence of the 
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Fig. 9. - Mossbauer spectrn of harmo¬ 
n ica l ly bound part ic les containing 
Fe'' in Brownian motion as a function Fig. 10. - Decomposition of 
of the parameter a • « ' / S, for a into <x>>siOw><:xl'>fast 8 n d <: 

fixed value of the diffusion constant 
D«1.4xlO~'cm'/see corresponding to e 
value of tik'D equal to lOmm/sec in 
units of the Doppler velocity (jfi T was 
fixed at a value of 0.75 mm/sec). 

areas of the narrow (elastic) and broad (quasi-elastic) components, we can 
obtain different mean square displacements of the Fe nuclei. 

Fig. 10 shows -ln(narrow area)»-ln f(narrow) and - l n ( t o t a l area) as 
function of temperature for iron rich ferrittn. At low temperatures only the 
narrow solid like spectrum i s observed. At Tc the change in In f becomes much 
steeper than below i t and the spectra are composed of narrow and broad 
subspectra. Assuming independent degrees of freedom, we can write the 
recoil less fraction at a particular temperature, f(narrow), caculated from 
the area of the narrow component, as the product of the partial recoi l l e s s 
fractions f f a s t and f s i o w , that i s f (narrow)»ff a s t . f s i o w - The Mossbauer 
fraction associated with the sum of the e l a s t i c and quasielast ic resonance 
f ( to ta l ) i s equal to f f a S f ^slow» w ^ i c h i s t* le £-factor of the slow 
c o l l e c t i v e motions, which are characteristic of the motions within the 
protein, i s thus given by f(narrow)/f(total)«fs^ow. We get therefore fron -
In f ( to ta l ) -k 2 <x 2 > f a s t > from-In f(narrow)-(-ln f(total))"k2<x2>s low and from 
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-In f(narrow)=k <x ' total• 

Below Tc, <x > is associated with the local thermal vibrations of the 
individual iron atoms around their equilibrium positions, like in any solid. 
As illustrated in fig. 10, the total msd derived from the area of the narrow 
component, can be thus resolved into 3 different modes of motions: a) <x*>v 

the value obtained by linear extrapolation from the values of <x2> below Tc. 
9 9 9 

b) <x >total~^x \ = ^ x -*coll 6 i v e s t n e m s d associated with large scale motions 
of parts of the protein, including the iron. These motions can be subdivided 
into two parts:<x2>slow and <x2>fast c o n e c t i v e . <*2>siov> corresponding to 
slow collective motions, responsible for the appearance of the broad lines, is 
given by the difference between <x >total' derived from the area of the narrow 
line, and <x >fast, derived from the total area. <x >fast collective i s 8iv«> 
by the difference between <x >fast and <" >v. The broad lines associated with 
the fast collective motions are so broad that they are lost from the spectra. 
Results; - Fig. 11 shows the results obtained in met Mb and in ferr i t in. A 
comparison between the results in met Mb and ferri t in shows that whereas in 
Met Mb the transition is gradual - in ferritin it is a first order transition 
at higher Tc, but the msd's in both proteins are very similar - except <x*>v -

which points to stronger binding of Fe 
in ferr i t in . In order to understand 
better the similarity and difference 
between the two proteins - we have to 
take a closer look at ferr-;in. 

The ferritin molecule consists of 
a roughly spherical shell with an 
outer diameter of about 125A° and an 
inner diameter of about 80A° and is 
composed of 24 subunits. The carity 
might be f i l led with crystal l ine 
particles, mainly ferrihydrate, FeOQH, 
with some inorganic phosphate adsorbed 
on the iron core c r y s t a l l i t e s . 
Completely filled it can accommodate 
up to 4,500 iron atoms vithin one 
f e r r i t i n molecule. Two types of 

ax> JOO IOO 

Temperaturę . *K 
zoo JOO 

Fig. 11. - Values of msds in metMb 
and in ferritin. 
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channels lead through the protein s h e l l : 6 hydrophobic channels and 5 
hydrophilic channels, which can bind metal ions. The inner surface of the 
cavity is lined with loose hydrophilic residues. 

We f irst compared the dynamics of the iron which goes in f irs t with the 
dynamics of tS iron that which goes in las t . For this purpose we loaded the 
ferritin with 56 atoms of Fe" and then added 3600 atoms of natural iron per 
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Fig. 12. - F e " Hossbauer spectra of 
iron-rich ferritin as the temperature 
i s increased and as the temperature i s 
decreased. 
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Eerritin molecule. Then we loaded ferritin first with 3600 atoms of natural 
iron and then added 56 atoms of Fe^' per ferritin molecule. We could not see 
any difference between the different samples. Some spectra, around Tc> are 
shown in fig. 12. 

From these spectra one observes that as the temperature is increased 
there is still only a narrow spectrum, as in the frozen state, at 265 K, and 
at 2/0 K a weak broad line appears. As the temperature is decreased the wide 
line is still seen at 265 K and disappears at 260 K. We thus see that there 
is a very snarp transition in the dynamic behaviour at 271 K as the 
temperature is increased and at 264 K as the temperature is decreased. We can 
see this in the intensity ratio of broad to narrow lines and in the total and 
narrow spectral areas as shown in fig. 13. We could not detect any change in 
the hyperfine parameters (quadrupole splittings and isomer shifts) at these 
temperatures, which shows that no change in the chemical environment is 
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Fig. 13. - Hysteresis effects in the 
dynamics of iron rich ferritin. 

209 



óccuring. In other samples vith less than 190 Fe per ferritin molecule, 

significant differences in the dynamical behaviour compared to the iron-ric!-. 

ferritin were found. As the amount of Fe per ferritin molecule decreases the 

transition gets less sharp. In iron poor ferritin (10 Fe^' per ferritir, 

molecule) almost no hysteresis (<2°K) is seen and the broad lines appear 

already at 230 K. The results in the various types of ferritin are compared 

in fig. 14, which shows <*'>siow for three different concentration of iron. 

In Mb the transition is very smooth - starting at about 220 K - yet the 

overall displacements above 270 K are about the same. (If they were 

significantly different - they would not be observed by the ME). 

Conclusions; - The work points to two puzzles: a) Why is the transition sharp 

in iron rich ferritin at 271 K, smooth in myoglobin starting at 220 K and in 

between in "iron poor" ferritin (<190 Fe per molecule) ? b) How is it 

that two such different proteins - one in which the iron is an Integra! par'. 

of the protein and the other in which the iron forms an aggregate within the 

protein shell - give so similar msds? 

The answer to a) lies probably in the state of water. 1) In myoglobin 

the water is probably adsorbed in small groups end has lost the properties of 

free water - melting at 220 K and thus freeing additional degrees of freedom 

at this temp. 2) In iron rich ferritin the bulk of the iron is in the core, 

where the water behaves almost as free water with a first order nelting phase 

transition at 271 K and a supercooled glass transition at 264 K. 3) In iron 

poor ferritin a larger part of the iron is attached directly tc the protein 

shell - and therefore feels more the water attached to the protein shell which 

is similar to the water in Mb and is very different from normal water. The 

spectra we observe here are a superposition of spectra due to the iron near 

the protein shell and the inner core iron, b) These results indicate that the 

iron xore is conposed of subaggregates which are not rigidly connected to eich 

other. Each subaggregate is bound strongly to a protein subunit and is driven 

by its dynamics. The similarity Bight be explained by the picture of "hinge 

motions" of the helix structures in the proteins, overdamped in the outer 

viscous "glycerol-like" layer of the protein. 

This work shows that via the ME _ which probes the iron dynamics, one can 

learn about dynamical structure and different kinds of water in the proteins. 

Different kinds of water in proteins have been suggested also by x-ray 
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studies, dielectric constant studies and specific heat studies in lyzosomes. 
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LATTICE DYNAMICAL EFFECTS AND TEMPERATURE DEPENDENCE OF 

HÓSSBAUER ISOHER SHIFT IH 67ZnO» 

W. Potzel 

Physik-Department E1S. Technische Univeraitat Munchen, 

D-8064 Garching. Federal Republic of Germany 

Abstract! Using the high-resolution 93.3keV transition in 6?Zn we 

studied the temperature dependence of the Lamb-Mossbauer 

factor (LMF). the center shift (CS) and the quadrupole 

interaction in ZnO single crystals. The temperature range 

for this high-energy Mossbauer resonance could be extended 

up to liquid nitrogen temperature (77.3K). The mean-square 

atonic displacements show very little amsotropy. The results 

on the LMF can well be described by the Debye model with 

eLMF~317K. The quadrupole interaction is e2qQ/h= 

(2.401t0.004)MHz at 4.2K and it 13 independent of tempe¬ 

rature within 1%. At 77.3K the center shift has changed by 

9.0(iM/s compared to its value at 4.2K. Already at low tem¬ 

peratures phonon-induced electron transfer from zinc to 

oxygen is observed. The shift caused by charge transfer 

shows a T*-dependence at low temperatures, in agreement 

with recent theoretical calculations. 

*This work has been funded by the German Federal Minister for 

Research and Technology (BMFT) under contract Kr. 03-KA1TUM-4 and 

by the Kernforschungszentru* Karlsruhe. 
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1.) Introduction 

Almost exactly two years ago. at the XX. Zakopane School on 

Physics I introduced 672n Hossbauer spectroacopy as a highly 

sensitive tool for measuring small changes in the r-ray energy 

/1-3/. In particular, I discussed the Cu-Zn alloy system /4/. In 

the same presentation I also tried to show that the &7Zn re¬ 

sonance is in addition very suitable for investigating lattice 

dynamical effects. As an example I discussed Zn metal and pointed 

out the enormous anisotropy of the recoil-free fraction /5.6/. 

In the present paper I want to employ this sensitivity to in¬ 

vestigate a combined effect in ZnO. the second-order Doppler 

effect of lattice dynamical origin and the temperature dependence 

of the isomer shift, caused by a variation of charge density at 

the Zn atom. 

Hossbauer experiments were performed with single crystals of 

ZnO. This material crystallizes in a hexagonal (wurtzite) struc¬ 

ture. Each Zn atom is surrounded by a tetrahedron of 0 atoms. The 

tetrahedron is slightly distorted. Already several years ago it 

was demonstrated that covalency effects play an important role 

in the Zn-0 bond /7.8/. This fact is emphasized by Fig. 1, where 

the xsomer shift is plotted versus the electronegativity (Paulinq) 

of the ligand for various Zn-compounds. The s-electron density at 

the Zn nucleus is reduced with increasing electronegativity of the 

ligand. This behaviour is easily understood /7,8/ in terms of 4s 

and 4p electrons of Zn participating in the bonding. In a simpli¬ 

fying picture: if the electronegativity of the ligand is increased 

the probability of finding 4s and 4p electrons at the Zn sit* is 

diminished and the s-electron density at the Zn nucleus is redured. 

Surprisingly, even for ZnF2 covalency effects are by no means 

negligible /8/. Also in this lecture it will turn out. that the 

covalent part of the Zn-0 bond is very important. 

Through refinements of the experimental techniques we were able 

to extend the measuring temperature upwards to 80K despite the 

small Lamb-Hossbauer factor caused by the relatively high gamma-ray 

energy and low mass of the resonant nucleus. Therefore we could derive 

mean-square atomic displacements and mean-square atomic velocities for 



k^Zn in the temperature range between 4 and 80K. He observed phonon-

mduced charge transfer from zinc to oxygen. At low temperatures this 

charge transfer shows a T*-dependence as predicted theoretically by 

K. N. Shnvastava /9/. This is the first time that a T*-dependence 

of the charge transfer has been observed experimentally. In addition. 

the temperature dependence of the electric field gradient in ZnO uas 

determined with high precision. 

2.) Expert wenta1 Details 

Measurements were performed in standard transmission geometry with 

a piezoelectric quartz spectrometer as described earlier .'5/ . The 

drive system which is a compact unit containing both, source and ac-

sorber, was suspended by soft springs inside a sealed sta\r.iess-steel 

container filled with He exchange gas at reduced pressure /I/. The 

temperature of the ZnO single crystal source could be increased by 

a small heating coil. In this manner it was possible to keep u.e 

absorber temperature below 12K even at a source temperature ot 80K. 

The temperatures of source and absorber *>ere determined by semi¬ 

conductor devices. 

Due to the small recoilfree fraction at higher temperatures 

experiments become increasingly difficult, in particular at 

liquid nitrogen temperature. One could argue that it would be 

advantageous to heat the absoiber rather than the source and 

compensate the smaller recoilfree fraction at elevated tem¬ 

peratures by increasing the absorber thickness. This, however, 

can not be done here, since the electronic (photo-electric) ab¬ 

sorption cross section is the factor limiting absorber thickness 

/3.10/. The problem can only be overcome by using strong radio¬ 

active sources and fast counting electronics, i. e. by measuring 

small resonance absorption effects with high statistical accuracy. 

The Ga (T1/2x78h) activity was produced in situ by 2fiheV 

proton bombardment of ZnO single crystals at the cyclotron of the 

Kernforschungszentrum Karlsruhe. The ZnO single crystals were disks 

of 4mm diameter and of 0.5mm thickness. They were cut with the c-axis 

perpendicular to the crystal faces. After irradiation the samples were 

annealed in oxygen atmosphere at -970K for six hours and thereafter 
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slowly cooled (SOK/h) to room temperature. Mossbater spectra were 

recorded with the c-axis at 0° and 45° with respect to the direction 

of observation of the gamma rays. 

The absorber consisted of 67Zn0 powder, enriched to 85.2% in 
67Zn. The thickness was "963 mg672n/cm^. Details of the absorber 

preparation are given elsewhere /10/. 

The spectrometer was calibrated using the known quadrupole splitt¬ 

ings in 67Zn metal /2.11/ and in 67Zn0 tit at 4.2K. The gamma ray» 

were detected by an intrinsic Ge diode of 10mm thickness and 40mm 

diameter coupled to a fast preamplifier. In order to achieve high 

counting speed and simultaneously good energy resolution a fast double 

differentiating main amplifier was used t\2f, Count rates up to 

200 000 a'1 in the 93.3keV window were obtained. The «ignsl-to-noi»e 

ratio was determined once a day by recording pulse height spectra at 

the actual counting rate via a high speed analog-to-digital converter. 

Typical values for the signal-to-noise ratio were 60 * 70k, 

3.) Results and Discussion 

A. Lamb-Hoasbauer Factor 

Figs. 2 and 3 display Mossbauer absorption spectra recorded at 

source temperatures between 4.2 and 77.3K for orientations of the 

ZnO single crystal of 9*0° and 45° of the c-axis with respect to 

the direction of observation of the 93.3keV gamma rays. 

Due to the hexagonal structure of ZnO an electric field gradient 

is present at the Zn nucleus both, in the source as well as in the 

absorber. If 3*0°, the quadrupole interaction in the source leads to 

relative intensities of the emitted lines of 0:2:1 /13/\ whereas at 

«=45° we have three lines with relative intensities of 1.36:1:2 

assuming that the anisotropy of the mean-square atomic displacements 

is negligible. The quadrupole interaction in the ZnO powder absorber 

leads to three absorption transitions of equal intensities. Thus the 

absorption spectra with 9*0° exhibit five peaks with relative in¬ 

tensities of 1:2:1:3:2 and those with 4=45° have seven peaks with 

relative intensities of 2:1:2:4.36:1:1.36:1.36. The line separations 
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are a direct measure of the main component of the quadrupole tensor 

and the asymmetry parameter n /2/. The spectra were least-squares 

fitted to a superposition of five (resp. seven) independent Gaussian 

1ines. 

The Lamb-Mossbauer factor and the wean-square atomic displacements 

are derived from the total area under the absorption lines after 

correction for non-resonant background radiation. 

The angular dependence of the recoil-free fraction £(3) for an 

axially symmetric lattice is given by 

where ft is the wave vector of the gamma radiation and <x2> and 

<x >| denote the mean-square atonic displacements perpendicular 

and parallel to the c-axis, respectively. In Fig. 4 the mean-square 

atomic displacements <«2>x and <x
2>, for ZnO are plotted versus 

temperature. The solid lines are fits b> the Oebye model with effec¬ 

tive Debye temperature* of eLMFx(319tfe)K a n d oistsjx, respectively. 

The Debye model fits the data points quite well indeed. Still, the 

Debye model renders itself to be insufficient for a description of 

the phonon frequency spectrum in ZnO /14/. Above -50K the values 

for <x2>, tend to be slightly larger than those for <*2>x. 

however, just outside our present limits of error. If at all. there 

is very little anisotropy of the mean-square atomic displacements 

at low temperatures. This is in perfect accordance with the simi¬ 

larity of the Gruneisen parameters r( and r. deduced from 

thermal-expansion coefficients and related data /IS.16/. which 

implies that the elastic anisotropy of the crystal must be small. 

This cesult is in sharp contrast to the situation in Zn metal, where 

an enormously large anisotropy was found /S/. 

B. Center Shift 

A change with temperature of the center shift is clearly visible 

in Figs. 2 and 3. At 77.3K it has increased to « value of O.OJ t 

0.03)um/s as compared to 4.2K. 
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The temperature variation of the center shift CS can be 

written /17.18/: 

(9CS/dT)p = (aS S 0 D/«T) p + <dS/3T)v * OS/3lnV)T-OlnV/3T)p (2) 

The first term represents the second-order Doppler shift (SOD), The 

second term describes the explicit temperature dependence ot the isomer 

shift S at constant volume due to changes of the electron densitiy 

which may be caused by the electron-phonon interaction upon the 

electronic states. The third term gives the volume dependence of S 

caused by thermal expansion of the lattice. Although there are no 

high pressure Hossbauer data on ZnO available at present, the 

contribution of the third term to the center shift can be estimated 

to be negligibly small. The total volume contraction between 4.2K and 

60K is smaller than 1•10~4 /15.1b/. The s-electron density o is 

calculated for ^'Zn** in a tetrahedrai environment of 0 -ions to 

vary proportional to the inverse seventh power of interatomic 

distance R /19/. i. e. tp = -(7/3)UV/V)o with p -7.S a.u. 

for R - 2A /20/. Together with the knoun value of a<-2> /7.21/ 

we estimate 4S-0.08um/a. or only -0.9X of the center shift observed 

between 4.2 and 77K. Thus, to a very good approximation, the center 

shift is due to the second-order Doppler shift (SOD) and the explicit 

temDerature dependence of the isomer shift (ETS). 

The main problem is the separation of the SOD from the CS /111. 

We attempt to achieve this by using specific heat data Cp /23-25Z. 

Since the volume change is rather small up to T-100K the specific 

heat Cv can very well be approximated by the experimental data Cp 

in this temperature range. As demonstrated by Pig. S the change in 

specific heat Cy follows closely the curve calculated within the 

Debye model if a Debye temperature of 8?l)=(275t3)K is chosen and 

the assumption is made, that only acoustic phonon* play a role at 

low temperatures. When these low-frequency phonons are excited, the 

whole ZnO-molecule moves together. Optical phonon frequencies appear 

to lie much higher indeed. 

When the temperature of a harmonic crystal is increased, the change 

of the total energy is twice the change of the mean kinetic energy: 



> x AE (3) 

where E ia the total energy of the lattice, and M2n. M 0 . <V^> . 

and <v2> are the gram atomic weights end mean-square atomic 

velocities of Zn and 0, respectively. 

We consider the two limiting cases of high resp. low temperatures. 

At high temperatures in thermodynamic equilibrium the mean kinetic 

energies for Zn and 0 change by equal amounts. Then eq.O) reduces to 

A<v2r> x l/(2H2n)AE <<) 

In ZnO at high temperatures the second-order Doppler shift. 
SSOD = -A<v2>/(2c>, is connected to the specific heat by: 

SSOD " -AT-Cv/C4M2nc) (5) 

where c is the velocity of light and AT is the difference in 

temperature. The line shift SS()D can therefore be predicted 

by integrating eq. (S) with known specific heat. The broken line 

labeled SJj0D in Pig. 6 indicates the temperature dependence 

of the second-order Doppler shift as calculated fro* the specific 

heat, if the assumption would be valid that eq.(S) also holds at 

low temperatures. 

In the second Halting case of low temperatures, the change 

of <v2> between OK and temperature T is given by /22/: 

<v2>T - <v
2>T,0 . 

At low temperatures this increase in <v2> is the sane for zinc 

and oxygen. It is caused by the very long-wavelength acoustic vi¬ 

brations which are the first to be excited. Since in these modes 

groups of atoms move together, the notion of a particular atom does 

not depend on its mass, force constants, or local surroundings, but 

only on the bulk elastic constants of the crystal. In eq.(S) H is 

the mass of a ZnO molecule. The value of 9 is obtained by 

fitting a T3-dependence to the Ism-temperature specific h«at 

data with the condition that the total number of modes allowed 

is three times the number of ZnO molecules. The curve labeled 
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SSOD i n F i g* 6 i s c a l c u l a t e d using eq.(6) with 0 =275K. 

Up to ~50K S^QD lies considerably below the data points ob¬ 

tained experimentally for CS (s. Pig. 6). This is true also for 

the value at 19.4K, where S^OD=(0.066±0.002)«»/s and CS=(0.080± 

0.003)«m/s. The fact that the observed CS is larger than both. 
SSOD ar'd SSOD' den°nstrates that the explicit temperature 

dependent isomer shift plays a decisive role already at cryo¬ 

genic temperatures. 

In order to determine the ETS quantitatively, the derivation of 

the SOD for the zinc atoms at intermediate temperatures is required. 

This is a formidable task. It requires modern cluster calculations, 

which in particular allow a determination of force constants. At 

present such calculations are not available. However, we can say 

that the ETS has to be within a certain region: it has to be at 

least as large as the difference between the experimental values for 

CS and the curve sJj0D (i. e. ETS)ETSmin) and it has to be smaller 

than the difference between CS and the curve s£LD (i. e. 

ETS<ETSBax). Furthermore. ETS has to approach ETS m i n at low 

temperatures and ETS^^ at high temperatures. To get a more quan¬ 

titative estimate we took S S O D=s^ O D at 19.4K and SS0D=sj?0D at 

297.9K (the highest temperature, for which specific heat data are 

available) and used a spline interpolation for the temperature range 

in between. This spline curve is also shown in Fig. 6. The ETS is 

then given as difference between CS and the spline curv*. In 

Fig. 7 the ETS is plotted versus temperature. 

The change of ETS is such, that the s-electron density 0(0) at the 

Zn nucleus is reduced with increasing temperature. Anharmonic 

effects, like lattice contraction, can not explain the observed ETS. 

As estimated above, the shift caused by lattice contraction is aJbout 

a factor of SO smaller than ETS. In addition, lattice contraction is 

expected to increase p(0) due to the larger covalency of the Zn-0 

bond /7/. Therefore our data clearly demonstrate the presence of 

ETS. Host likely it is caused by phonon-induced processes which 

involve the electronic structure. 

Changes in the s-electron density at the Hossbauer nucleus as 

a result of the electron-phonon interaction have been calculated 

/9.26-28/ and experimentally investigated in some conducting /18.29-31/ 
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as well aa insulating systems Z32.33/. In all cases, phonon-induced 

effects have been observed only at high temperatures, where how¬ 

ever other effects, like thermal expansion, are large. In ZnO the 

electron-pnonon interaction appears to be important already at 

cryogenic temperatures. 

K. N. Shrivastava has theoretically investigated two types of 

phonon-induced processes for the case of 57Fe: dynamical con¬ 

figuration mixing and dynamical charge transfer /9/. In the 

case of ZnO. dynamical configuration mixing can be neglected, since 

the 3d-shell of Zn is completely filled and the 4d-levels lie ener¬ 

getically too high to be involved in the chemical bond. Dynamical 

charge transfer, however, appears to play the important role. As 

stated earlier /7.8/, the chemical bond in ZnO is partially co-

valent. The dynamical phonon-induced electron transfer from parti¬ 

ally occupied 4s- and 4p-orbitals of zinc to the neighbouring 

oxygen al3tss is mediated by the orbital lattice interaction. Such 

an electron transfer indeed decreases the s-electron density olO) 

at the zinc nucleus,, From our measured value of -3.5«m/s (at 77.3K) 

we estimate a charge transfer which corresponds to a fraction of 

0.01 of a 4s-electron. 

The temperature dependence of the dynamical charge transfer was 

predicted /"?/ to cause ETS to vary according to 

ETS = K-T«-»(T) (7) 

where K is .* constant containing the electronic matrix elements. 

In Ref.9 the Debye approximation was used with 

•(T) = (2
3(e2-l)~1dz (8) 

0 

where 8 is an effective Debye temperature. 

From our measurements we derive K=(3.0±l .0) 'lO^dm-s"1 #K~* 

and 8=(27S±3)K. The relatively large error in the value for K is 

mainly due to the uncertainty in the spline interpolation. The full 

line in Fig. 7 is calculated with these parameters. Considering the 

relatively simpie spline interpolation, the agreement with our ex¬ 

perimental data is very good. In addition, the value of e egrets 
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perfectly with the Debye temperature egP derived from specific 

heat data in this temperature range. At low temperatures *(T) is 

temperature independent to good approximation (if (8/T)>7, the 

deviation of «(T) from •(0)=x*/15 is less tha.i 5*). Therefore 

ETS = K-(X4/15)'T4 (9) 

Unfortunately, for Zn-system» calculations, in particular of 

the constant K. are still missing. From experimental point of view 

the high-resolution spectroscopy of the 93.3xeV transition makes it 

possible to determine phonon-induced transfer effects with high 

precision. 

C. Ouadruoole Interaction 

As demonstrated by Fig. 8 the electric field gradient tensor 

(efg) is independent of temperature between 4.2 and 77.3K within 

-1-10'2. We get e2qQ/h * (2.401 ± 0.004)HH2 at 4.2K and for the 

ratio e2qQ(4.2K)/e2qQ(77.3K) * 1.009 t 0.010. Within our experimental 

errors the Asymmetry parameter is found to be n=0 at all tempera¬ 

tures. Our data on ZnO are corroborated by time-differential 

perturbed-angular correlation (TDPAC) measurements using, however, 

the probe i n C d as an impurity in ZnO /34.3S/. The TDPAC-results 

exhibit very little change up to -70K. a slow decrease of the 

quadrupole interaction up to ~300K and an exponential increase 

above -400K. In addition, the TDPAC-data »how a reduction of the 

quadrupolt coupling constant at low temperatures by -2X in ZnO 

single crystals as compared to ZnO powder. With our measurements 

we find a small but systematic difference between CS for 0=0° nd 

for 9=45°. This is an indication for a slightly smaller efg in 

ZnO single crystals as compared to ZnO powder. However, in order 

to determine this difference more precisely, we have to improve 

the statistical accuracy of our measurements as well as the tem¬ 

perature stability of our experimental set-up. 

Neither the TDPAC nor the Hossbauer results are fully understood 

at present. The electric field gradient can surprisingly well be 
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described within a point charge model /36/ assuming complete lonicity 

in ZnO C i. e. Zn2* and 0 2 ~ ) . The point charge model predicts a tem¬ 

perature independent efg if the change caused by a lattice con¬ 

traction parallel to the --axis is compensated by the change due 

to the lattice contraction perpendicular to the c-axis. The 

application of tht point charge model, however, has to be considered 

doubtful, since the chemical bond in ZnO is partially covelent. As 

stated earlier /7,8/, a clear indication of this fact is the much 

more negative isower shift which was found for ZnF.. in fact, an 

investigation of the electric quadrupole interaction in ZnF, 

demonstrated, that even this compound is not fully ionic /8/. The 

phonon-induced electron transfer from zinc to oxygen also stresses 

the partially covalent character of the Zn-0 bond. Although the 

electron transfer decreases the charge at the zinc site, the symme¬ 

try of the charge distribution, which is reflected in the quadrupole 

interaction, remains virtually unchanged. An improvement of our 

understanding of the dynamical charge transfer process and of 

electric field gradients and their temperature dependence requires 

highly detailed theoretical calculations. 
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A.) Cone1usi on* 

Th* 93.3keV transition in 67Zn0 was used to investigate the 

temperature dependence of the quadrupole interaction, the Lamb-

Hossbauer factor, and the center shift. Th* quadrupole interaction 

is independent of temperature within 1* between 4.2 and 77K. The 

mean-square atonic displacements were found to show very little 

arusotropy. Host interesting is the variation of the center shift 

with temperature. Hossbauer effect is the only method to measure 

mean-square atomic velocities in the solid directly. Already at 

low temperatures (-20K) phonon-induced electron transfer from 

2inc to oxygen causes a significant contribution to the center 

shift. The shift due to charge transfer shows a T*-dependence. 

The charge transfer amounts to only ~0,01 of a 4s-electron at 

77.3K and decreases 1(0), the s-electron density at the t72n 

nucleus. Although the change of p(0) is exceedingly small, the 

high energy resolution of the 93.3keV transition makes it possible 

to determine such effects with high precision. 
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THE USE CF CLUSTER CALCULATIONS FOR THE INTERPRETATION OF 
HYPERFINE INTERACTION IN SOLIDS 

S. Nagel, Institute of Mineralogy, University of Marburg, 
D-3550 Marburg, W-Geraany. 

ABSTRACT 
Wave functions fro* cluster calculations have been used to 
analyze the source of electric field gradients in solids in 
order to provide an understanding of experimentally measured 
quadrupole interaction. Contrary to previous assumptions based 
on the i-inic model, it turned out that electric field gradients 
are mainly determined by valence states, especially by those 
which are unoccupied in the ideal ionic state 

I. INTRODUCTION 
The present contribution will be mainly concerned with qua¬ 
drupole coupling which is the interaction of the nuclear 
quadrupole moment Q with the aecond derivative of the elec¬ 
trostatic potential at the nuclear aite Vi ,» = 'V(r)/ x. x, (in 
the following also denoted an electric field gradient EFC) which 
is described by the Haniltonian 

eQ 
H r (V,.I« + V.,1, + V,,X,) (I) 

21(21-1) 
The knowledge of the interrelation between the EFG and the 
electronic structure is the essential basis for an exploitation 
of experimental quadrupole coupling data in order to gain 
information about cheaical bonding. Unfortunately the EFG 
provides only integral information about the total charge 
distribution Sir): 
V,« = /$<r) (3cos«8-l)/r» d* r (2) 
which allows quite different models for the electron distri¬ 
bution to fit with observed quadrupole coupling data. Therefore, 
it should be required that an adequate model be also consistent 
with independent experimental information such as that from x-
ray diffraction. However, the integrand in eq. 2 has its main 
contributions from regions close to the nucleus and there is 
hardly an alternate technique which allows to obtain reliable 
information about this region. Therefore, also most of the 
approaches in solid state theory are not interested in an 
accurate description of the small r region. 

II. THE IONIC MODEL 
The traditional understanding of field gradients in solids is 
based on the antishielding concept'-*'. Here it is assumed that 
an "external" field gradient originating from the crystal ions 
is amplified through the response of the charge distribution 
around the resonating nucleus: 
V,, = (1-jf.) '"V., (3) 
This approach has motivated a great effort to calculate more 
exact ar.tishielding factors a* well as lattice sums. However, 
shielding corrections turned out to be considerably different 
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when calculated for free ions or for ions within a surrounding 
charge distribution5••> . Furthermore the model completely 
neglects covalency and charge transfer. 

III. ĄJJ>ELECTRqN__CALCULATI ONS 
Recently some groups have begun to calculate EFGs in solids from 
first principles using band structure7"*' as well as cluster 
approaches*'l0) the latter of which consider only a limited 
number of atoms. Contrary to band structure methods, the cluster 
approximation allows also to treat impurities for which a great 
number of nuclear resonance data exist. In the presently applied 
approach the remainder of the lattice is considered by exposing 
the cluster to an external potential ° "'V, which is different 
for each cluster ion i and which is the exact Coulomb potential 
the ion would experience in an infinite crystal. This kind of 
stabilization of the cluster guarantees the approximate 
equivalency of those centers which are equivalent in the 
crystal. 
The technique for solving Schrodinger's equation for the cluster 
is based on the scattered-wave technique1 '> which has been 
modified in some points121 . The method is at the same level of 
approximation as the KKR and APW band structure methods and is 
characterized by a local-density approximation for the exchange 
operator and a muffin-tin approximation of the potential . The 
latter involves a spherical average of the potential in spheres 
around the nuclei which allows numerical integration of the 
radial Schrodinger equation and thus a considerable exactness of 
the wave functions close to the nucleus. 
The method has been previously applied to a number of different 
crystal structures"" 1" and it has been shown that it is ca¬ 
pable to produce EFG tensors which are in good agreement with 
experimental quadrupole coupling constants. Furthermore, also 
isomer shifts and magnetic hyperfine fields could be success¬ 
fully calculated. One of the most important results of these 
studies was that the overwhelming contributions to the EFG may 
originate from orbitals which would be empty in the ideal ionic 
state such as e.g. 4p orbitais of Fe3*. In the case of hexagonal 
metals the importance of valence p-orbitals has been deduced 
from empirical arguments1*' which hes been recently confirmed by 
very accurate band structure calculation*•>. 

IV. RESULTS 
The origin of EFG in ionic systems will be analysed in more 
detail in the following part for the examples of M=Alłł, Ga1 • , 
and Fe3• in the garnets YJMSOII as well as for Au* and Au1 * in 
CsjAujClt. In all cases the clusters have been restricted to the 
coordination shell. In the case of the garnets, the metal ions 
occupy an octahedral position with point symmetry 3 as well as a 
tetrahedral position with symmetry 4. Both, the octahedra as 
well as the tetrahedra are elongated along the symmetry axes. 
Thu3, in both cases the EFG is axially symmetric an«i the 
coordinate systems may be chosen with z along the symmetry axes. 
The contribution from a particular wave function to Vzz is then 
V,, = 4/5 <r-»>, (n«-n. ) + 4/7 <r-»>« (2n, ,-n,.-n,, } i4) 



Table 1 
Calculated and experimental contributions 
to V»» in e/ai3 for YAG and YGaG 

1 • • V, , 

i l y 

-0 
-0 
-0 

cct . 
.011 
.049 
.060 

YAG 

-0 
-0 
-0 

tet. 
.014 
. 131 
.145 

-0 
-0 
-0 

YGAG 
oct. 
.032 
.254 
.286 

-0 
-0 
-0 

tet. 
.016 
.376 
.392 

**»\ ±0.018 ±0.171 ±0.148 ±0.468 

Table 2 
Atomic orbital populations and V,£ ,• c 
•\1 in YAG and Ga in YGAG. 

n, 
n. 

v«, 
n, , 
n.: 
n, i 

V., 

n» 
ni 

V,, 

n* 

qi o » 

V,, 

octahedral pos. 
Al 

1 .9986 
1.9984 
0.0027 

0.0337 
0.0536 
0.0217 
-0.0014 

0.1474 
0. 1506 
-0.0505 

0.2727 

2.04 

-0.048 

Ga 

1.9996 
1.9995 
0.0031 

2.0227 
2.0398 
2.0181 

-0.0518 

0.1813 
0.1865 
-0.1326 

0.4434 

1.80 

-0.254 

tetrahodral pos 
Al 

1.9962 
1.9948 
0.0117 

0.0159 
0.0281 
0.0137 
-0.0027 

0.0753 
0.0826 
-0.1389 

0.1483 

2.50 

-0.131 

Ga 

1.9989 
1.9985 
0.0078 

2.0143 
2.0182 
2.0264 

-0.0600 

0.0981 
0.1093 
-0.3170 

0.2732 

2.30 

-0.376 
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where <r~*>=/B<r)/r d'r with the respective radial function R(r) 
of p- or d-orbitals which are occupied by n> or n, j electrons, 
respectively. The total V, x may be analyzed by expanding the to¬ 
tal charge distribution into spherical harmonics: 
j(r) = Si . . Ri . .<r) Y. . ,{r) (5) 
which leads to 
VJf = tJm Ki,ilr|/rdr (6) 
All values will be given in atomic units ai=0.529A, 
V, ifV/cm1]=9.7 10"' V,,[e/ai»J- Table 1 gives the total cal¬ 
culated VII in comparison with experimental values for che Al¬ 
and Ga garnets17 •'•> . • •cV,, is the contribution from the ion 
itself whereas *'«V,j is the lattice contribution. The overall 
agreement between experimental and calculated values is reaso¬ 
nable although the calculation underestimates the difference 
between octahedral and tetrahedral sites. Table 2 gives the or¬ 
bital populations and individual contributions to V,, for the 
core p orbitais (i.e. Al 2p and Ga 3p) and for the valence d-
and p-orbitnls. It is obvious from the table that in both cases 
the dominating contributions arise from the charge transferred 
from oxygen to the uppermost p-orbitals which is most probable 
for p«-orbitais because of the elongation of the polyhedra. The 
2p of Al and 3p of Ga contribute to V,, with opposite sign as 
in this case it is more probable for the pi-orbitais to loose 
charge. The radial parts of representative atomic orbitais as 
well as the radial deformation function i2(r) from eq. 6 and its 
integral are shown in figura 1-5. They show the dominating role 
of the uppermost p-orbitals for Ri(r) which has its maximum 
within the first node of this orbital. V», converges to it's fi¬ 
nal value within a distance of less than 0.5 at. 
Table 3 gives similar information for F e " at the tetrahedral 
position in YIG. Here it may be seen that a significant con¬ 
tribution to Vii arises also fron a partial occupation of mi¬ 
nority spin d-orbitals. 

CsjAujCl* contains gold with two different valencies. Au* is in 
a strongly compressed octahedron with two short Au-Cl distances 
and 4 long ones whereas the opposite situation is found for 
AuSł. MoBbauer measurements have been carried out by Stanek1" 
at different pressures who assigned a large quadrupole splitting 
off 5.02 mm/s to Au* and a small one of 1.17 mm/s to Au1* and 
who postulated considerable influence of 5d-6s hybridization 
from the pressure dependence of the quadrupole splitting. The 
results of a cluster calculation with the positional parameters 
at zero pressure are given in table 4. In fact a considerable 
amount of 5d>>-6s hybridization has been found for Au* leading 
to a positive V,, from the depletion of the d.t-orbital. This 
is, however, overcompensated by the strong negative contribution 
of the 6p orbitais leading finally to a negative V»t. The situa¬ 
tion is reversed for Au1*. However, here it is the large nega¬ 
tive contribution to Vi• from the depleted d-orbital which de¬ 
termines the negative sign of the total V,,. The relative magni¬ 
tudes of the EFG for Au* and Au** are opposite compared to the 
experimental assignments although the order of magnitude is cor¬ 
rect. From the calculation this may be due to the limited clus-
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Table 3 
Atomic orbital populations and V,t for 
Fe3ł at tetrahedral position in YIG 

spin spin sum 
ni 
nt 
V X I 

nt » 
nt t 
nt t 
Vzz 
ni 
ns 
V., 
n. 

0.9965 
0.9951 
0.0229 

1.0472 
1.0196 
1.0601 

-0.0329 

0.0264 
0.03C3 
-0.1001 

0.0649 

0.9958 
0.9940 
0.0301 
0.1625 
0.2599 
0.1156 

-0.1058 

0.0155 
0.0198 

-0.1102 

0.0597 

0. 

-0. 

-0. 

0531 

1387 

2103 

3p 

3d 

4p 

q'«» 1.62 
V,,'«" -0.434 
V,,'»« -0.011 
Vzz«»« -0.445 

V,,««» -0.535 (Q(«'Fe)=0.18) 

TableJL 
Atomic orbital populations 
and Vt, for Au« and Au*» 
in CsjAujClł 

Auł Au»• 

5p 

5d 

6p 

ni 
nt 
V, , 

Vzz 

nt 
V., 

n. 
q i . . 

1.9999 
1.9945 
0.3769 

1.9567 
r, 1.9717 

2.0544 
1.8851 
1.3833 
0.0274 
0.1069 

-3.9061 
0.2308 

0.68 
-2.19 

1.9957 
1.9999 

-0.2968 

1.0307 
2.1659 
2.1493 
2.0049 

-8.0668 

0.1103 
0.0283 
3.6726 
0.2976 

0.88 
-4.72 
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Table 5 
Atomic orbital populations and 
V,, for Zn. ZnZn*Zn« cluster 
in comparison with bandstructure 
results from Ref. 8 

V« 

n, i 
dna 

cluster 

2.044 
2.033 
2.026 
0.028 
0.013 

bandstructure 
-0.003 

-0.010 
-0.099 

ni 
in, 
V,, 

V.. 

V. »'«» 

0.333 
0.221 
0.112 
0.548 

1.432 

-0.059 
0.476 

0.041 
0.546 

-0.059 
0.386 

0.370 
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ter or tc the importance of core polarization which is not suf¬ 
ficiently accountted for on the basis of a muffin-tin potential. 
However, we feel that the general features of bonding and their 
influence on the EFG are correctly described. 
Finally, the applicability of the cluster approach to metallic 
systems shall be considered. Table 5 gives the results for a 
cluster with 13 Zn atoms in comparison with a recent band struc¬ 
ture result*> . Again the importance of the asymmetric 4p occupa¬ 
tion may bee seen and the 4p contribution to V,, is almost the 
same as the band structure result. 
V. CONCLUSIONS 
It may be concluded that the interpretation of quadrupole coup¬ 
ling based on the cluster calculations is considerably different 
from that based on the ionic model. The dominating contributions 
were found to arise from the uppermost valence orbital* which 
are loosely bound to allow easy adjustment to a deformation of 
the surrounding. Nevertheless the dominating contributions come 
from regions very close to the nucleus. The reason for this is 
the orthogonality of the valence p-orbital to the core p-orbi-
tals with nodes and large oscillations close to the nucleus. V,, 
converges to its final value almost within a distance from the 
nucleus which is smaller than the first node of the valence p-
orbital. This shows that any theory used for the calculation of 
EFG tensors must be capable to accurately describe the wave 
functions in this region. 
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Nuclear Polarization Induced by Tilled Multi-foils and 
Application to Quadrupole Interaction Studies in Solids 
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76100 Rehovot, Israel 

Abstract 

The quadrupole interaction of high spin isomers in non-cubic metals is usually mea¬ 
sured by the TDPAC technique. However, in such experiments on aligned nuclei only the; 
magnitude of the coupling constant can be measured, not the sign. The tilted foils tech¬ 
nique provides means to polanie the isomers and thereby determine also the sign of the 
interaction. Applications of the combined tilted foils-TDPAD technique are discussed. 
As a specific example we consider the signs of the EFG for Ce impurities in Gd. 

Introduction 

Quadrupole interaction studies of high spin isomers in non-cubic metals are usually 
motivated by nuclear physics considerations. However, there are cases where such ex¬ 
periments are of interest also from the solid state point of view. In these experiments 
the coupling constant e2qQ/h is determined where eq is the electric field gradient in the 
solid and Q is the nuclear quadrupole moment. If Q is known, then the EFG can be de¬ 
termined. There are several reasons to perform solid state oriented experiments in-beam: 

i Large choice of nuclear probes with suitable mean-lives in the range 10~8-10~s 

sec. 

ii Recoil implantation of the probe (impurity) into any desired host, 

iii Extremely dilute inpurity-host systems or pure systems. 

However, as shown below, in a conventional experiment on *lignti nuclei, one can¬ 
not measure the sign of the interaction; sign determination requires nuclear polarization. 
The present work considers a procedure for polarizing high spin isomers prior to the im¬ 
plantation into the non-cubic host and measuring the sign of the quadrupole interaction, 
along with its magnitude. Specific examples for applications are discussed. 

Incumbent of the Arye Ditsentshik Career Development Chair 
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2. TDPAD for Aligned and Polarised Nuclei 

In a "conventional" TDPAD experiment, iaomera are populated in a spin aligned 
state. As a result, the angular distribution of decay 7-ray it> anisotropic: 

where p* are the statistical tensora constructued from the density matrix: 

l ) / + m < / - mlm'\Xq >< m\p\m' > 
mm 

A* are the 7-ray angular distribution coefficients and £>£, are the rotation matrices. For 
aligned nuclei, p\ •£ 0. Since for 7-radiation A$ = 0 for odd A, one observes 7 anisotropy 
only for even values of A (i.e. alignment). If we now introduce quadrupole interaction 
during the nuclear lifetime, 

K(Q) 
4(2/+ 

(axial symmetry ia assumed), spin rotation ia induced and the 1 tat ib Meal tensors develop 
in time: 

where for A + A'=even, 

These functions are observed by time differential measurements of the 7-aniaotropy 
and the value of (wo| a eqQ ia deduced. It is apparent that for A + A'=even there is no 
sensitivity to the sign of wo. 

On the other hand, for vector polarised nuclei p'o / 0. We now consider the case of 
A + A'=odd and the observed functions are: 

which are sensitive to the sign of Q. The physical picture is that we start from polar¬ 
ized nuclei and induce spin rotation in a preferred sense (depending on the sign if wo) 
thereby producing alignment which was not there before. Fig. 1 shows the TDPAD sig¬ 
nals for aligned and polarized 144Gd(10+) isomers implanted into Gd single crystal. Fig. 
2 shows how many nuclear quadrupole moments are known as a function of the spin1) 
and demonstrate the difficulty to measure the sign at high spins. 



Fig. 1: TDPAD ugnala for aligned (aolid line) and polarized (dashed line) nu¬ 
clei. The curve for polarization dependi on the aign of wo while the curve for 
alignment does not. 

Q Moments of isomertc states 
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Fig. 2: A compilation of known Q-moments (from data of ref. 1 updated at 
1983). The dotted areas represent sign* determined by the MTF/TDPAD tech¬ 
nique and discussed in the present treatise. 



3. Tilted Foil Polarization 

We consider ions which emerge from the surface of a foil with their velocity vector 
at an oblique angle with the normal to the foil. It is known that an electronic spin po¬ 
larization is produced by an interaction at the exit surface which polarizes the orbital 
momentum of the atomic states2'. Such atomic polarization can, in turn, interact with 
the nucleus via magnetic hyperfine coupling and thus provide a technique for polarizing 
nuclear high-spin levels. / large improvement in the experimental sensitivity is achieved 
by allowing the excited nuclear levels to interact with many polarizing foils (MTF inter¬ 
action). 

Two distinct types of nuclear spin manipulations can be obtained with the multi-
foil interaction. For u»£i<l and A'>1, where u»i is the average Larmor frequency during 
Sight in vacuum, t is the flight time between two successive foils and N is the number 
of foils, the angular distribution of decay 7-ray undergoes a precession similar to that in 
an external magnetic field. This precession (in an effective MGauss field) has been uaed 
to measure g-factors of high-spin short-lived levels in MFe, 8<Sr and I08Sn. Fbr w ^ O l , 
a net nuclear polarization is induced. Briefly, the polarization process is aa foliowa: un¬ 
der the condition of u>£i>l there is a transfer of polarization from the atomic system to 
the nucleus (manifested as odd-rank terms in the statistical tensor representation of the 
density matrix). At long precession times the original sense of / and J is lost and they 
assume the average direction of F (fig. 3). The introduction of an array of parallel car¬ 
bon foils results in a regeneration of the electronic polarization at the exit from each foil; 
the electronic polarization is transferred successively to the nuclei after each foil, result¬ 
ing in an appreciable cumulative nuclear polarization. 

The mathematical formalism which describes the build-up of nuclear polarization 
Pi in the tilted-multifoil geometry is described in detail in ref. 3. The values of Pj can 
be calculated either in a classical vector-coupling scheme or with the formalism of sta¬ 
tistical tensors evolving in time due to a polarized hyperfine interaction. Pj depends on 
the atomic polarization Pj, on the number of foils N and on the ratio / / / . Under the 
asymptotic condition w ^ O l the two calculations result in very similar valuea for F/. 
Fig. 4 presents such results for typical cases of 1=10, 49/2. 

The basic feature of the nuclear polarization build-up is clearly seen from figs. 3,4: 
the value of Pj increases as I increases provided enough polarizing foila are aaed. H e 
nuclear polarization can considerably exceed the atomic polarisation - an effect under¬ 
stood in terms of more effective transfer of Pj to Pj (if / "> J). 

In the following we present measurement* of signs of quadrupole momenta of high-
spin nuclear levels - one of the important applications of the MTF method. These mea¬ 
surements also simultaneosuly determine the induced polarization, Pj. Nucieao polariza¬ 
tion induced by tilted foila in low spin long-lived tight iona was obaerred by other group* 
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Fig. 3: Muitistep transfer of polarization to the nuclear ensemble by a mul-
tifoil array. 
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Fig. 4: Nuclear polarization Pj induced by passage through N tilted foils. The 
flight time between successive foils is assumed to obey the condition w it > 
1 (see text). The arrows indicate the number of foils actually used in exper¬ 
iments. 

via optical spectrcscopy4), 0-NMRs) and Coulomb excitation6) measurements. 
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4. Signs of quadrupole interactions 
The conventional techniques available to detennine the sign of the quadrupole split¬ 

ting in non-cubic metals: the Mossbauer effect, nuclear orientation at low temperatures, 
/? — 7 correlations, asymmetric Coulomb excitation and polarized neutron capture, are 
not suitable for short-lived high-spin isomers and till recently no signs of quadrupole mo¬ 
ments of high spin states were measured (fig. 1). On the other hand, the nuclear polar¬ 
ization discussed above can now be used to detennine signs as well as the magnitudes of 
Q. 

l 44Gd (IO*)Gd 

"Si bM*i 

Fig. 5: Experimental set-up used in the 144Gd experiment. 

We consider, as an example, the measurement for the 144Gd(10+) and the 
H 7Gd(13/2+,27/2- and 49/2+) isomers7). The Gd isomers were populated by fusion 
evaporation reactions with pulsed MSi beams and 600-pg/cm2 isotopically enriched Sn 
targets, tilted with the normal at 60° to the beam (fig. 5). The recoiling reaction prod¬ 
ucts passed through arrays of equally spaced 4-8/^g/cm2 carbon foils and stopped in a 
single crystal of Gd, oriented with the ć axis along the beam direction. The total Bight 
time through the multi-foil stack, during which the polarization is built up was a few 
nanoseconds. In a second stage, after stopping in the hexagonal Gd host, the polarised 
nuclear spins experience a precession due to the hyperfine quadrupole interaction with 
the internal electric field gradient (EFG); the sense of the rotation depending on the sign 
of Q, and the sign of the EFG. The number of carbon foils (ranging from N=18-24) and 
the interfoil distances were chosen to maximize the induced nuclear polarization, given 
the g-factors and recoil velocities (so that w it > 1) and to minimize the stopping in the 
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Fig. 6: Upper part: Ratio function U(t) (see text) for polarised 144Gd(10+) 
nuclei. The amplitude of the observed modulation is proportional to the in¬ 
duced polarization Pj and the frequency is proportional to |Q|. The solid line 
represents a best fit to the data (see text). A quadrupole moment of an op¬ 
posite sign would result in an opposite modulation in the ratio function (dot¬ 
ted line). 
Lower part: R(t) for aligned 144Gd(10+) nuclei. 

carbon foils and frames. The tilt direction (left or right relative to the beam) was alter¬ 
nated periodically, corresponding to measurements with polarization up and down. 

Four cottxial Ge(Li) detectors were used to accumulate time spectra of decay 7 rays 
of interest. Ratio functions of the normalized and background subtracted time spectra of 
counters situated at ±45° (and ±135°) to the beam were performed in such a way that 
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the nuclear lifetime is divided out. These functions were fitted to the expression 

where i7/ = < Iz > / [ / ( / + I)]1 /2 is the nuclear polarization induced by the multifoil 
axray and Ą is the 7-ray angular distribution coefficient; 5^f are geometrical coefficienta 
and u>o is proportional to the quadrupole moment Q times the external EFG. The data 
for 147Gd(49/2+) are shown in Fig. 6. The magnitude of the induced polarization m 
determined from the amplitude of the observed quadrupole oscillation and was found to 
be Pj = 0.10(3) and P/=0.16(3) for 144Gd(10+) and 147Gd(49/2+), respectively. 

Table 1 

Q-moment measurements: the values of TJ /J , g and |Q| are from previous experiments; 
sign of Q determinations and Pj values are from the measurements discussed here. 

State 

M Fel0 + ) 
88Zr(8+) 
MZr(8+) 
134Ce(10+) 
142Srn(7-) 
J«Gd(10+) 
147Gd(13/2+) 
U7Gd(27/2") 
147Gd(49/2+) 

T1/2M 

357 
1700 
120 
308 
170 
130 
22.2 
26.8 

510 

« 

+0.728 
-0.18 
+1.36 
-0.187 
-0.06 

+1.276 
-0.037 

+0.840 
+0.446 

Pi 

0.18(5) 
0.06(2) 
0.05(1) 
0.12(3) 

-
0.10(3) 

-
0.11(2) 
0.16(3) 

Q|e.&n2) 

+29.7(4) 
+51(3) 
-51(3) 
+132(12) 
+112(27) 
-146(6) 
-73(7) 
-126(8) 
-324(18) 

A similar procedure, in both the experiment and analysis, has been performed for sev¬ 
eral other measurements which are summarized in table 1. From the values of the in¬ 
duced polarization Pj one can obtain information regarding the atomic ensemble, etg. 
the average atomic polarization (Pj) and the average atomic spin (J)7^. The nuclear 
structure relevance of these studies is discussed elsewhere, here we give only one illus¬ 
trative example, the 8+ isomers in 88>90Zr. The 8 + level in 88Zr is described in terma of 
a two-neutron holes {vgf/2)~2 configuration while the 8 + level in ""Zr ia presumed to 
be a two-protons, (aVs/2)2 st*te (supported by g-factor measurements). The respective 
magnitudes |Q| of both quadrupole moments have been measured8' to be the same, indi¬ 
cating similar effective charges for gB/2 protons and neutron holes around A w 90. With 
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the present determination9) of positive Q for the 8 + state in 88Zr and negative Q for the 
8 + state in MZr, the shell model picture of particles and holes for these nuclei receives 
further and direct confirmation. 

5. Sign of the EFG for Ce in Gd 
While we have a large amount of experimental data on the EFG tensor for many 

impurity-host systems1), so far there is no convenient model to predict the magnitude 
or sign of the EFG for any given system. There are, however, systematics related to 
specific groups of systems. Considering the transition metal hosts, including Gd which 
has a (spherical) half-filled 4 / electronic shell, we find that for any sp or d metal impu¬ 
rity where the sign of the EFG is known, it depends only on the host1-10-11) (Table 2). 
(There is one exception, Fe in Ti). For example, in Gd the EFG is always positive. The 
question raised was if one can also extend these systematic to rare earth impurity ions 
where the EFG is strongly influenced by the 4 / electrons. 

Table 2 

Sign of the EFG in Transition Metal Hosts 

Host Ti Co Zr Gd Lu Hf Re Os 
impurity 
_ _ _ - -

Co 
Cd + + + 
Gd + 
Lu + 
Hf + + + + 
Ta + 
W + 
Re + 
Os + 
IT + -

• Au - + + 
Hg 

We have measured the quadrupole interaction of polarized 138Ce(10+) nuclei in Gd. 
From the fit in Fig. 7 we derive a positive value for wo. 158Ce(10+) has a predominant 

i ł nuc^ear •tructure which is certain to have a positive quadrupole moment. There-
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Fig. 7: Ratio function R(t) for 138Ce(10+) isomers implanted in Gd single 
crystal. In this case, the sign of Q is known from nuclear physics argument* 
and the sign of the EFG is determined. 

fore, we deduce that also the EFG for Ce in Gd is positive. This result was later used in 
our studies of other rare earth ions in Gd. 

6. Conclusions 
A novel technique to polarize high spin isomers by arrays of tilted foils was pre¬ 

sented. Implantation of the polarized isomers into non-cubic metallic environmenti en¬ 
ables the measurement of the quadrupole coupling constants, including the sign of the 
interaction. Examples were given to specific cases of interest to nuclear or solid state 
physics. 
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ABSTRACT 

A diverse program In atonic and applied physics using x rays produced at 

che X-26 beam line at the Brookhavet. National Synchrotron Light Source Is In 

progress. The atomic physics program studies the properties of 

multiply-ionized atoms using the x rays for photo-excltatlon and lonlzatlon of 

neutral atoms and ion beans. The applied physics program builds on the 

techniques and results of the atonic physics work to develop new analytical 

techniques for elemental and chealcal characterization of materials. The 

results are then used for a general experinental program In blomedlcal 

sciences, geo- and cosmochemlstry, and materials sciences. The present status 

of the program ts illustrated by describing selected experiments. Prospects 

for development of new experimental capabilities are discussed In teras of • 

heavy Ion storage ring for atomic physics experiments and the feasibility of 

photoelectron microscopy for high spatial resolution analytical work. 
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Introduction 

The National Synchrotron Light Source (NSLS) at Brookhaven National 

Laboratory (BNL) Is a high intensity source of x rays that gives new 

opportunities for research in atomic and applied physics. This paper 

describes work In both areas that has been done with x ray beans at the NSLS 

X-26 beam line that show how new types of experiments are made possible by the 

use of synchrotron radiation. In atomic physics it is sh<\«m that measurements 

of fluorescent radiation on dilute gas targets can now be done so that it Is 

possible to study the light emitted by atoms in an Isolated environnent. In 

applied physics work It is shown that It Is now possible to detect the 

presence of as few a* 107 atom* in a volune of 10"9 en3 by the use of 

synchrotron radiation induced x-ray emission (SRIKE) methods. An example of 

the application of the SRIXE method is given. 

The equipment that Is now used can be Improved in many different ways in 

the future. In atomic physics it may be possible to add a cooled heavy ion 

storage ring (CHISR) In close proximity to the NSLS so that It viii be 

possible to study photoexcltation and lonlzation of multiply-charged ions with 

high precision. For applied physics it may now be timely to consider the use 

of photoelectron microscopy as a complement to the detection of fluorescent x 

rays. Consideration of the use of such an approach to sub-micron resolution 

imaging is given. 

The combination of descriptions of present experimental results with 

plans for future developments is intended to show the scope and vitality of 

the research based on the use of NSLS x ray beams in a succinct manner. A 

full description of the topic goes beyond the scope of this paper. 

252 



(Some references to papers and abstracts on crucial aspects of the work are 

given In References 1-18). 

The entire progran that Is described here represents the work of 

scientists from the BNL Department of Applied Science Division of Atonic and 

Applied Physics: B. H. Johnson, N. Heron, B. M. Gordon, A. L. Hanson, and 

J. G. Pounds, and fron The University of Chicago Departnent of the Geophysical 

Sciences: J. V. Smith, M. L. Rivers, and S. R. Sutton. We have also had many 

collaborators from many different Institutions who have left a strong Imprint 

on the program. 

It is appropriate to mention specifically a long-term interaction between 

the Institute of Nuclear Phyaica at Cracow, the Department of Applied Science 

Division of Atomic and Applied Physics at Brootchaven, and the Kościuszko 

Foundation of New York in this contribution to the Proceeding* of the XXI 

Zakopane Winter School. This interaction has made It possible for visitors 

froa Cracow to spend extended periods of time at Brookhaven. The experiments 

described here have benefited in many ways from Invaluable contribution* by 

A. Z. Hrynklewicz, J. Kajfosz, M. Cholewa, V. H. Kwiatek, and B. Rajchel 

during their visits. We hope to see our joint ventures continue and to be 

able to report further results at subsequent meetings in Zakopane! 

Characteristics of the NSLS X-26 Beam Line 

The NSLS is an electron storage ring that ran at 2.S GeV with maximum 

stored electron currents of - 200 mA and average beam lifetimes of around 

- 8 hours. The photon flux produced at the experimental station 20 m from 

the electron orbit is given in Figure 1. The low-energy cutoff Is produced by 

windows and filters used in the path of the beam. 
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The actual mechanical layout of the beam line Is shown in Figure 2. 

Beryllium windows are used to separate the bean line vacuum systea from the 

machine vacuun for greater ease In doing experiments. The apparatus in the 

experimental enclosure (hutch) was arranged so that atomic and applied physics 

could be done simultaneously. A photograph of the hutch interior is shown to 

the left In Figure 3. The magnet systea at the left sideof the hutch Is a 

Pennlng-type Ion trap for atonie physics work and on the right side Is the 

x-ray fluorescence nlcroprobe system used for trace element measurements. 

Measurement of Fluorescent Radiation from 

Argon Following K-Shcll Ionltatlon 

Measurements of fluorescent radiation from dilute atomic target* are 

useful for obtaining atomic data that can be used to provide benchmark* data 

for Improving theoretical atomic structure models and for determining cross 

sections or rate coefficients for very low energy ion-atom collision 

processes. With synchrotron radiation from the NSLS the photon flux at the 

sample position is high enough to make such measurements with target densities 

corresponding to target pressures in the tmflon of 10"10 torr or approximately 

3 x 106 atoms/cm3. Parenthetically, sst« that the determination of 

fluorescent radiation Is the basis of th« SRIXE method, with detection limits 

now running around 106~7 total atom*. Values quoted for target densities 

depend on the assumptions mad« for detection system efficiencies, 4*ta 

accumulation times, and backgrounds. The above values are, therefore, to be 

considered as approximate. 

The first experiment that was done at the X-26 beam line on fluorescent 

radiation for atomic physics purposes was the study of the radiation produced 



following the K-shell photoionizatlon of argon (13). This could be done with 

filtered white radiation since the contribution from the L-shell ionlzatlon 

cross section is less than 10% of the K-shell cross section at the energie* 

considered. The production rate of K vacancies in argon can be easily 

calculated by calculating the integral of the product of photon flux and cross 

section over the photon energy distribution. The value obtained is roughly 

6 x 10 K vacancles/s for a target densn/ of 10 atoms/cm , which Is adequate 

for experimental work even though low. 

The fluorescent photons produced in the wave length region from 50 to 

150 nm were analyzed with a 0.2-m normal Incidence spectrometer wit. a 

600 g/mm toroidal grating. This instrument was operated with a resolution of 

0.2 no. A typical spectrum that was obtained for a pressure of SO mtorr is 

shown at the bottom of Figure 4. The upper spectra Indicate the predicted 

appearance of lines from individual lonlzatlon stages (Ar I to Ar VIII). 

Analysis of the data showed that the Intensities of the spectral lines 

were strongly affected by collisions with neutral argon Ions. Measurements of 

the relative Intensities of the spectral lines as a function of pressure thus 

give values for the rate coefficients for charge neutralisation In Ion-atom 

collisions at energies around 100 meV. The results of such experiments are 

now being analyzed. 

The mechanisms by which the K vacancy Is filled after production results 

in the further lonization of the atom. For argon a distribution of charge 

states is produced with values as high as 6 or 7 and a maximum at 4. It Is 

therefore possible to examine a wide range of Ions in the course of a single 

experiment. Figures S and 6 show the results of two measurements (16) of tits 
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charge-state distribution using a Penning Ion trap and a recoil-tlae-of-flight 

apparatus on the X-Z6 beam line. 

The results of the first experiments show the feasibility of atomic 

photoionization studies. Improvements are under way. The photon flux 

delivered to the target will be Increased by several orders of magnitude by 

the addition of focussing mirrors In the beam line. This will increase the 

signal/background and make possible measurements at lower target densities. 

The use of time-resolved spectroscopy to take advantage of the natural 

bunching of the synchrotron beam will improve the accuracy of the rate 

coefficient measurements. 

X-Ray Mlcrosocpy (SRIXE) Heasureaents 

The use of x-ray fluorescence for analytical measurements has been an 

established method for many years. The synchrotron light source has 

catapulted it into a new era because of the high polarization and high 

brilliance (photons/source area/solid angle/energy lnterval/s), brightness 

(photons/solid angle/energy lnterval/s) and flux (photons/mrad 

horizontal/energy interval/s) of the x rays emitted. The Introductory work 

described here relies only on the high flux. Further developments of the beam 

line using mirrors will utilize the high brightness and brilliance of the 

source. 

The SRIXE system that we have used Is simple, albeit very powerful. The 

measurements are carried out after the x-ray beam passes through a window and 

Into the laboratory. Beam Intensity is monitored with an ion chamber. 

Fluorescent x rays are detected at 90 degrees to che incident beam, a position 

which alnlaizes the background of Compton-scattered photons. Our measurements 
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used a 30-mn2 Sl(Li) detector with a resolution of around 155 eV for 5.9-keV 

Mn K-x rays. Sample positions were changed using stepping-motor-drlven x-y-8 

translators. Beam positions could be set to about 1 micrometer. The bean 

size was defined by tantalum silts with a spacing that could be adjusted using 

stepper motor driven micrometers. Minimum bean size was 10 micrometers. A 

computer was used to control the system so that naps could be easily made of 

the spatial distribution of specific elements. Thus, what we have Is a very 

versatile systea for high energy x-ray microscopy measurements. A photograph 

of the arrangement Is shown In Figure 3. The present system Is a refined 

version of one that was originally used in experiments at the CHESS facility 

at Cornell University (1). 

The detection limits for the system defined by the Currle criterion (r«f) 

were determined by measuring the spectra of various standard reference 

materials. The results obtained for a home brew of various elements at the 10 

parts per million (wet weight) level dispersed in a 20-mlcrometer slice of 

gelatin Is shown In Figure 3. The conditions for the irradiation are shown in 

the figure. The minimum detection limits extracted from this data are shown 

in Figure 7. 

The x-ray microscope (XRN) has been used for many investigations in the 

biomedlcal and earth sciences. A, specific example to illustrate how it can be 

used is the work on trace element distributions in the rat brain by Kwiatek 

et al. (19) In this Investigation measurements were made of trace elements In 

the brain for control animals and for animals that had ingested varying 

amounts of lead, tt la known that lead is a toxic clement and that It changes 

the function of the brain. Changes and Interactions In the trace clement 

distributions can thus be expected to occur. tt is impossible to make 
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Future Direction in Atomic_ Physics 

Recently there has- ~>een much interest in building storage rings for heavr" 

ions. The advantage of the storage ring is that the effective ion current is 

cii'ijnred because of the high characteristic revolution frequency of the ions 

i', the ring. It seems to be feasible to fill a ring with around 1010 ions and 

cet effective currents close to I016/s. The interaction rates that are 

produced will then be many orders of magnitude greater than if experiments 

were done with ordinary types of ion sources. Rings to date have been 

proposed for study of electron- ion or ion-ion (or atom) collisions. 
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We have proposed (11,14) building a storage ring at the NSLS so that It 

would be possible to do precision photon excitation and lonlzation experiments 

using synchrotron radiation. Experiments using electron and ion beams as 

probes would also be done. 

The science that could be • ne at this facility would cover many crucial 

areas of atomic physics. A first discussion of the topic has been published 

(14). Perhaps the most import i -. point to make at this time is to establish 

the luminosities that are achieved in various types of beam experiments. A 

tabulation Is given In Table I taken from Ref. 14. This shows that the 

storage ring will substantially extend Che range of feasible experiments that 

can be done in Investigating the properties of multiply-charged Ions. 

The ring requires an elaborate Ion source for best operation. At BNL we 

are fortunate to have a powerful three- stage Tandem facility to use as an 

injector. These machines produce heavy ions with energies In the region of 

several hundred MeV and with charge states from fully stripped around Z - 22 

to about 50Z stripped at lead or gold. 

The geographical layout of the proposed ring at BNL Is shown In Figure 11 

to show how the existing photon and ion facilities can be used to feed the 

storage ring. A detailed design study for the ring is now in progress. 

Future Direction in Applied Physics 

A great need in the Applied Physics Program is the development of new 

methods for characterizing materials at spatial resolutions around 

1 micrometer or less. Prospects for doing this by x-ray imaging seem to be 

limited by the difficulty encountered in the production of focussing x-r«y 
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optics of high quality. Thus, it is necessary to consider other types of 

approach to the problem. 

A possible approach seems to be to adopt the methods of electron 

microscopy to the problem. In this case the x rays would be focussed as 

tightly as possible so that a spot with as high an x ray flux is formed. 

Rather than raster a target past this x ray beam in order to form an image it 

is possible to image the electrons produced in the irradiated area by using 

electron microscopy techniques. Focussing and imaging or electrons is a well 

studied problem that can easily be used at sub-micrometer resolutions. The 

field of photoelectron microscopy has been reviewed by Griffith (20). The 

high flux of synchrotron photons may now make it feasible to use electron 

spectroscopy/microscopy methods with high spatial resolution. 

Professor A. Z. Hrynkiewicz has worked with the BNL group during several 

visits on the development of some of these ideas. What we propose to do Is 

adapt (21) a Siemens ELMISCOP 1A transmission electron microscope for use at 

the synchrotron. In order to do this we discard the first sections of the 

machine that are used to fora the electron bean. The synchrotron bean is then 

used to irradiate a sample at approximately the normal position. Electrons 

that are emitted are focussed with an innersion type lens and that produces an 

object for the remainder of the microscope. The imaged electrons can then be 

detected with a position sensitive microchannel plate array and the image 

stored in a computer for final enhancement and analysis. 

Additional analysis of the electron optics will be done before going 

further with the project. The addition of electron energy analysis is 

desirable and a more refined analysis of the production rates and backgrounds 

would also be helpful. The results of our first assessment are very 
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encouraging and we have hopes that we will be able to make images at the 100 

nm resolution level with this instrument sometime in Che future. 

Conclusions 

It is hoped that the material presented here will give some idea of the 

scope of work that the BNL Division of Atomic and Applied Physics is carrying 

out in atomic and applied physics using synchrotron radiation. Most 

Importantly, we hope that the reader will feel the scientific content of irhe 

field is large and the questions tr be answered important. 
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Table II. Luminosities of photon-ion/atom Interactions using 0.12 bandwidth synchrotron 
radiation with a photon current at the target of about 5.1015 photons/s, which Is based on 
design parameters of the NSLS for a S-pole superconducting wlggler, assuming 5 mr 
horizontal acceptance and full vertical acceptance. 

System Luminosity (cm"2 s~l) 

Gas target (pressure - 10" torr) 1.76-10 /(cm length) 

1.4-lO (for crossed beams of 1 mm height) 

Singly-charged Ion source 1.4-10 /(cm merging length)(0.1 cm beam area) 
(10 keV energy, 10 uA current) 

1.4«lO22/(cm merging length)(l cm2 beam area) 

Klnzdon Ion Trap (PHOBIS, see Ref. 22) 5.1O22/(c« length) 

2.2-1020 (for crossed beams of 1 mm height) 

ECRIS and EBIS 2.2«1020/(cm merging length)(0.1 cm2 beam area) 
(100 pnA, 10 keV/amu, for Ar+1 ) 

2.2-10 /(en merging length)(1 cm beam area) 

CHISR (10 HeV/nucleon) 

For (̂ £) - 10~2 (No point in bunching because space charge limit Is exceeded) 

N - 1.2.1010 (Ar+l7) 2.1022/c»2 (1 en merging length, 1 cm2 area) 

For (^) - 2.10"3 

N - (8>108) 1.3-1021 unbunched 
1.6.1022 bunched 
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Figure Captions 

Figure 1. NSLS photon flux at the experimental position 20 a from the 

electron orbit. Units for the flux are shown at the top of the 

figure and are in photons/s/mA/eV/am2. The electron energy Is 2.52 

GeV. The curves show the effect of beryllium windows that are 

incorporated in the beam line and of additional aluminum filters 

that are used _o harden the bean for specific experiments. 

Figure 2. Plan and elevation views of the beam line showing the simplicity of 

the design and the in-line arrangement that makes it possible to do 

two experiments simultaneously. 

Figure 3. Composite figure showing photographs of the experimental area. At 

the top left an overall view Is given of an atonic physics 

experiment (a Penning Ion trap In this case) and the x-ray 

fluorescence apparatus at the right. The photograph at the lower 

left shows a view of the details of the x-ray fluorescence 

apparatus. The figures at the right show x-ray fluorescence 

spectra obtained for a gelatin standard containing elements at the 

10 parts-per—million (wet weight) level and from a thin section of 

kidney. Additional details are given for each spectrum in the 

figure. 

Figure 4. Fluorescence spectrum recorded In the wave length region from 500 

to 1500 A. The radiation was emitted following K-shell lonlzatlon 

using filtered synchrotron radiation (see Figure 1), (Ref. 13). 

Figure 5. Distribution of charge states in argon following K-shell loniration 

using filtered synchrotron radiation. The ions were observed tn a 

Penning ion trap (Ref. 16). 
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Figure 6. Distribution of charge states In argon following K-shell ionlzatlon 

using filtered synchrotron radiation. The Ions were observed using 

a Oe-of-flight technique (Ref. 16). 

Figure 7. Minima detection Halts determined for trace elements In a 

20-micrometer thick gelatin standard. Values are normalized to an 

electron current of 77 oA, target area of 2.5 x 10"5 cm2, and 

counting tine of 300 a. 

Figure 8. Photomicrograph of a coronal section of the rat cerebellar cortex. 

Features of Interest and a scale are indicated in the photograph. 

Figure 9. Photomicrograph of a small section of the coronal* ectlon of rat 

cerebellar cortex shown in Figure 8. The size and features are 

shown on the figure. 

Figure 10. Distribution of iron in the cerebellar cortex In the region 

approximately the sane as that shown in the photoaicrograph of 

Figure 9. The light pixels show a higher concentration in the 

region of the fiber tract. 

Figure 11. Map of Brookhaven National Laboratory showing the location of the 

National Synchrotron Light Source, fandea Accelerator Laboratory, 

and the proposed heavy-ion storage ring. The length of the tunnel 

fron the Tandem Laboratory to the storage ring in about 140 a. 
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and Hossbauer Investigation of Hagnctio 

Properties or r*3_x
Vx** alloy* with DOg Typ* Structure! 

E. Popiel) II. TuszyAskl | W. Zarek 
Institv.it of Physics-Si t#sian University Kaioytic* 

D03 type structure 

The ternary r«g V U alloys were prepared by arc melting of 
stoichiometric quantities of Fe,V and Al in an argon atmosphere. After-
melting and powdering of the ingots, a special, long-time thermal 
treatment was used for obtaining a DOg type structure of the sample. 

X-ray studies for each sample were don* and showed that this 
structure was obtained for sample* with O i xi 1«i only. 
Samples with 1. i < x i 1.8 exhibited * a type structure while ths. 
samples with x > l.B exhibited Ag type structure. 

In further part of thl< seminar I want to show the results fross 
magnetostatic and Mossbauer measurements for samples with O 1 x S O.U 
only. 

The idea* DO3 type structure for binary alloy of Fe3Al is shown in 
Fig.I, where 4a and 8c sites *rm occupied by Fe atoms only when 4* si¬ 

tes arm occupied solely by Al ctoms. 
This complicated structure can ba> 

described as a composition of four 
independent, feo sublattices with 
the same lattice constant. In thim 
ideal structure each Fe atom has 
eight other atoms as nearest neighbo¬ 
urs < nn >. Fe atom from 4a sit** 
has eight other Fc atoms as «m (fro* 
Oe sites), while Fe atom from *s sit* 
has four others Fe atoms (fro* 4* 
sites) and four Al atoms (from 4* 

Fie. 1 sites ) as M I CI,»3 

The substitution of some Fe atoms in such structure by other M 
metal, nonmagnetic atoms can break magnetic Interaction and change ttm 
magnetic structure of such substitutional ternary alloys. In our samp¬ 
les, V atoms were such nonmagnetic substitutes. 

Prom precise x-ray studies, when the intensities of Bragg reflec¬ 
tions were measured, the degree of DOg structure order and probabili¬ 
ties of occupation by Fe, ¥ and Al atoms of sublattices 4a,4»,Si 
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determined for each sample. When 
distributions of the ' P* atoms with 
rui shell can be calculated for each 
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these probabilities are known, the 
different maQnetic siir round i ngs in 
Sctniple Cal. In the Fig.2 the pro¬ 
babilities for a few samples are 
given in the table. The distribu¬ 
tions of the number crf~~ Vm atoms 
with different numbers of other Pe 
atoms in nn shell, calculated from 
binomial formula Csl .are shown on 
the left si da of Fig.2. 
The magnetic properties of Te atom 
in the alloys strongly depend on 
the nuikbert of other magnetic a— 
toms in its nn shell, 
łiagnetostatic and fiossbauer inves¬ 
tigations of the magnetic proper¬ 
ties of f»a ̂ V^Al alloys (OixiO. G> 
showed that V atoms play an im¬ 
portant role in the disordering 
of the magnetic structure of these 
alloys. 

Tc 
(Kl 

600 

200 

Tc*Te(Kx0)-b-x 

ferro¬ 
magnetic. 

magnetic 

A .6 X 

This sanpl* aroup can be divided 
into the two subgroup*, i f the Mag¬ 
netic behaviour of these alloys i s 
studied. Those al loys with low V 
concentration (x < 0.8) behave as Tif. 3 
typical ferromagnetic bodies. The Curie temperature <TC> of these al¬ 
loys decreases linearly with the increase of x ( le f t side of Fig.3 > 
which suggests that V atoms do not have a local magnetic moment and 
are diluted as paramagnetic atoms in these a l loys . 

The Hossbauer absorption spectra, measured at room temperature<RT) 
for low V concentration samples, »rm shown in Fig.4 . Each of these 
spectra i s the superposition of several Zeeman sextets . The d i s t r i -
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bution of these sextets is drawn schematically above each spectrum. 
On the right si da of Fig.2 ara shown the contributions of aach Zeeman 
sextet to the spectra. It is seen that with increasing of x the con¬ 
tribution of the so-called " 7-B nn trxlrl " decreases, suggesting 
that V atoms have a slight site-preference for 8c sites, normally 

occupied by Fe atoms. In Fig.3, 
the HJJ. intensities, corresponding 
to each sextet, as the function 
of V concentration, are shown. 
The values of these •.-. suggest 
Mhich number of Fe atons in nn 

shell of B7I> mrm responsible for 
each Zeeman sextet C4}. 
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For alloys with higher V concentra¬ 
tions <©. 8 1x5 0. 8> the magnetic be¬ 
haviour of the samples is much more 
complicated. The T c for these alloys 
decreases nonlinearly with the incre¬ 
ase of x (right side of Fig.3). 

Am an example of magnetostatic 
results for this group of samples, 
magnetization for Fea, 6VO 4*1 alloys, as a functions of temperature 
and magnetic field intensity (insert) *rm given in Fig.6. The rather 
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samples "particles" with large magnetic moment exist. Moreover — for 
these temperatures the variation of magnetisation with an external. 
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magnetic field intensity (insert) is strongly nonlinear, which indica¬ 
tes too, on the existence of "particles" with large, magnetic moments 
in the sample. In Fig.7 the evolution 
of Mossbauer spectra, measured at RT 
with the increase of V concentration 
is shown. Shapes of these spectra 

indicate that 
these alloys. 

30 

20 • 

two phases coexist in 

B 10 HlkOel 

200 600 800 T |K| 400 

rif.B 
Previous results suggest that one 

phase is ferromagnetic, where disoi— 
der grows wi th the i ncreasi ng of x) 
- the second is superparamagnetic, 
which contains the "particles" with 
large, magnetic moments in the tempe¬ 
ratures above Tc. The ferromagnetic phase 
sented by a multiline subspectrum. It 

-8 -A 0 +4 *8 -8 -i, 0 
VELOCITY 

. V 

»8 

for these spectra is pre-
can be resolved for the same 

number of Zeeman sextets, as the spectra for the samples with low V 
concentrations. The intensities of Hh(- fields, corresponding to each 
sextet,are shown on the right part of Fig.4. The changes of M-^ fields 

B7 with x' are unusual for sextets, corresponding to re probes with 
3 and 4 other Pe atoms in the nn shell. 

The superparamagnetic phase is presented at these spectra by a sin¬ 
gle broad, central line. The width of this lina decreases with the 
increase of x, but the contribution of this line to the spectrum in¬ 
crease with increasing V concentration. 

The contributions of the ferro- and superperamagnetic phases, ob¬ 
tained from the Mossbauer spectra, *r» shown In Fig.8. In magnetosta-
tic measurements the alloy - x»O. S is considered as a pure superpara¬ 
magnetic phase, while in Mossbauer measurements, the ferromagnetic 
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phase is visible in the samples where x In up to O,6. 

For the sample where x=O. 6, one Mossbauer measurement at RT with 
perpendicular magnetic field ( H»»2.5 V.Oe > was taken. The multiline) 
subspectrum — representing the ferromagnetic phase - changes a little) 
but normally, like Zeeman sextet in perpendicular magnetic field. 

The central, single line-representing the superparamagnetic phase 
decreases in the external field. From detailed calculation it follows 
that in this measurement, the contribution of superparamagnetic phase 
decreases from 86X (without field) to 69X . This may suggest that in 
this magnetic field the greatest clusters, whose large magnetic Mo¬ 
ments flip slowly, ara stabilized, giving the contribution to th« 
ferromagnetic phase. 
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CONVERSION ELECTRON MOSSBAUER SPECTROSCOPIC STUDY 
ON PHOSPHORUS IMPLANTED IRON 

H. Reuthei 
Central Inst i tute of ,'vuctear Research Rossenacrf 

at the Acsaemv or Sciences or the ODR 
Post Box la. f'resaen, 8JS1. GDR 

Ir recent, y e a r s ion l m o l a n t a t i c n h a s D e e n e s t a b l i s h e d a s a m e t h o d 
or s u r u c e i m c r o v e m e n t or m e t a l s . 
I m D i a n u ' i o n or p h i D S P h o r u s in s t e e l r e s u l t s in a n I m p r o v e d 
c o r r o s i o n o e h a v t o u r a t t / i b u t e t to t h e t o r m a t i o n of a n a m o r p h o u s 
or m i c r o c r v s t a l l i n e l a v e r a s a c o n s e a u e n c e ot t h e h i g h e n s r e y 
d e p o s i t i o n d u r i n ; i m p l a n t a t i o n t i l . o v t h e a i d of t h e c o n v e r s i o n 
e l e c t r o n M S s s o a u e r s D e c t r O S C O P V it. is p o s s i b l e to e e t i n f o r ¬ 
m a t i o n s o n t h e s t r u c t u r e ot t h e i m c l a n t e d i i v t r s , F i r s t r e s u l t s 
wei .:- p r e s e n t e d in C1J a n d t h i s p a p e r is t h e p r o g r e s s r e p o r t . 
i n n a n t a u o n of p h o s p h o r u s in i r o n c a n r e s u l t e i trier in t h e 
i?mo*dment ot t h e i m p l a n t e d i o n o n i n t e r s t i t i a l s i t e s o x in t h e 
atrcr ah i ;at i o n of t h e d i s t u r b e d r a n e e or. in t n e f o r m a t i o n of i r o n 
p n o s p h i d e s . 
T h e m a x i m u m s o l u b i l i t y or p h o s p h o r u s in i r o n is » . S 2 %. 
I m o : a n t a t i o n s o n s of I to 5 « 1 3 " cur s p h o s p h o r u s i o n s let 
i n c r e a s e t h e p h o s p h o r u s c o n t e n t in t h e i m p l a n t e d r e g i o n u p t o 3 3 
atoir \. Therefore the iron phosphides Fe,P. Ft,?-, and F»P, single 
or together. are expected to form. Fe,P is ferromaęnetic, Fe»P 
and FeF' are paramagnetic at room temperature (31. FeP possesses 
one, Fe-F two and Fe. P three identical iron sites («]. Therefore 
the Mflssbauer spectra of iron phosphides should consist of one 
quadrupole doublet for FeP. two quadrupole doublets for Fe 3P. and 
three six-Jine-oattern for Fł,P. 
Implantation was carried out on a research implanter, implan¬ 
tation conditions are given in Table 1. The MBssbau*r aeasure-
ments were described in 121. 

Table 1: Paraaeters for Phosphorus; laplantation in Iron 

Samp)e 

PI 
P£ 
P3 
Pu 
PS 
P6 

Dose 
in e«ra 

1 . 1 0 " 
5 • 10'' 
1 • 1 0 " 
5 » 1 0 " 
1 • 1 0 " 
5 • 1 0 " 

Energy 
in keV 

50 
50 . 

100 
100 
200 
200 

Current 
densi ty 
in uA/cm'J 

6 
4 
U 
5 
5 
5 

Vacuum 
in Pa 

~ 10-• 
- 10-* 
< 10-* 
< 10-* 
<. 1 0 " 
< 10-' 

Fig. 1 shows the MBssbauer spectra of the phosphorus iaplantcd 
iron samples. All spectra contain the six-Iine-pattern of alpha-
iron. Its portion lies between 100 % , or sample Pi and «7 * for 
sample Pt, and the line width are remarkable creater than that 
obtained at standard alpha-iron. 
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In samcie f-3 Fe, P could 
be detected whereas the 
highly implanted 
s a m d e s P2, P<». and P6 
contain Fe,P. The lines 
of the two quaarupole 
doublets are very 
broad. In the spectrum 
ot sample PS a further 
magnetic component with 
a magnetic field of 
about 20.2 Tesla was 
f ound. 
To study the crvstalli-
zati on ef fects a I 1 
samples were annealed 
in a vacuum furnace lor 
1 h at subsfouently 
Increasing temperatures 
f o I lowed by a quick 
cooling and the riOss-
bauer measurement. The 
pressure duriną 
annealing was i • lii- » 
Pa and lower. 
As an example for the 
highly implanted samp¬ 
les Fig. 2 shows the 
results obtained a^ 
sample P2. Up to «*<S *C 
there is no general 
change in the compo¬ 
nents of the spectra. 
At «*3S *C the lines ot 
Fe»P get narrower and 
at tee *C the spectrum 
is completely trans¬ 
formed. 
Fe,P 
instead 

spectra of formed. 
implanted iron portion begins to 

decrease. 
Amorphous iron-phosphorus alloys are ferromagnetic, their riOsa-
bauer spectra are sextets with very broad lines whose intensity 
properties strongly deverge from that of alpha-iron. The short 
range order of the metallic glasses is similar to the structure 
of Fe 5P C5). Such portions only could be detected in the spectra 
of samples PI. P3. and P5. Samples implanted with 5 • 10*' cm- * 
phosphorus ions behave total otherwise. Besides the alpha-iron 
portion no further magnetic component, that is. no Fe»P could be 
detected but instead of it amorphous portions whose structure bv 
reason of their hyperfine parameters niust be similar to Fe»P. 
Annealing the samples a precipitation of Fe»P takes place. 

Fig. Is MBssbauer 
phosphorus 

The 
is 
of 
At 

portion of 
vanished. 

it F*,P 
700 «C i 

is 
ts 
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Fig. 2: HBssbauer spectra of the annealed caaple P2 
Between ««« -c and 500 «C the Fe,P is converted into FesP. The 
transtornation is all at once without anv coexistence between the 
two rhcspłi i oes. 

[I] C. R. Clavton et at.. In: ion Implantation Metallurgy. Ed. 
by C. M. Preece and J. K. Hirvonen. New York I960, p.65 

iZJ H. Reuther, phys. s Ut. aol. (a) 93 11936) 201 
Co] 0. Kubaschewski. Iron-Binary Phase Diagrams. Berlin 1982 
CA3 S. Rundquist, Ark. Kemi. 2© (1962> 67 
CS] M. EibschOtz et Bl.. J. Fhys. E: Met. Phvs, 1* (1964) 505 
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LOCAL STRUCTURE IS MELT-SPIB1IBG Cu-Fe ALLOTS 

T.J .Panek and G . B a r t o n * 
Institute of Ffiysics i Chemistry of Metals, Silesian Univer¬ 
sity, 4O-OO7 Katowice, Bankowa ia, Poland 
# Adam Opel AG , Russelstieim, FPG 

The Cu-Fe alloys have been extensively investigated and the iron 
atoms in solid solution Cu-Fe, Fe in coherent f.c.c. precipitate 
and on its surface, Fe in the ferromagnetic b.c.c. phase have been 
detected by the use of the Mtissbauer spectroscopy ti)- The cluste¬ 
ring of iron atoms, early stage of y-Fe precipitation and its 
magnetic properties continue to be of interest to studies. 
Fast quenching techniques have proved effective in extending the 
range of supersaturated solutions of Fe in Cu matrix as well as Cu 
in Fe matrix. One from the among of these methods - the ribbon 
spinning techniques (rst) - enable the preparation of alloys in 
amorphous phase or in crystalline one with ultrafine grains and 
new metastable phases in comparison to the alloys produced by the 
conventional method. Although single b.c.c. phase or single f.c.c. 
phase are not extended by rst [2] as much as in sputtered Fe-Cu 
alloys but it is found that samples Cu-Fe up to I5at:< of iron con¬ 
taining significant fraction of Fe in v-Fe can be obtained 
readily on quenching from liquid phase [3] for the magnetic pro¬ 
perties investigation of v-Fe. The character of spin-glass of 
rapidly quenched Cu-Fe alloys is responsible for both isolated Fe 
atoms and the magnetic clusters of iron as was shown in [4] up to 
9atz of Fe in these alloys. 

The mam reason for the present interest in the splat cooling Cu-
Fe is concentrated on the study of iron atom states in these 
alloys with wide range of Fe concentration. 

Cu-Fe alloys containing iron from iwtz to lOOZ with natural 
abundance of Fe were prepared by melt-spinning method in the Tech¬ 
nical University of Clausthal-Zellerfeid (FRG) with the rate of 
cooling about io7K/s. The ribbons of alloys are £ mm width and 
about 35 um thicK. X-ray diffraction measurements confirmed 
that the samples are polycrystalllc materials. The standard Hóss-
bauer spectrometer was used to examine these samples at room tem¬ 
perature (RT). 
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For rst Cu-Fe alloys of sma;; Fe content (to 5atz> the spectra are 
similar to these one for the samples supersaturated in a solid 
state and the Cowley's parameters of short-range atomic ordering 
are close to the values of these parameters for the alloys super¬ 
saturated below the melting point [5]. This suggest that strong 
clustering of iron atoms already takes place in a liquid phase. 
In alloys rich in iron (c>0.09) there is a clearly the three phase 
system : Cu-base - Fe solid solution, a-Fe phase and v-Fe 
phase; as was visible on RT Mossbauer spectra of Cuj.cFec 

where c -- 0.1 to 0.6. These spectra showed similar behaviour with 
A) non-magnetic subspectrum due to combinations of Fe in Cu-Fe so¬ 
lid solution, iron atoms clusters, t-Fe and its surface states 
and B) magnetic subspectrum due to a-Fe phase formation. For 
c:;0.9 only magnetic components (B) were observed. 

32 r [ 
[ f Vi 

3 * 1 - i 

•<4-i 

l...;' 

h -

I Fig. 1 show tht v«lutt c1 tjs 

' :r,*f; i i a funiMcr cf 
foil concintr«tion in 

The viiur cf fittino pro-
cifljr* łrrsr is markee 
for each ooir.t. 

Q>.3 

The measured spectra were fitted using: - a single Lorentzian line 
to represent the v-Fe and the other one to represent Fe atoms 
in Cu-Fe solid solution (Fe monomers), - a doublet to model Fe in 
iron clusters and y-Fe surface states [i,5j, - a two Zeeman's 
sextet with in tens i ty ra t ios Ii,6:I2,5;I3,4 : 3 : E : 1 t o 

fit the magnetic pattern (B) of these spectra. The two Zeemans are 
the smallest number of components which reasonably well describe 
the B subspectra of all Cu-Fe Hossbauer spectra. On the other hand 
it is adequate to the interpretation of the concentrated Au-Fe 
alloy spectra introduced by Gonser et al. [6], assumes the spectra 
to be a superposition of two magnetic hyperfine spectra. This mo-
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del was developed recently by violet et al. [7) and it is based on 
assumptions: l) The Fe atoms reside in T.WO well-defined and dis¬ 
tinct chemical states or environments, one environment will be en¬ 
riched and other depleted relative to c; c-average bulk concentra¬ 
tion of the alloy. There is a distribution of chemical states 
within each of the two environments. 11) The observed magnetic 
hyperfine field (H) depends only on the temperature and the local 
Fe concentration. ill) The variable of the recoiiles fraction for 
the above range of Fe concentration is negligible. 
The obtained magnetic hyperfine field data is presented on Fig. 1. 
The values of first component (Hj) slightly dependence on iron 
concentration (c) agree to relation Hj:32.5(i»O.Oi5cKTJ while 
the second component (Hg) is almost constant up to c:0.6 (H? 
equal about 30.7T) and increase to the value Hg = 3ł 9T for .: 
more than 0.7. This implies that in the Cu rich region the envi¬ 
ronment of the iron atom in a-Fe depends on iron concentration 
in alloys and the local copper atoms concentration is greater than 
solubility limits of Cu in a-Fe near the melting point. 
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THE LOCALISATION OF DISPLACED ATOMS BY BACKSCATTERXNG 

OF PLANAR CHANNELED IONS FOR SMALL DEPTH 

Jerzy Czerbniak, Marek Moneta, Bogdan Pawlowski 

Instytut* of Physics, University of Lodz 

Nowotki 149/153, 9O-236 Lodz 

The backscattering technics (RBS> under channeling condivions 

is often applied for position localisation and evaluation of the 

number of atoms introduced from outside into the crystal lattice 

C13. In the case of pl*nmr channeling characteristic maxima at 

the beginning part of energy spectra are observed, due to the 

oscylatory motion of an ion in the interplanar continous 

potential V(y> C2,33.The ion beam density across the channel 

changes with penetration depth x and tends to statistical 

equilibrium for depth greater than about 100 ntn. There ttrs such 

places in the planar' channel, where atoms introduced from 

outside or shifted from lattice position can not be detected 

through the channeled ion beam or can be detected with greater 

probability in comparison with the case of random direction of 

incident ion beam. The energy loss of channeled ions depends 

upon the number of collisions with electrons and turns out to 

be higher for ions moving close to the crystal plane and lower 

for ions moving near the center of the channel than the average 

energy loss. It is even possible, that atoms placed at the same 

depth under the crystal surface but differently shifted in the 

channel,can cause backscatterig of ion beam in a such way, that 

each gives a component to different maximum of the RBS-energy 

spectrum. In order to investigate such phenomena, th« dynamic 

equation of motion of channeled ion was solved taking into 

account the local electron density across the channel and the 

loss of energy along the ion trajectory. Having the set of 

trajectories y«y<»,y , « ) versus depth or y«y(E,y,j ) versus 
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energy loss y , y - the angle and position of incidence o-f ion 

between the planes/, the ion flux density across the channel Mas 
found and the scattering probability for ions approaching 
crystal atoms was calculated [43.In order to evaluate the 
influence coming from atoms shifted relatively to the plane, 
computations were performed assuming gaussi an type of 
distribution in the region of 10-80 nn from the surface.Typical 
results »re presented below. 
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The shape of calculated depth spectra differs from the shape of 

energy loss spectra. This is the result of the fact, that local 

electron density across the channel is not constant. The great 

deal of interpretation of experimental K'BS data have beer. done 

up to now, assuming constant electron density (linear 

transformation between depth and energy scale).As is seer in 

Fig.l such transformation for small depth is not satisfactory. 

The RPS measurements of planar channeled ions can be performed 

for different crystal planes. The analysis of such data 

accompanied by the method presented above allows one to obtain 

the relative density of shifted atoms of the order of 1-5";, and 

position with the accuracy of the order of thermal vibration 

a<apl j t'.».-k-. This work was supported in part under contract CPBP 

01.09. 
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SYNCHROTRON RADIATION «:.T) liS A!'P'_ 'CATION. 

V.I .?vai';o 

Institute of \olecular Henec ics ,l'SS:'. Acadciy u{ f.c: CJICCS 

Sync'nrotron Radiation (SRt emitted by :ii.gfi energy el'.-cirur. or 

positron storage rings is beco.Tiiivj a popular tool for science 

and industry. This radiation has unique properties, na lv: 

high brightness, spectral coninuity, colli:nacion anti ouj.sc<i 

emission. It is increasingly applied in X-ray .••icroscop'-', che¬ 

mistry, medicine, biolory, material analysis, ccc. 

In nuclear specrroscopy SR makes it possible I;i principle co 

excite any single levoL. V.'iLh jll t iii s one cju scuav noc solc.L 

nuclear scattering but the whole coscaoe ot di s-itite^rat ion ir : 

the excitod scate and neta stable levels. It is ;>ossi!>l<.- to cot>-

duct Moessbauer' s experiments oti Sli beam with .my nuclei pos¬ 

sessing levels suited by the energy and the width. Hero stm:y 

/I/ is known where SR diffraction on Moessbaucr1 s nuclei >;as 

observed at the storage ring "VEPP-3" in Novosibirsk, .inc: tiie 

temporal distribution of the diffracted radiation was :.,casurec. 

In a recent study /2/ a similar experiment was performed and 

the spectral distribution of scattered quanta was measured o;i 

the storage ring "DORIS" in Hamburg. In X-ray topography of 

cristals SR is used in studies devoted to the interaction bet¬ 

ween radiation and atoms, molecules and condensed matter. The 

wide range of SR energies make it possible to cover the whole 

region of typical atonic energies above the laser region. 

A growing part of SR users is made up by biologists. In the 

Institute of Molecular Genetics at iioscow X-ray structural sta— 

dies of biomolecules on SR were initiated in 1973. In 1979 the 

multi-channel (16,000) X-ray diffractometer on the basis of a 

multi-wire proportional shamber was put into operation on stc-

rage ring "VEPP-3" /3/. In the early 80s in I;-iG developed ins¬ 

trumentation for X-ray protein cristallography and for circu¬ 

lar dichroism and fluorescence studies in the region of vacuur; 
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2.5 SeV 

10 ' fO* fOf łO* £, KeV 
Fig. 1 SR spectral distribution for "Siberia11. 

Pig.2 Lay-out of the complex "Siberia": 1-lenseB; 2-bending nagneta;3-RP cavity;4-"Siberia~1"; 5-microtroa;b-Wigglers;7-auperconducting Wig-glers;8-undulators;9-SR beaaa;1O-bi©logical protection;11-SR extraction channel. 
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П.'р.нг t m. nt of Experimental Phvsics. Institute of Physics. 
1 t,ur ir-.-'k lodowska University. 20-031 Lublin. Poland 

INFLUENCE: OF HIGH PRESSURE ON THE HYPERFINE INTERACTION 
PARAMETERS IN LAVES PHASE COMPOUNDS . CYQ 0НГ П Y >FE2 

AND CZrQ gHf 0 1>Fe2. 

The influence of pressure on the hvperfine interaction 
(iiramel'-rs has been studied for some vears bul it still is little 
kn.̂ wn. Por s.jdie ye.irs the inl.er.sive and comprehensive studies 
• ! I.pv.'s phase compounds RFen lwhere Я is the rare earth element) 
i. I\I- IJ.I'D performed. Hyperfine interactions in these compounds 
i. iw bet. n i n\ est igated. including the dependence of interaction 
I'lr.inn'tiis on the distance between ions and so-called "lantanic 
squeezing" 111. 

The samples оГ CYQ <jHfn Ł>Fe 2 and tZrQ О
н г о 1>F'e2 were 

obtained by melting the stoichiometric quantities of initial 
components in the induction or arc furnace in the inert gas 
atmosphere.The annealing of samples in vacuum C10~ ТгЗ at 
temperature 1-"30K for 200 hours has been carried out to increase or 
to reconstruct their homogenity. After they had been exposed for 
100 hours to a neutron flux + =7»10 n/cm sec they were annealed 
once again t.o remove the radiation defects. 

High pressure was produced in Bridgman's anvil pressure 
chamber.The anvils were made from sintered carbide alloy. The 
pressure was measured by means of a tensometer stuck into the 
interior wall of the chamber. 

TDPAC measurements have been performed for C133-482>keV 
cascade in 18lTa (after the (i~ decay of 181Hf>. A standard 
spectrometer bas been used, with BaF2 and NE 111 scintillators 
working with XP 2020 Q photomiltiplier. The time resolution 
was equal to 2 T Q « 0.9 - 1.9 ns. Measurements were perforated for 
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crvstjlline ^.imjilf^. m U h o u i the V X U T I I J I <n. -nc-tic field. 

It. hJ.s tie-c-ii assumed that, the nu.-is u red hyperfine 

d is the sum ol tti<? tields oi-ifin.jt.in; from core pol-u- nation 

J and irunduct-ion ulectrnns p c l a n ^ l i c n < Bhf > : 

H -M C P + P C E P 

8hr"HhJ *Ehf 

The hyperriO"5 field B. . connected with thr cor*; 

nzalion is of t'xchang-e inti.Tact.ion origin. It is antiparallel 

Lo the magnetic .-nonie-nt j c t u i r on t.h*? atom. The UC.- contribution is 
proportioii.il to the nwjneLic moment localized near the 

r Tal.infe into account the results of (2,3) ono can estimate 

the contribution of both components to B. ,. on t-h* Ta nuclei at room 

temperature: B,('J, ̂  +1.0 T .and Bj^r i -16.2 T in YFe2 and BJJJ, a 

+ 11. i, T and B ^ P i; -17. V T in ZrFoj. 

. Because of lantanic squeezing 111. experienced by 

atoms occupying the K positions, the external pressure leads mainly 

to the decrease of the value of the megnelic moment localized in 
CP this position and consequently to the decrease of B.-. Because of 

CP CEP opposite signs B ^ and B̂ JT and reciprocal relation between the*. 

it leads to the increase of the amplitude of magnetic field 

observed on Ta nuclei (see table II). In the above considerations 
CEP we assumed that Bj^ does not. change with the pressure. or its 

decrease with the pressure growth is considerably smaller than in 

the case of B^.The decrease of Fe magnetic moment does not 

necessarily lead ',o the reduction of fields induced on Ta 

(transferred hyperfine fields).It is true, if this field is 

compensated by the decrease of overlapping of the wavefunctions of 

Fe(3d> - Ta(6s>, like in the case of YFe2 14J. 

On the contrary, the decrease of the localized moments of 

Fe nuclei connected with the increase of the pressure, ceases the 
CP magnetic fiaid reduction C <?lnBh{./<3p <0), because the 8 h f 

contribution is vsry small in this case. 

The difference between values <? In Bhr^<?p measured in R 
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! c r l ( 2 r > a n d Ta i s CJU:><_ 'J p i c t . i l - l s L.\ t h e - ! j c l t l i a t . M u 

iu i is i rum t h e c o r r p c U r izji-ii^r, J'ei "d m n s -art iht-

s1. in ttu. whole periodic UiMc (.ind are equa) Co 7? T 

spin/) Certainly. Ch«? induced localized mofin.Lic moment 

on Ta impuntA atoms w i l l be d i lTere -nt from Łhc- i n t r i n s i c roomen;. o! 

H Z r ) dt.oins in ^ Fc , or 2^^e-, compounds. a s f a r AS i t s value-

l.*̂  nonrtTned. 

T.^blt II 

1 

j .-.imp If 

i l \ HI >Fp 
0 v 0 1 2 

icZr,, „HI"- , >Fe_ O.V 0 1 2 
j ZrPe 2 

Nuclear 
sampler 

1 8 1 Ta 

8 9 Zr 

Bh , IT) 
at. p=O 

- 1 1 . ICl ) 

-2Z. O t l ) 

- 2 1 . 3 C D 

-6 .5C1J 

- 1 2 . 6 < 1 > 

-22 .2C1> 

din IBf)f 1 .'<?p 
t10"1kbaF11 

11 O ( H 

a. 7C3) 

- 4 . 2 C 2 ) 

22 .3<3> 

11.1C3> 

- 7 . 3 C 1 ) 

Temp. 
' k) 

300 

1 . 2 

1 . 2 

300 

4. 2 

1 . 2 

L i t 

M l 

[13 

i l l 

M l 

our experiment. 
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THE BOLt OF eiXT. ANU Plf.Ł i.:.AaU:F.i!F.NTS 
IX CEULuCICAL STUU1LS 

S.Szyuczyi:, J .ue j fosz , Cbutl i icvicz 
I n s t i t u t e of Nuclear tMiysics, ~y\-)h'Ł Krakow, Poland 

INTRODUCTION" 
The HIXE anti flO" /Proton Induced X-ray and Oauma-ray .'mission/ 

net hoes .ire now fairly well developed and the range of tlioir applications 
ie still increasing. In the Institute of Nuclear .'l.vsics /I\'i'/ in Ct'.f-ow 
these techniques have for eleven years !>een v.idely appliod in medicine, 
•icriculture and environmental protection. In these fields the possibil ity 
of analyzing a large number of elements accurutcly und simult rrously by 
PIXF. technique is fully exploited. However, in t.ie last three years tac 
ccol ~ ficul applications increase in number und in the appreciation of t'leir 
value. 1'iie feasibility of P1XE and I'ICE analysis in (roologlcal i.ialnrtul ™ s 
proposed seven yours ago on the 2nd J'IXE Conference in Lund by Carlsson and 
Aksclsson [ I j. In this paper we want to demonstrate the jrreat usefulness 
of these iretiiods in geological studies, on a nuober of practical api'l irations. 
One can stress, that now an explosion of geological studies is observed; 
the old geological conceptions are revised on the basis of newly available 
experimental results /anong others FIXE/ . [ 2 j 

Ł.Xi'_iiI>;...VTAL AK-iAXGELUNT 
Die determination of elenental composition tras mi.tie using Pixr 

technique. A proton beam of 2.6 MeV energy froa a small C-^tii cyclotron ot l.\T 
._ '. v.us focurseci to a dior.eter of 6 ma on the analysed thick targets which have 
'̂  been pressed into pellets / i 10nri/. In the PIXE assembly in IN? e use 

•.̂ . a characteristic technique: the target-chamber with an intermediate air 
* ,ues^ure. Tl:is improvement of P1XC analytical technique was describee! in 

' '. - ref. 3 and tlie method prov. 1 satisfactory and especially useful for the 
V analysis of insulating targets as most of the geological samples. 
4 The TIXE analyse, which are inapplicable to light elements with Z 
;•'t lower than 12, w e supplemented by the PIGE method with higii sensitivity 
i; '• for fi, ", Li anil uediuir. sensitivity for .'ia, V.%, and .VI elencnts. 
*"t I" 
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m i l OF CCLLAB<J:..VfIt'.\ A\t' SVl'JFCTS OF Sil'VY 

Four years ago tve started in col laborat ion vritli ... Przybylowicz, 
a jrcop!ij,bicist frorc t!io Ac.iocay of '.iniug auc i .etal lursy cys teoat ic s tudies 

of j .eolo~ical materials of the serpent in i te rocks from Lower S i l e s i a . 
Interest int. results presented at conferences [4,5] and in journals [4—6j 
stimulated seve ia l laboratories from tlie Geological and i . ineralogical 
1-epartiaents to extend t h e i r inves t igat ions by FIXl̂  ami HIGH laettiods. Then 
we liavc receivcu the Uolociites from Upper S i l e s i a delivered by S . ś l i w i ń s . i i , 
the :..-,olin£ :'ioc Lower S i l e s i a by P..-yszoinirski, the samples of natural 
s:tlt by A.iwi.jtei;, gr; init ies unc. g-neissee from the Sudeten and Lover o i l c s i a 
by i, .i.l inas-Aujrust / .roc ław Univers i ty / , zinc ores by a Geological Tir,; i;; 
..rak>'\. All tliese fitndic? end tlioir r e s u l t s wi l l be aifciifsod in sjieci.il 
;i.i»ii jcat ious nnn reports i:i topical 1 it.ornturc. )ler<-' sonc i l l u s t r a t i v e 
ON ..nplve r i l l be presented nnu sonic mul.jiodologicul questions of ia torcs t 
i:i geological s tudict d i scussed . 

The runge of concentration values obtained in i'lXK nuulysis i s sliowti 
in Table I : column 2 for ~jH represent i n i t e rocus in the Sudeten fort-land 
b\ ..Przybylowicz /AGH KrnUów/; colucui 3 for 27 granit ieE and jrncisses, 
co l l ec ted in the iovor b i l o s i a by i. ...1 itnus-August /Univers i ty in ' .roclaw/. 

Elo.-.on; 

1 

Si •,. 
S 

Cl 

I. 
Ca 
Sc 
Ti 
Cr 
Kn 
Ke c-

-Ni 
Cu 
Zn 

':am:e of contents /ppm/ 
^orpoatinities Granites 

and 
gneisses 

2 

13,1-22,0 
170-2700 

00-020 

-iO-135 
2:.'00-11900 

27-730 
o30-2C20 

;o-2ióo 
3 , 6 - 1 ^ , Ł 

1200-j'iOO 
2 det.7,5{320 
12-+20 

100-5o000 
3iJ0-u90 
0,2-1b0^0 
6-2S00 
6-17000 

0,014-21 
19d*t.10-300 

o,y-i35o 
1.1-990 

Eilenunt 

1 

Ga 
\s 
Se 

Dr 
Kb 
Sr 
Y 
Zr 
JCb 

AE 
Cs 
Ce 
Fb 

l.aiî e of contents /p;;w/ 
bcrpentinities oranitcs 

and 
gneisses 

2 3 
Sing.Uet .•*<> 

n 

4 det.1.6-2.3 

1,2-9,7 
1,2-77 
2,2-27,4 
3,3-26,4 

4-40 
Sing.act.17 

-
-
-

1.7-300 

I7det.4,1-450 
Sinf.cct.2,2 

3 Łct.1.3-
3,4 

O.G-150 
2,6-d300 

49-Ć900 
1,3-63 
30-10100 

-

£tlet.cal500 
sin^.det.U.O 
" 20000 
4.7-200 
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An X-rays spectrun from r'IXE analysis of kaolino sample is shown in Fiy.l. 

It is a typical spectrum but witli an unexpected content of elements 6ucli as 

Au /4b,9 ppu/ and Ga /1^,u ppm/. 

i'his is a good illustration of the findings thnt can be offeree! to the 

geologist. It answers the question why the PIXE analyses arc into res*, irg 

from geological point of view. Tlie H X E analysis gives a clear picture of 

macro- and inicro-eleuents present in the saim>le with many of Uieci not 

easily detected by otlicr methods. Indeed our PIXE data obtained for elements 

fib, Sr,- Y, Zr, Pb, Or gave the first geochomical information on their 

abundance in Lownr Silosian serpontinities and thus contribute to our know¬ 

ledge of geochemistry of ultrabasic rocks. 

Channel number 

Fig.1. X-ray /PIXE/ ap'ctrum of kaolin* 
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ilie adv.it.tage that no chemical pretreatmeat is needed increases the versa¬ 

tility of PIXF. results as compared with other methods. 

Of course we don't limit tlic studies to «*1XE analysis; ne only stress hot? 

useful t'.ii."- Lcchnique enn be when included to a complete set of p-oochenical 

mctlious. Valuable conclusions can alto be drawn froc the determined i.itio::io-

^cneity of the ciFtribution of individual elements in the investigated 

;eolo£ical material. 

At t :ic 3rd Conf. on 1'IXL, Heidelberg V)bJ we presented r sinple method 

for tht oter^.iantion of san.ple inhomogeneity ^ " ] • 

flic idea is the following: According to the Gaussian law of error propa-

Cation the resultant standard ueviution Q can be rcETarueo at composed 

of two con'ri juLions from different independent error sources aecorc'iiif to 

the formula 

In order to itiuy the inhomo^encity problem we can consider the sample 

inliocioscneity to be one of the independent error sources contributing 

to G , characterised by (j ., whereas 6 cliaracterises the total contri-
5 1 ft 

but ion from oil other error sources active in the analysis. The quantity 

(j can be determined from a series of independent measurements of the 

elemental concentration carried out with different targets raaiie of the same 

sample, whereas u con be determined from a scries of independent measure-

merits of the same concentration carried out with the same target of the 

sample. In this way an cstinate of (j . has been obtained from two sucL. 

series of measurements for serpentinitc sample from Grochowa /see Table 11/. 

TABLE II. Inhomogeneity of the distribution of 7 elements in serpentinite 

from Grochowa. 

Element Fe Nl Zn Br Bb Sr Pb 

d. * 2-3 13-14 o 15 

Definitely higher inboaogeneity of the Zn and Sb distribution is probably 

connected with the fact that those elements arecoBpoaaats of minerals of 

higher hardness. 
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In the INP tiio netiiod of l i gh t elements ana lys i s :,y / p . p ^ " / reaction 
lias been developed as a tool complementary to P1XE. The so -cu l l ed PIGŁ 
method was success fu l ly tcs tod ond a;-pliod in sore b io log ica l and ue cli cal 
research problems; in part icular tiic f luorine contents in botanic samples 
could be estimated even on 2-3 P!'u l e v e l . The s e n s i t i v i t i e s / d e t e c t i o n 
l i m i t s / for geo log ica l matrices were found to be worse because of higher 
background l e v e l s . Xevcriheless the est imations of F, Li and B by PICK 
r.itii l imi t of detect ion on the leve l of ca 30 P1>M proved to be bet ter than 
in many others methods. 

Up t i l l now a largo divergence of r e s u l t s published for f luoriuc con¬ 
centrat ions in s c r p e n t i n i t i e s rocks tras observed. From our PIGh' ana lys i s 
the re an value for studied serpent i n i t i e s was ZQh- 18 ppm. Tho anip'iibul 
rock from Groc'iowa contains 130 ppm of f luorine and the rod ig iu i t c rocUs 
frooi Jordanów c l ear ly m-ro - 500 ppm. The obtained F concentrations in kn-
o l i n s are from 130 ppm to 3000 pptn| in >\ samples tho traces ol' 0 nnd Li «1«-
nents were found on the l eve l of th« detect ion l imi t /20-jO f<pn/. 

V.'c tiiink that t h i s out l ine g ivos sono idea of iiovr useful tho PIXE 
siethod can be for geolog ica l app l i ca t ions , e s p e c i a l l y when supplemented 
by PIGK measurements. 
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ZX SITCTFMIH - an Inel l icenl T*riu m l Tor a Hossbauer 

2331 SprclroBFlrr in a CAMAC SjrsLen. 

S. loUntpl:; C. Popiel 
,'nsi' !ul( of Physics. Silesia* University Katowice. 

fh« rjiitnm it i c , mul ti-input Mossbauer spectrometer -type 2331, 
operating iii the CAMAC system, i r, Ui?&i ijmul principally for working 
in conjunction with commercially available minicomputers SM-3,SM-4 
Hera etc. This spectrometer can work in system of constant accele¬ 
ration or constant velocity, malting :t possible to conduct four 
simultaneous Mossbauer experiments on two electrodynamic vibrator* 
< G3 > used oit both sides. After an experiment lasting many hours 
or aany days, ensuring adequate statistics, the appropriate Moss¬ 
bauer spectra are recorded in the for* of files in the Memory of 
the Minicomputer operating in conjunction with the spectrometer. 
After completing the experiment these files can he processed nume¬ 
rically on this same minicomputer or transferred to another compu¬ 
ter for processing. 

The operational system for controlling the experiment that is 
supplied together with the spectrometer has, however, one very se¬ 
rious drawback, during the time of experiment the operational sys¬ 
tem of minicomputer is suspended, in this way making it impossible 
for other users to work with the Minicomputer during the 
experiment ( this is particular importance when using in this set 
the SM-4 minicomputer with a broad configuration >. 

Hence it became necessary to develop the set described below 
since during prolonged experiments no other person could mak* use 
of the large SM-4 con-figuration, and conversely, during calcula¬ 
tions it was impossible to perform Mossbauer measurements. 

Modification to the original set was aimed at providing for 
the microcomputer ZX SPECTRUH to take over the performing of all 
the possible tasks which were envisaged for the SH-4 mlnicomputnr 
in the original set ( Fig.t ). For this purpose an interface was 
designed by means of which the ZX SPECTRUM communicates with the 
Mossbauer spectrometer. In such set this communication is achieved 
via a standard 698/1 MulLi sealer Adaptor , but the ZX SPECTRUM 
has no communication with the main line of the CAMAC system. 
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-SPECTRUM 
INTELLIGENT TERMINAL for 2331 MOSSBAUER SPECT. 

G a -

ZX-SPECTRUM 

1. 

r t t > . i 
• lock d i « g n » of t J CPCCTIVH •Roitbiutr i rec Ironr U i Jol* 

«^ii ivlion tyslf • 411 t o n n e c U o n i f • r (t ini«i m o n of 4«t« 
f roi/lo ** no ry of nvcioconpulrr io/f ro» different rt ri f h t r « U 
* * e fivvtt on this 4i •iron 

4 
Apart front the systems ensuring communication between the 

ZX SPECTRUM and the spectrometer the interface is additionally 
equipped with mn B-bit, parallel IN/OUT port for transmission with 
acknowledgement. 

When modified in this way the Mossbauer spectrometer set, simi­
larly as the set with a minicomputer, has the option of simultane­
ous performance of a maximum of four Mossbauer experiments in four 
paths ( At, AS, Bl, BS > each with 256 or S12 channels. The capa-

32 city of each channel is 2 - 1 and the first channel in paths Al 
and Bl is used to count the number of cycles of the vibrators du­
ring measurement. 

When the 669/1 Waveform Generator with four different working 
frequencies is used, then selecting the two highest frequencies 
and number of channels in the path as S12, it is possible to C M — 
ry out simultaneously only two experiments, which is governed by 
the time of duration of one work cycle of the microprocessor in 
the ZX SPECTRUM. For other combinations of vibrator frequency and 
number of channels,four Hossbauer experiments can be performed si­
multaneously. 

The programme controlling the ZX SPECTKIIH operation during the 
experiment was written in assembler and partly in ZX Basic. Due to 
this programme, during the course of the experiment,after the spe-

311 



cific number of cycles of the vibrator, as selected by the opera¬ 
tor, data collection is discontinued and in a short time the col¬ 
lected spectra *rm displayed graphically on the TV-monitor, after 
which data collection is restarted. The spectra obtained in this 
way on the TV-monitor persist until the new display cycle. Thanks 
to this programme, after the end of experiment the spectra stored 
in ZX SPECTRUM memory can to be transferred to a standard, peri¬ 
pheral equipment item, i.e. to a tape recorder ( in the form of a 
file ) or on a printer plus TV-monitor < in graphical form >. In 
Fig.2a,b the copies of the pictures from TV-mo i tor, obtained on 
small printer GP-50, after two different experi ents are presented 

v 
> 

I, - 1 . - I - V w 

« a* i . sot, 

ri g. 8a Tiff. 3b 
C o p i e s o f t h e T T - m o n i t o r i c n t i a f t e r t w o H o c s V a i 

o - I wo s o u r c e * , t w o v i k t t U r t w i t h d i f f e r e n t 
t w o i i f f e r e n l i W o t k t r i 

V - » n » l e t i c i , o n e v i k r t t c t « « « o n e • V i e r V c r . 

>ts. 
vetoci li I I 

Due to this additional 8-bit IN/OUT port, spectra stored in 
the memory can be transferred to additional output equipment, 
e.g. a paper tape perforator. There is also the option of two-way 
communication with the Hungarian NTA-IO84 analyzer, making it pos¬ 
sible to display the spectra in graphical fora on its XY-plotter 
and other analyzer's peripherial equipments. 

In Fig.3 the picture,obtained by XY-plotter for the spectra 
transferred from ZX SPECTRUM to NTA-tOS* analyzer, is presented. 
When using suitable software the additional IN/OUT port may also 
be used as a "Centronics" type connection. 

The Mossbauer spectrometer with this ZX SPECTRUM microcomputer 
has been in use for more than six month and to date only one draw¬ 
back has been observed. As the ZX Power Supply is highly sensiti¬ 
ve to network voltage f ctuations it can happen that microcom¬ 
puter operation is susp< ed and thus the spectra stored in the 

312 



—-I 

> -

Z 
Ul 

U l 

U l 

995 
9̂ 0 

tMh, 

99 

96 

97. 
•ML 

99 

96 

i 

V . 

\¥ 

99 

•96 

97 

y 
t ; 

I *." 

*• 
• 
i 

r 
Q30 

3 s 
• 

97 
-96. 
•MM 

•98 

96 
34 
92 

96 
96 
94 

• •MM 

96 

32 

88 

17 • 

'* 

Vi 

[ ' • 
i 

t 

i 

0 +4 «fl -fl -4 0 •* *6 
VELOCITY 

ineinc it- Y H|> I " Hit" « i«t <ił in¬ 
terrupt i on are l o s t . Tina rep¬ 
resents, however, only a small 
percentage of experiments, per¬ 
formed in our laboratory by 
last seven months. 

p i c i w t c o ł • » • « « p « e l f « . 
i n t < w i l h UX S r C C T I V M - t S3I 

H o i s t * * " i f » ( l r « « t t » » e l 
l i t « t f e r r e < \y I l i / O « T « o r l 
H T t - l t l « «« i« l j>««» . t k i ie 
re was r t t a t * i <4 •» >» » 
of t h i s «Fi«ily»tr i » «»• * * r«w-

313 



CLosiua 

given by Gunter Schatz 

r <j tee next pane 

see li»t of participants 

«_ Ohofl.iw.ttf5 
see organizing coraittec 

see below 

wi -I****** 



316 



drawn by Ehud Dafni 

317 



LIST OF PARTICIPANTS 

1. 
2. 
3. 
k. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
1k. 
15-
16. 
17-
18. 
19-
20. 
21. 
22. 
23. 
2«ł. 
25-
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 

M. 
E. 
L. 
H. 
B. 
M. 
J. 
N. 
J. 
M. 
D. 
F. 
J. 
G. 
E. 
E. 
L. 
J. 
E. 
P. 
H. 
M. 
J. 
E. 
J. 
A, 
E. 
E. 
'*. 
R. 
F. 
S. 
J. 

Abd-Elmeguid 
Bauminger 
Bauminger 
Binczycka 
Bogacz 
Budzyński 
Capała 

H. Chau 
Chojcan 
Cholewu 
Cloff 
Constantin 
Czerbniak 
Czjzek 
Dafni 
Danielaen 
De Doncker 
Dróżek 
Dutkiewicz 
Fedczyszyn 
Figiel 
Fin«er 
Frąckowiak 
Garlich 
Gręboaz 
Gustarsaon-Seidel 
Gędłek 
Baas 
Habrowaka 
Hajduk 
Hardeman 
Harria 
Hietanieni 

Bochum 
Jerusalem 
Jerusalem 
Cracow 
Cracow 
Lublin 
Cracow 
Craoow 
Wroclaw 
Craoow 
MOnater 
Bucharest 
Lód 4 
Karlsruhe 
Rehovot 
Aarb.ua 
Leuven 
Craoow 
Craoow 
Wroclaw 
Cracow 
Dubna 
Katowice 
Craoow 
Craoow 
Uppsala 
Cracow 
Berlin H. 
Katowice 
Cracow 
Leuven 
Uppsala 
Helainki 

318 

http://Aarb.ua


34. 
35-
36. 
37-
38. 
39. 
40. 
ki. 
ku. 
43. 
kk. 
k5. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55-
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 

A. 
Z. 
E. 
K. 
J. 
Cz 
G. 
W. 
R. 
J. 
J. 
J. 
K. 
K. 
D. 
M. 
G. 
J. 
K. 
U. 
L. 
H. 
K. 
M. 
G. 
M. 
A. 
H. 
B. 
s. 
M. 
A. 
T. 
A. 
Б. 
W. 
J. 

Hrynkiewloz 
Inelot 
Japa 
Jonę a 
Kajfosz 

. Kapusta 
KemerInk 
Keune 
Kmieć 
Komraus 
Kowalski 
Kraczka 
Krop 
Króla» 
Kulgawczuk 
Lach 
Langouche 
Lekki 

P. Lieb 
Lieb 
Liszkay 
Lizurej 
Latka 
Maiki 
Marest 
Marszałek 
Mayer 
Mebner 
Mikołajczak 
Nagal 
Niewiara 
Oziernoj 
Panek 
Polaczek 
Popiel 
Potze1 
Przewoźnik 

Cracow 
Cracow 
Cracow 
Drookhaven 
Cracow 
Cracow 
Cronlngen 
Duisburg 
Cracow 
Katowice 
Craoow 
Cracow 
Craoo*.' 
Craoow 
Cracow 
Craoow 
Leuven 
Craoow 
Gettingen 
G6ttingen 
Budapest 
Craoow 
Craoow 
Strasbourg 
Lyon 
Craoow 
Uppsala 
Dresden 
Lublin 
Marburg 
Craoow 
Alma Ata 
Katowioe 
Warsaw 
Katowice 
Mflnchen 
Cracow 



71. 
72. 
73. 
71*. 
75-
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
8k. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
9*». 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 

D. 
11. 
M # 

M. 
J. 
C. 
t' 

z# 
c. 
J. 
M. 
M. 
J. 
M. 
K. 
S. 
L. 
K. 
M. 
S. 
J. 
It. 
R. 
A. 
A. 
B. 
P. 
T. 
W. 
•W. 
J. 
J. 

Rajko 
Reuther 
Rote 
Rybicka 
!'. Sanchez 
Schatz 
Sonderjyaard 
Stachura 
Stan-Sion 
Stanak 
Subotowlcz 
Sudnik 
Szlanta 
Szuszklewioz 
Szymański 
Szymczyk 
Trache 
Tomala 
Tuszyński 
Unterrioker 
Urban 
Vianden 
Wasiewicz 
WeidInger 
Woch 
Wodniacka 
Wodniacki 
Zaleski 
Zarek 
Zych 
Żukrowakl 
Zuravicz 

Moscow 
Dresden 
Leuven 
Cracow 
Strasbourg 
Konstanz 
.4a rbus 
Cracov 
Oucharest 
Cracow 
Lublin 
Cracow 
Radon 
Wroclaw 
Dialystok 
Cracow 
Bucharest 
Cracow 
Ka towice 
Freiberg 
Craoow 
Bonn 
Lublin 
Konstanz 
Craoow 
Craoow 
Cracow 
Craoow 
Katowice 
Warsaw 
Cracow 
Lublin 

320 


