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IMPURITY-DEFECT INTERACTION
INMETALS

R UVtanden

Institue fir Strahien- und Kernphrsik der Universitie Bonn, Bonn. FRG

Abstract:

The interaction of substltutional impurities with interstitially migrating impurities
is studied by use of the ¥ - y time differential perturbed angular correfation
technique {TDPAC). In aluminium, copper and gold it is observed that the implan
tation of different rare gases (He, Ne, Ar, Kr, Xe) as well a5 nitrogen leads to
identical quadrupole interaction frequencies at the site of the """In probe atoms.
In view of the very different sizes of the gas atoms the results could only he
explained by assuming that the gas implantation |nititates the growth of large
cavities at the In atcms and the observed EFG is due to In situated at the inner

surface of these cavities.
In the bce metals Nb and Ta the interaction of dilute Hf with interstitiaily dissol:

ved oxygen i5 Investigated using the !8'Hf anguiar correlation probe. In N it is
found thet the Lrapping of oxygen at the probe causes a quadrupoie interaction
frequency of vq © 268{1) MHz with an asymmetry parameter n = 0.68(1). Between
17 K and 293 K the temperature dependence of vy is very weak whereas # varies
considerably. In both host metals the orientation of the three principal axes of
the EFG tensor is determined to be : V. paralle! to the <1103, V., to the <100>
and ¥__ to the (110> direction of the bee 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 substitutional probe stom
and the covalent bonds between the prebe and the oxygen lead to e localization
of charge near the probe atom.



1. Introduction

After the enormous success of the so-called nuclem methcds (TDAPC, ME; in
the investigation of intrinsic defects in mectals (Ple82, Bod8S, Siefib) it seems only
natural that this methad is elso applied to the problems of the interaction between
interstitial and substitutional defects. Interstitial impurities in metals are known
to cause severe changes in their propertics

Helium which can be introduced into metals by nuclear transmutation processes
or direct implantation of z-particies leads to a loss of ductility. swelling and
duninished crack resistance. These phenomena are of great importance ror the
d- swn and operation of components in the fission/fusion energy technology.
lNydrogen can cause equally unwelcome modifications of materials properties. On
the other hard the interstitial solution of hydrogen in metals or alloys is a promis-

i cancept for hvdrogen storage and therefore attracts considerable interest
farst TDPAC studies in this field heve been carried out on He in copper ( Ple8d,
Deifitt and e g on C in Pr (Put82 L H in niobium (Rud34, W85} snd O In sitver

ared wald Wod82, PasBl, Pas85).

In the following | will report on recent experiments where the effects of implanted
He. Ne, Ar, Kr and Xe as well as N on the Mn impurity in copper. aluminium
and gold were studied. The results shed ncw light on the influence of interstitiai
guses and substitutional impuritlies on the cavity formation in metals.

In Nb and Ta the trapping of oxygen by '®Hf atoms was observed and a new
madel for the interpretation of the data wil]l be presented Wre6}.

{I. Experimental Detalls

a} The ¥ - y TDPAC rechnigue

The v - ¥ 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 V. and the asymmetry parameter n = { V__ - Vn‘ )/ ¥ _ and the nuclear
quadrupole moment () 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 colncidence
spectra for 90° and 180° with a set-up of four 51 mm x 51 mm CsF detectors,
mounted in & plane around the sample. Energy and time information was derived
from the anode signals of the photomultipliers by use of window constant fraction

discriminetors. The time resolution of the set-up was typically 1.2 nsec {FWHM)




for the energies of the cascades invoived. From the coincik .ence counting rates
W, @t (8 = 90° , 140° 1k = number of detector) the standard 4 - detector

asymmetry ratio (Are80);

wiso’y - w9 ()
W80 %) + 26W(90 %)

Rit) = 2e

with WI180%¢) = {W,,(180%¢) » W,,{180°t N2 and W(90%¢) = (W,,(90°¢} »
W;J‘?O“.t)i"z was evaluated. It is proportional to Ajy + Git), where Ajs is the
lowest order directional correlation coefficient of the v — v cascade and Git)
contains the information about the quadrupole interaction. The lofluence of terms
of higher order than A,, can be neglected in the case of "!ln and is taken into
account in Git) in the case of "HF. The data were analyzed assuming a theoretical
perturbation function of the form:
a
Git) =an(r|}' cos el alsvg o t ), {21

n=0

g F e Q Vy/h is the quadrupole intersction { QI } frequency. c,in) are weli
known functions of 7. For polycrystalline samples with randomly orientad EFG's
the 5, (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 s depend
additionally on the orientation of the EFG system, represented by its principal
axes V.. Voo o Vi (V0 2 IV 12 [V ) with respect to the ¥ - ray detectors.
From the changes in the perturbation patterns for different alignments of the
detectors along the main crystal axes { e.g. <t00)>, 110> and <I11>) one can thus
derive the orientation of the EFG's principal axes relative to the crystallographic
axes. A detailed description of the method has been given by Wegener (Weg85) .

The radicactive isotopes used in the experiments were "in and '8Hf. "Yn decays
with a half-life of 2.6d to UCd where a 172 - 247 keV 7 - ¥ cascade is emitted,

The spin of the intermediate atate i5 5/2 * , the haif-life 84 nsec and the quadru-
pole moment Q = 0.83(13} b. In 92Hf the intermediate level has the same spin,
the half-life is 10.5 nsec, the quadrupole moment 2.53{10)b and the cascade ener-

gies are 133 -~ 482 keY.
b) Sample preparation

Folls of the fcc metals Al, Cu and Au were implanted at the Bonn isotope separa-
tor with 80 keY !n with typical doses of 2 - 4 » 10" at/cm?. After enncaling
the samples under vacuum (p « 10 ~? kPa) for 10 min at 523 K the ges Implantation



was carried out at room
temperature, Here the dose
was ? « 10 1% at/cm? and the
implantation energy WhS
spprapriately ta
create good overlap between
the In probe ions and the
post'mplanted gas (Fig. 1}
For the EFG

measurement a Cu

chosen

orientation
single
crystal was implanted in a
tilted position in order to
avand  channeling  of  the
mdium or gas ions. The
isochronous annpealing steps
were carfied out in vacuum
with a holding time of 10
min.

In the case of '®'Hf the
polycrysialline samples were
electron gun
melting neutron activated
natural Hf with 99.99% purity
Nb  under
conditions. The Hf-concentra-
tion was lower than 0.1 atX.
The EFG orientation measu-
rements were carried out
with a 'Hf implanted Nb
and Ta single crystals which
were annesled in an UHV
chamber at pressures between
2+107'° and 10°® KkPa. For
measurements below

prepared by

similar vacuumn

room
temperature a closed cycle
helium refrigeration aystem
was used.

Konzentration [a.u.)

In
80 keV
5
Xe
80keV
— Kr
S B0 keV
Ar
25keV
Sk Ne
18 keV
Cu
SSkeV
5 N
13keV

100 200 300

- | 1 ok
100 300 500 700
RIA]

Fig. 1 Implantation energies and estimated

range distributions for different
implants In copper



IN. Experiments and Resuits
a) Rare Gas — Indlum Interaction in foc Metala

After the preparation of In and rare gas implanted samples as described above
TDPAC spectra were recorded after each annealing atep with the 4-detector
set-up. The experimental azymmetry 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 sccount five different fractions:

3

3
Rit)= Agp(fo+ 2. Fy v D suln) s coslcpln)e g ethe
=1 n=0

3
expl-c{n) vuge5,ot) « fg e 3 1, (D)sexp {-n o5, et))
n~0

&
with Zbr,n. (3)
im

Here fy I8 the fraction of probe stoms on unperturbed lattice aites, the f, we the
fractions of probe atoms subjected to quadrupole interactions leading to interac-
tion frequencles v 6 and asymmetry paramster n, with a possible Lorentriwn
distribution of half width et half maximum 3 ; . fg is the fractlon of probe stoms
on sites with only weak EFG's Le. ua = 0 MHz and width 3.

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 pararoeters were kept equal to those
of the following measurements. A fit showed that immediately after the implen-
tation 72X (f, ) of the probe atoms occupied substitutional aites perturbed only
by weak EFGa. The remaining fraction (f,) is subjected to high but nonunique
EFG's caused by different defect configurstions In the Immediste surrcunding of
the In stoms. Upon annealing st T = 373 K & frequency vé = 49.5(7) MHz (n
=0) appears. The corresponding fraction f, reaches » maximum of »10X around
Tonn™ 473 K brfore it vanishes ot T, = 723K

In o similar experiment where the foll = postimplanted with He (Fig. 2a), & new
welldefhledQlfrequencyv’Q = 220(S) MHz (o = 0) appears. Ita fraction f, reaches
¢ maximum of more than 50X eround T = 500 K and decresses slowly to 36X at
Tonn™ 703K The corresponding ssymmetry parameter 1, varied during this proce-
dure between 1, = 0.20 after implantation to 0.08 after annealing &t 703K,

A surprising result was found if instead of He ancther rare gaa like Ne, Ar, Kr or
Xe was postimplented with ali other paremeters kept unchanged In each case
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Fig. 2 TDPAC spectra observed for Win in copper ufter implantation of different
gases and annealing at $23 K.



identical imersction patterns werse ovserved [ Fig. 2b e 1 and the least squares
firs vielded the Qi-frequencies listed in table 1. Isochronous annealing of the
samples led to variations of the fractions f, as shown in fig. 3.

A further experimemt revealed that even the implantation of a non-rare gas like
nitrogen led to the same value of the Q1 frequency (Fig. 2f, Tab. L).

In order to exciude the possibility that these resuits are only due to the postim-
plantation process, ¢.g. causced by the recoil implantation of some surface contami-
nat:an on the Cu foil, & contro! experiment was carvied out by postimpianting Cu.
However, in Lhis case the same rmplanted dose of Cu ions produced only the well
Anown froqdency L n o 49.531) MH: mentioned abave,

A ¢apertmernt inoa Cw sing!t orystal showed that the main component of the
£1'G tensor ¥,, was ariepted along the <110 crystal axis,

. the previous mvestigations of He implanted Cu { PleBO, Deifld) the authors
svplanpe | the Q) fie weney ohiserverd aftor the (e implamation with the formation
sf smalt BHe fitled vacanoy clusters consisung of 2- 3 vacencies and He atoms
trapped ar the sebstrutonad Lodivn peabe. However, the explanation of the
drmgLances of ci abserved freguency as owell as the small but not negligible
tvvrrnetry pordfoeter soand phe mieasured i1 arientation of the maun LFG
Somponent ‘-” remaned unsatisfactopdy

This model fails compietely as an exvplanation of the present results. The atomic
raci of the implanted gases differ considerably [ 0.71 A for Ne to 1.31 A for Xe)
and are cither smalicr or larger than the radius of the host atoms (r oy W7 A
Therefore one would have to assume that £ -3 strongly undersized (Ne) or over-
sized { Xe) atoms can be accomodated in some vacancies adjacent to the In probe
without changing the jocal host lattice relaxation. Since due to its 1/r° dependen-
ce the I:FG at the In site is extremely sensible to small shifts in the surrounding

charge distribution this possibility has to be excluded.

Table I+ Quadrupole interaction parameters after implantation of different gases
and annealing at T_ . The values were obtained from least squares fits to the

data shown in Fig. 2

Implant \;é 1y 5, fay Tenn
{ MHz) [zl (K]
He 22015} 0.13(2) 0.074(%)  54(2) 523
Ne 215(3) 0.16(2) 0.070(5] 50{2v 523
Ar 220{5) 0.1442) 0,05445)  5043) 523
Kr 222(5) 0.13(3 0.0658(6 480 573
Xe 226(6) 0.10{5) g.oa23l 192 623
N 224(5} 0.1382} 0.07D 23.5(8) 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 catalytically in the
formation of a defect complex at the Iln probe atom without contributing to the
EFG. A possible configuration satisfying this conditions would be a larger vacancy
ciuster {cavity} at the probe atom. For Cu it is known that under irradistion and
in the presence of low He concentrations large cavities of octahedral shape bound-
~d by {113} planes are formed (FarB80).

The present experiments now seem to indicate that in pure Cu migrating vacancies
are trapped at |n impurities and form faulted distecation loops. IF He or another
rare gas 15 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}
surface of the cavity. The gas stomis) which enabled the cavity growth will finally
muve frecly in the empty volume without influencing the EFG at the In probe.

In this pwture one can also immediately understand the {111 direction of \'“
sihce on 8 (111 surface one expects the gradient of the electric field to be perpen-

H :[%]
4 —— o Neon
- --~~u Argon
— —a Krypton
, =-=--0 Xenon
40 —--—a Nitrogen
20 /"4“"""‘\ \o
t ,.a‘/: #"_4-‘-‘{)-;\: ' -o}.
' \.
- s » AN
R N
e K :
N 1d | { ] ) >
300 400 S00 600 700 800

Tonn K]

Fig. 3  Fraction of Min probe atoms in copper showing the unique quadrupole
interaction frequency vg after implantation of differemt gases (see in-
set) versus annealing temperatire.

10



dicutar. The gradual reduction of 7, and the slight increase of va with increasing
annealing temperature is due to th growth of the cevity which moves the edges
of the octaeder further away thus reducing the disturbances of the surface EFG.
The cbserved variation of the maxtmum fraction fy {Fig. 1) 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 cbservation of Pleiter ( Ple86) who found in a TDPAC experiment in
Ni that orly a2 small number (1-2} He atoms are needed per In probe to create a
sirnilar defect - EFG can be undersiood.

An independent confirmation of our interpretation comes from o comparison of
the present data to the experimental results of Schatz et al. { Sch86). This group
studied the EFG experienced by isolated 'In atoms evaporated onto clean {1001,
(130) and (M) Cu surfaces. All parameters of the EFG measured for In on a
(111} surfece agree very wel! with our results. Small variations in thr abaclute
value of v q ore attributed to verying strains in the Cu single crystals produced

gl Ri? .
.00 ) -
’ fll\l‘-.‘- Sy PN M,
' \ [ ‘-'-‘ "
6. 08 {| Vv
]
-0.10 i .
41507
0.007 ™ : o
. ! Pt o e
i1 v‘. ¢ v \ i i
: i v ! ! B !
i -o.as.; Vv Y < ‘
N H f
~2od . 0
. 160 £ ane OO aL 2200 o
-8 _
T P . N u.oaf’f\d e N
Wy, \ Y-S LI T
o.054 | 'ﬂvﬁ\f\“\\m ' A Vata Vot Wl O
.o.08 1 :
Cy -0.05 ) t
r V } ;
- - I. H ‘
e -0.10 o
3 RO D ann, ]FJ AL 3STD aan,
T g9 00 ) 53 R 5

Lo

Fig. 4 TDPAC spectra observed for in  Fig. 5 same a5 In figure 4 but for
in goid after implantation of argon and wrgon Implanted sluminium
annealing st the indicated terapersturs.

"



by different methods, Also the temperature dependence of the surface EFG ( SchBs |
and the He indv zd EFG have been found to be identical (PleB6).

In view of these results one notes immediately that helium induced cavity growth
(Far80} and EFG's attributed to helium decorated deiects have also been observed
in severa} other metals (PieBQ, PleB4, Deif3), In gold. the only case where a
corresponding surface EFG was measured (SchBél. also two identical QI frequen-
Ciey Are presem

This prompted us to carry out similar TDPAC experiments in argon impianted
aluminium «and gold foils. Preliminary resuits of these measurements are shown in
Fig. 4 and 5. Indced in both cases the observed frequencies are identical with the
values reported after helium

implantation This encouraging

result makes it probable that Twegs T vt

in the future it will be possible

to study the early stages of

.y n. . .
Ras assisted cavity growth in ' Fay, :.-v
Arous mietaly veas f .\ : .,'. L
j : .
Tk
! g

b} Oxygen - Hafnium Interaction ] Tl v
in Niobium and Tentalum

"

After melting a unique interac-
tion was observed which can
he described by v lQ = 268(1}
MHz and rn=0.68(1}). The
fraction f, | eq. (3)) of probe
nuclei associated with this
frequency varied between 35
and 90X depending on the
vacuum in which the melting
took plac T4 amount of
poobe nucie. 01 unperturbed

or hearly uenperuurbed  lattice
sites {6, +« 0.1 could be
rncreased i heating the sam-
ples in ultra high vacuum (p ¢  Fig. & TDPAC spectra observed for *81Ta in Nb
1079 kPa} at temperatures T 2 at different temperatures indicated above
2000 K. This treatment reduced esch spectrum.

f, to values sround SX.

12



The temperature dependence of the gquadrupole vl
F 3

interaction was measured between |7 K and 293 ey
K. Fig.t shows< three spectra of these measure- ¥y
ments, The data couid be described by & single 27y \'*\
frequency showing only a weak temperature op “h
dependence. but a strong variation in n ( Fig. 7). 268p L ‘-1
The orientation of the principal axes of the EFG S0 00 150 200 <50 200
tensor leadirg to ‘ué was determined in a measu-
rement in a single crystal. After annealing aa "4
decribed above 78% of the probe atoms had gl '
trapped the defect leading to u“Q . TDPAC spectra . ,,e’l
were recorded at room temperature for different A7
alignments of the crystallographic axes relative 0{.0-;‘-.. _,J"J‘f

058

to the detectors. The corresponding asymmetry TS0 200 150 360 255 305"
ratios Ri{t) evaluated as described by Wegner T
{Weg85) are shown in Fig. 8. For an analysis of Fig. 7 Temperature dependence
the data we calculated the s _{(n) for all possible of v:? and r for 1®'Ta in Nb
orientations of the EFG system elong low indexed

crystallographic axes. For the v - v cascade used here it I3 neceasary to take into
account all Ay, .- terms of the perturbation functlon for k\k, s 4 corrected for
the finjte solid angle of the detectors. The s (g} resulting from least squares
fits to the data showed a perfect agreement with the theoretical values for a
10> (V) <100 {Vn } and <1103 (V_.) orientation of the EFG's principal
axis system. Calculations for slightly misaligned EFG systems showed that the
accuracy of the determination of the V__~ axis was better than $°.

Since HF is soluble in Nb and the recoll energy transferred to the nucleus by the
£ -decay to '8'Ta is much smaMer than the minimum displacement energy of a
lattice atom in Nb we can assume that the probe atom Ta occupies s substitu-
tional lattice site. in the present experiments ué 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 & 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 maobility required to explain the
high trapping probability at these temperatures. Due to the low impurity content
aof 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

13



that it consisted nearly comple-
tely of H,0 and traces of H,
and K, Since these gases also
have a high salubility in Nb
they will mainly be considered
in the following.

For the following discussion
it s Important to note that
the trapping of an interstitial
impurity at the probe stom is
completely governed by the
elemental properties cof the
I81Hf parent isotope. However
duc to the extremely fast

Stiectars g, ng s

B e i a
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L1 (L4 0 x “w = -] w E
Oetesvars along )11
¢ md

rearrangement of the electronic ::
surrounding the TDPAC measu- ‘ "/ \
rement following the decay to  ° ™. 1
V8)Ts measures the hyperfine ¢ W T WTTRTTE TR TR g
parameters at the site of the - Detectors aleng « 210,

nucleus of the Ta atom next

to the previously trapped om. |
impurity. From the facts that °*'

in the tempersture range ::

friom 20 to 293 K we observe T W A » ® w = "N“jso:';:

Fig. 8 TDPAC spectra of ®Ta in a Nb single cry-
stal for orlentations Indicated above,

a unique Ql frequency and the
fraction f, remains constant it
can be concluded that the
trapped impurtty does not leave its trapping site within the measuring time of ~
20 usec, However alight shifts of the impurity In its interstitisl cage cannot be
excluded.

For the following reasons we exclude H, C and N as impurities responsible for
the observed QI:

Hytrogen: In similar experiments & trapping of H st room tempersture could hot
be observed ( Men83 ) due to the high mobility of H. At lower temperatures other
QI frequencles were observed possibly due to the formstion of Ta- H complexes
{ Rudd4 ).

Carbon: Annesling 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 s nitrogen atmosphere of p,, ~10~7 kPs did not increase
the fraction of decorated probe atoms as compared to samples annesled under Pn
~ 10710 Py

14



Therefore we conciude that v}, 15 due to the
trapplng 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. (MenB85) that the
same frequency appeared after producing dilute
HIWb alloys under a low pressure oxygen atmos-

phere.
Lattice location experiments have shown that Fig. 9 Possible octahedral sites

oxygen occupies the octahedral interstittal site next to a substitutional Hf
in Nb { Meat?4, Kai78). Adjacent to the Ta probe atom in a bec lattice.

atom ewo sites are possible for the oxygen

atom: the nearest octahedral site {2, } in <100 direction and the second nearest
octahedral site (O, } in <110} direction (Fig. %). In order to estimate the EFG
produced by such trapping configurations we employed a simple point charge
medel ( Z,, = +Se, Z,® ~2e ), which has been reasonably successful in calculating
EFG symmetries | see e.g. Kau?9),

[t can be seen immediately that in this model an oxygen ion on O, leads to a
7100 orientation of the maximum component of the EFG and to an n equal to
zero, 3o that we can exclude this possible trapping site. An oxygen ion on O,
produces a {110>, {1105, {100> orlentation of the principai EFG axes which is also
not in agreement with our results. Furthermore with o = 003 the ssymmetry
parameter is much too small even if one takes Into account the displacement of
the sarrounding Nb atoms caused by the interstitial oxygen (SchBbal.

The simplest configuration which can explaln the crientation and the asymmetry
of the observed EFG consists of two oxygen ions, one at O, and the second near
O, with a Ta-O distance of 1.98 R 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 s gradual bulldup nor
disintegration of the complex is observed az one F
would expect if the conflguration would form by
the successive trapping of atomically diffusing q ol
oxygen. Finally an estimate of the oxygen concen- B ,.@o Gior!
tration in the sample from the partisl pressurea .
of oxygen and water during melting and annealing : .
excludes this possiblity, I!~-G q, o
Since these attempts to explain the experimental

results In a picture where the trapped oxygen la

assumed to be & doubly cherged negative lon Fig. 10 Posltion of the asaumed
failed we zugpest that the covalent coatribution covalent charge clouds g, In
to the tantalum - oxygen bond is reaponsible the (100) plane for '*¥Ts In Nb.

|
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for tne observed properties of the EFG. From the Pauiing electronegativities
{ Paud0} one estimates the covalency of the bond to be ~ 37X. Therefore if the
oxygen is trapped in the O, position ie. 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 q.° -0.37e and q,_,.*° -1.26e, the ionic part, is assum-
ed to be centered on the oxygen ion itself {Fig. 10 ). This configuration explains
well the observed n and orientstion of the EFG compcnents. In this model the
changes in 1 at {ower temperatures would be due to slight displacements of the
additional electron clouds caused by changes In the conduction electron distribu-
tion.

it should be mentioned here that due to the fourfold symmetry of the <1007
axis similar covalent contribution: could not destroy the axial symmetry (n=0}
of an EFG produced by an oxygen jon on the nearest octahedral site O,

The oxgen induced EFG at the sive of '®1Ta in Ta shows very similar propertics,
A quadrupole imteraction frequency of o 580(5) MHz ond an asymmetry parame-
ter of ns0.37{1) is observed at room tcmperature, vg shows n weak and - e
strong temperature dependence and the orientation of the EFG's principal axis
system was determined to be identical to that observed {n Nb.

This simjierity and especially the identical orientation of the FFG's principal axis
syvstem wmakes it probable that also nere the oxygen Is trepprd at the second
nearest neighbour site. Therefere it ia interesting to appiy the charge cloud model
described above to this system. However In this cese one has to consider that
after the f-decay of 12'Hf to *3iTa the probe atoms iz 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 Te atoms surrounding the oxygen in the
{100) ptane {(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 {q_ =-0.37e and the angle o= §1.4° , Fig.
10) found in Nb and simply reduces q_ by a

factor of four a point cherge model calculation e . w

taking into account the now four equivalent ®To
charge ciouds and the known lattice distortions ?2
caused by the oxygen atom one obtains an asym- : c

roetry perameter n =0.34 which s very close to
the experimental value of 0.37,

Cnly the change in the atsolute magnitude of
the EFG Le, the Increaze by about 120X from the
Nb to the Ta system cannot be expleined In this
moda]l and has most probabiy be attributad to Fig. it Position of the charge
changes in the electron distribution around the clouds q_ for 1®'Ta in Ta
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probe which do not change the symmetry but Increase the magnitude of all EFG
components by equal amounts.

IV. Summary

TDPAC studies of the cavity growth in copper. gold and sluminium have shown
that inert gases play an important role In the early stages of cavity formation In
the fcc metals. Additionel investigations and complementary measurements as e.g.
transmission electron microscopy may yicld valuable informstions about the
kinetics of the cavity growth, their wmigration 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 UHY conditions.

In the bec metals Nb and Ta QI frequencies Induced by the trapping of oxygen at
Hf have been observed. The properties of the EFG's {symmetry, orlentation) could
only be explalned In a polnt charge model by asauming that the substitutional
probe stom traps one oxygen stom on the second neareat neighbour octahedral
position. However it iz necessary to take into account the Influence of the cova-
lent contribution to the Tea-O bond which was approximated by assuming two
charge ciouds off the Ta-O Interconnecting line. In this mode] siight changes In
the conduction electron distribution allow also a simple explanation of the obaerv-
ed tempersture dependence of n and the differences between the Nb and Te host.
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HYDROGEN IN METALS: A NEW FIELD FOR PAC™
A, Weldinger

Fakultdt fOr Physik, Universitdt Konstanz,
D 7150 Konstanz, FRG

1. Introduction

The perturbed angular correlation (PAC} technique uses ra-
dtoactive nuclei as local probes in the solid. The nuclel
interact via the magnetic dipole moment with the local magne-
tic fleld and via the electric quadrupcle moment with the
local electlc 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 ¥ rays. The method Las been applied
extensively e.qg. for studies of radiation damage /1,2/.

In this paper a short outline of the PAC technigue and a
review of the application of the methed to¢ metal - hydrogen
systems 1s 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 lnvestigation of hydrogen diffusion at low
temperatures.

2. The PAC Method

The essential part of a perturbed angular correlation
(PAC) experiment is a {- cascade in a radicactive nucleus
with an intermediate state which has a certain, not too short
lifetime T . The two Yy rays are recorded and the time between
their emission is measured (Fig. 1). The detection of the
first y ray (y,) 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 censequence that the second
jray (yz} is emitted anisotropically. If during the iifetime
of the intermediate state the alignment is changed by an
interaction of the nucleus with the leocal fields in the solid,
then the emission characteristics of the second f ray 1is
changed also, This leads to an oscillating colncidence count
rate which reflects the change of the alignment as a functlen
of time. The two detectors are fixed.

The colicldence count rate Ny4.(0.t) of detector 1 and 2 as
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1, Det. | fonmpnrmrslDet. 2
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|
2 Start clock Stop

Fig. 1: ;-»xcascade of a nucleus and schematic reprasenta-
tion of a perturbed angular correlation (PAC) set-
up

a function of time t has the follewing form

N, (8. t) = Ny e /Ty wiB,t) {1

where Ty is the mesn lifetime of the intermediate state and Ng
a normalizing constant. W({b,t) is the time dependent angular
correlation and @ 1s the angle between the two detectors. The
general form /3-5/ of W(C,t) is rather complicated and shall
net be reproduced here. However, ln most practical cases, very
simple expression for W{$,t)} can be used; these will be de-
scribed in the followling:

2.1 guadrupole Interactjion in & Polvecrystalline 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(L,t) = 1 + AyGy(t) Py(cos() (2)

where A, 1s the anisotropy of the angular correlstion and
P,({cos &) is the Legendre polynomlal. The higher order terms
are usually neglected. Thelir contributions are partially in-
cluded in an effective A,-term. Only in experiments with very
high statistics the influance of ths higher order terms can be
detected. The physically interesting quantity G,{t) is glven

by
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The w, are the transition frequencies in the quadrupole split
intermediate state. They are uniquely related te the gqua-
drupole coupling constant

eQv
Yo - -——-E“ (4)

and the asymmetry parameter

9= Vxx Yy (5)

VZZ

where Q is the quadrupole momest of the nuclear state and v,,

are the components of the electric field gradient tensor in

the principal axes frame.The energy splitting of s nuclear
level can be calculated by a diagonalization of the quadrupole
interaction hamiltonian

hV,

= I 2 - I 12 12
H * T Ls:z II+ 1) +7 (I3 ¢ _1'] (6)

Here I, = I, ¥ iI, and I, dencte spin operators and I the spin
gquantum number of the state. For = 0 the fellowing simple

expresslon for the energy splitting is obtained

h¥y

EotM) » qar -

o [3 M2 - 11 + 1}] (1)

where M is the magnetic gquantum number of the spin. The fre-
quencies . in {3J) are given by

By -
W, = -—;rfl (8)

where E;, and E; are the eigenvalues of Hotsne {6}}. The s,
values in (3) “can be calculated /3-5/., Por I = 5/2 angd
:zz 0. they have the following values:

S9p * 0.2 321 = 0,37 322 « 0,29 323 = 0,14 {(9)
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As an example, the PAC spectrum /6/ of 181Ta in tantalum hy-
dride (f-phase) is shown in Fig. 2. Here, oniy the reduced
count rate A,G,(t) 1s displayed. The solid line is s fit to
the data with vQ = 433 MHz, '?- 0.45 from which Vag = 7.64 x
1017 v/em? 1s derived.

0 20 0 %
Time ins)

Fig. 2: PAC spectrum of 161ye _ 18lpg 35 tantalum hydride
at 100 X for H/Ta = 0,43 (ot + P phasa). The 30l1d
line 18 a fit with Yo" 413 MHE, -7- 0.45 /6/

wiMraxyis}

Fig. 3: Fourier transform of the PAC spectrum of Fig. 6.2.
In the insert the quadrupole splitting of the I .
5/2 state i3 shown

The concept of the PAC can be recognized more directly on
the Fourier transform of the PAC apectrum (Fig. 3). The thres
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lines expected for an I ~ 5/2 intermediate state {see insert
of Fig. 3: are clearly seen. The unegual spacings of the lines
indicate directly that w» must be unequal zerc. The intensity
ratic of the three lines“is given by the S, values 1in (3} and
is predicted by theory.

3. Experimental Detalls

3.1 PAC-Sources

18lyr _ 1Bloa (Pig.4 and Tab.1). 18lHf can be easily pro-
duced at a nuclear reactor by the (n.y) reaction from 180yf,
unfortunately, no chemical separation of the active from the
inactive part is possible. Thus. elther 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 < 1077 Pa) in order to avoid oxygen contamination.

1681
‘;‘. ali Vype b2.4d
I’W: 17.8pus
Tyyp=108ns
a2 ¥

31 Ta

Fig. 4: Partial decay scheme of !8lHf. The nuclear proper-
ties which are relevant for the PAC experiment are

summarized in Table 1. .

100pg _ 100gy (rab. 1). 3%0pa can be produced by the nuc-
lear reaction 193Rh (4,5n) 100pg with a deuteron energy of Eu>
50 MaV, A chamical separation of 100539 from Rh is in princi-
pal possible 714/ but, hecause of the inartness of Rk, the
separation ig rather complicated. Therefors, again, the imp-
lantation teachnique with mass separation has to ba applied or
the Rh contamination must be accepted.

ak
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Table 1:

Some properties of nuclear prebes which are often used in perturbed angular correlation
experlmenl:s '1'1/2 is the halflife of the parent nucleus and intermediate state, respec-
tlvely. degsignates the spin and parity, A the magnetic moment in nuclear magnetons
and Q the quadrupcole moment in barng (1b = o028 mz) . The y-v-cascade is characterized
by the energlea of the two v~rays in keV and by the anisotropy coefficients "2 and A4.
The values of Q are from Ref.6.8,9 and the values of A, and A, from Ref, 10-13

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

Probe Parent Intermediate State T-Y-cascade
nucleus /2 Ty /2 " ninm) | g(b) Ey | Eya Ay A,
181, 181,¢ 42.4 4| 10.9 ns | s/2* 1.24 { 2.36 137 | 482 -o.‘zo -0.076
Mieq Wy, 2.8 a| 85 ns | ss2* -0.717 | o.83 171 | 245 | -0.18 | 0.002
100y, 10004 3.6 al| 214 ns | 2° 4.3 | o.07¢ 84 75 0.7 | o
M4 e 15.0 a| 20.5 ns | 3/2* -0.28 | 0.23 353 0 | -0.13 | -
528 %0 | -0.20 | -




Y11y, - 1lleg (Tab.l). 1l%1n can be produced by *1%cd(d, n)
11y or IogAg { . 20) 111tn and is commercially avallable,
i1l17p 35 the most convenient PAC probe provided the metal-
lurgical properties fit to the sample.

59%h - gy (Tab.1j). The Sscurce 99Rh can be produced by the
nuclear reaction 19%mrnp {(d.3in} 99:h or ?%Ru (4d,2n} 5%Rh. The
separation of the radisactive frem 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 1a a
configuration as shown in Fig. §. From each detector a fast
and a slow signal are derived, which are used for timing and
energy selection purposes, respectively. aAfter the fast-slow
coincidence, each detector provides a start as well as a stop
signai. By appropriate combinations a maximum of 12 coinciden-
ce spectra can be obtained.

M I e 22

Sran “—L—r Srop

Fig. S: Pour detector PAC set-up and elactronics

From the coincidence spectra, N;4(0,.t) of 4 detectors,
where @ i= the angle betwean the dotaclors { and j, the follo-
wing ratio is formed (similar expressions for the other combi-

nations):



{10}

Rety = 2 [( lh:,(lao,t).Hzﬂlao,t;)“fl]
3 LY Nj ( 90,E) Nyt 90,t)

This procedure eliminates the exponential decay of the coinci-
dence spectra and even more Important the detector efficlency
since the efficlency of each detector occurs in the numerator
ag well as in the denominator. The experimental ratio R(t)
gives with the approximation A,G,(t) << 1 the physically
interesting guantity A,G,{t) (see (2) and (1)), l.e.

R(E) = A,G,(t) (11)

R(t) is usuvally denoted as experimental PAC spectrum and
is fitted with the theoretical function A,G,(t}. Slnce the
disturbance can be caused by different interactions a more
general form of Ga(t}) than in (3) has to be used. We set

“max —8 T
REEI = 5 e Y 4 coswge (12)
n=0
and
(13

-A
Galt)= ?.fle I‘Rl(t)

Equation (12} has the same form as (3} (n=0 and W _.=0
are included in the summation} but in addition a distribution
of the interactions with reletive width é is included. Here a
Lorentzian distribution is assumed. Each interaction affects a
fraction f; of prcbe atoms (¥f;=1) and may cause a spin lat-
tice relaxation Ai. The Ry(t) in (13) have the form R{t} as
given in (12} but with individual parameters for sach interac-
tion. The distributiaon of interactions causes a dephasing of
the precession with a similar effect on the R{t) spectrum as
the relaxation rate. 1In principle these two processes can be
distinguished since A influences the Sag-term whereas J 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 fleld gradient (efg) at tha probs site. Changes
in the hydride structure are in general connscted with large
¢ 1anaes in the local efg. However, a direct determination of
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the structure is not possible by this method. since the elec-
tric fleld gradient cannot be calculated with sufficlent pre-
cigion in order to be used for structure assignments., There-
fore, model calculations can serve only as a rough gquide for
the discussion.

The data are often compared with predictlions of the point
charge model in which one sssumes, that point charges are lo-
cated at the hydrogen and lattlice atom sites and that the
electric field gradient can be calculated by

2.4 321 .
v '“'K’““E e - - 1) (14)
ZZ 3

LR o T T

and equivalent expressions for the other componants 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 { 14 ) includes all ions around the
probe sxcept the probe itgelf. Sometimes, the screening of the
charyes by conduction electrons is taken inte 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 e:pariments with the nuclear probes 99grn-9%Ru  anc
10054 00zh were performed on polycrystalline P32-H samples
/16/ with hydrogen concentrations between H/Pd = 0.65 and H/PQ
= 0.96. The samples were prepared by alloying the irradiated
target material with PA metal to yield sources containing
approximately 0.2 at.% Ru or Rh, respectively.

. Pure palladium has fcc structure and therefore the elec-
tric field gradient at a substitutional site is zero. The same
iz wvalid also for the PA-H system with H/Pd = 1 since in this
case 8ll octahedral sites are occupied by hydrogen and the
environment of a suhstitutionel probe atom is again cupic.
Experimentally indeed zero or almost zero electric field gra-
dients were observed in these two extreme cases. However, for
intermediates concentrations (0 < H/Pd < 1) the cubic environ-
ment is disturbed since some of the neareat neighbour octahed-
ral sites are unoccupied and a non-gero efg i3 axpected.

Flg.6 shows two representative PAC spectra for H/Pd = (.72
and 0,65, respectively. Prom a statistical point of view
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Fig. 6: PAC spectra of 100pg _ 100pp ang 99sh -
9%9Ru 1n PA-H wlth H/PAd = 0.72 and 0.65, respec-
tively. The experiment was performed at 77 X /16/

approximately 4 of the 6 nearest neighbour octahadral sites
should be occupiad whereas 2 should be vacant on the average.

For the source *90pd, the parent lsotope 1s chemlically equiva-
lent to a matrix atom and therefore has the same hydrogen
environment as a normal matrix atom. If one assumes, that at
77 K the hydrogen environment dees not change after the nuc-
lear conversion from 19%9pd to :00Rrn, 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 R/pd = 0.72).

Experimentally (Pig.é) indeed a disturbance of the angular
correlation 1s observed. Howaver, since thé efg 1is very small,
the repetition peak of the oszillation cannct be obsarved in
the experimental time window and therefore the resolutien |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 thas average
value of the different configurations. The experimental efg is
Vyap = 1.0 X 1017 v/em?. 'Thia value is more than a factor 10
smaller than the one calculated in the peint charge model for
a single hydrogen hole in che first shell. This strong reduc-
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tion indicates a very effective shielding of the proton charge
by the conduction electrons.

The situation is similar for the 99Rh - 9%Ru probe (F1g.6}.
Again, very small efgs were observed. Here, the suthors 716/
extracted two different efgs, which they attributed to a
single hydrogen hole in the first neighbour shell and to more
distant holes, respectlvel; The ccrresponding experimental
values are: V,, = 2.8 X 1017 v/em? and Ve = 1.1 x 1017 vsem2,
respectively. It is intersting to note that v, groduced by a
single hole is considerably larger at the probe Ru tnan at
the probe 100gn  (1f the average value in case of 100ph g
assumed to be representative for a single hole). This diffe-
rence is not understocd at present.

4.2 Tantalum and Niobium Hydrides

The Ta-H system was investigated /17,6/ with the 18lpfr -
181mp, probe for several hydrogen concentrations below H/Ta =
0.43. FPor these concentrations, the Ta-H system is in the
o. + f phase /18/ below approximately 280 K, it then changes to
the o + § phase which ls stable around room temperature and

n
TIME [ns)

Fig. 7:  PAC spectra of 18lyf - 18lqa 4 T4 - H with
H/Ta = 0.43. The structure in the spectrum at 100
K 1s attributed to the p-phase and that in the
spectrum at 290 X to the ¢ ~phasa /6/
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finaily « phase is reached. The } and ¢ phase possess ordered
hydrogen configurations /18/; the structures iere 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 1is
experimentally VQ = 433 MHz, = 0,45 whereas theoretically ¥
= 1157 MH2, = = 0.64 is calculated with Vv,, from the point
charge model and Z = 1 for the hydrogen charges. The rather
large experimental guadrupole interaction indicates that in Ta
the hydrogen charge 1s less completely shielded than in Pd.
The sign of the hydroger charge can not be determined in a PAC
experlment. The ¢ -phase has a much smaller (¥, = 220 MHz) and
almost axially symmetric efg. This result is consistent with
the proposed structure in Ref.20. The o phase is cubic, but a
small disturbance from diffusing hydrogen atoms is observed
(Fig.7}.

The phase diagram of Nb-H /18/ shows at Jow temperatures
several ordered hydrogen phases depending on the H-concentra-
tion. For M/Nb < 0.75 and T < 200 K, Nb-H 1s in the wueE
phase. For the ¢- structure three inequivalent Nb environ-
ments are expected with two, three and four nearest hydrogen
neighbours, respectively. Experimentally /21/ only two diffe-
rent efgs (Vg = 546 MHzZ and Yo =481 MMz both with 1;- 0.65)
were found. This deviation is probably caused by the Tact that
the probe 181y - 18lpa 15 an impurity in Nb and that there-
fore the local structure around the probe atom 15 different
from the pure Nb-H structure. Above 180 X 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 Y - and 5~ phase /18/ indicating thet the local structure
around the probe atom 1S very similar in these two phases.

4.3 Zirconium and Hafnium Hydride

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

The electric quadrupole 1nteractlion at 18lpa 1o fet
ZrH; g7 was studied by RASERA et al. /22/ in the temperature
range from 20 to 588 K. A static, slightly asymmotric electric
quadruypole interaction was found at all tempsraturas. The
static nature of the pattern indicates the absence of signifi-
cant hydrogen diffusion at these temperature= on a time scale
of 100 ns.

DE O. DAMASCENO et. al. /2)/ studied HfH, ., with the PAC
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probe 181lyg 181y, X-ray diffraction ghowed that the system
has fcc atructure at room temperature. However, the PAC spec-
tra were by no means undiaturbed as expected for *he cubic
system. The strong disturbence 1s attributed to hydrogen holes
in the non-stoichiometric composition of HfH; (,. At room
temperature a purely static interaction was found. However,
above 373 K e dynamical bshaviour was reglstersd 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-

L
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Fig. 8: PAC spectra of 181ye 1811y 4p HfV, at different
temperatures and different hydrogen concentrations
a) hydrogen free and T = 300 X (cubic AB, struc-
ture)
b) hydrogen free but at T = 4.3 X (after the
martensitic transition) and
€) H/HEV, = 3.9 and T = 4.3 K 724/
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pounds HfV,, Zev,, Tav,,and Hfgy ¢2rg gV, which,without hydro-
gan, have & cublc Laves phase { C15 } structure. These com-
pounds, except TaV,, undergo & martensitic transition at lower
temperatures. In the cubic Yhase. no electric fleld gradient
is expected if the probe 18lyf-18lry gubstitutes an A atom in
the AB, structure. Experimentally (Fig.ea), a weak disturbance
is found which can be attributed to small inhomogeneities of
the sample. Hydriding does not change the efg much although
the cubjc environment should be destroyed for non-stoichiomet-
ric hydrogen concentrations. This means that, as in the case
of Pd, the protnn 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 (Flg.6cC).
It is also found that the martensitic tramsition is shifted to
higher temperatures 1if hydrogen 1s added.

VUOLLIET et al. /26/ studied the system Hf,Fe for different
nydrogen ccecncentrations between 0 and 4.4 H-stoms per unit
formula. In the non-hydrided sample, 3/4 of the probe atoms
are 1in a cubic environment and 1/4 in 8 nen-cubic environment
as expected for the the structure of Hf,Fe. 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 1is localized only
near one type of Hf.

S. Hydregen Trapping at Impurities and Hydcrogen Piffusion

In this section, systems with very low hydrogen concen-
trations will be considered. The purpose of these experiments
is to study the bepaviour 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
sensitlvity of the probe methods is ideal for these problems.
However, in order to reach the high sensitivity lt is necessa-
ry that hydrogen is trapped at the probe atom.

5.1 Hydrogen Trapping at Interstltial Impurities

The classical case ln this field is hydrogen trapping at
the Llnterstitial lmpu.ities oxygen and nitrogen in v, XNb and
Ta (for a recent paper and survey of the literature sees
Ref.27). As a result of many different expsriments the authors
/31/ propose that the trapped hydrogea i3 in a tunnaling state
between two tetrahedral sitas, which are fourth nearesst neigh-
bours to the interstitjal oxygen or nitrogen atum. N and O are
assumeqd to be at octahedral sites in bcc Hb, Ta and v.
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The 0-H system in Ta was studied by PEICHL et al. /28/
with the PAC probe 18luf - 18lra. Pig.$ shows Pourier trans-
forms of PAC spectra at low temperatures for & Talg gy ond
Tadgy . 901Ho.00p SampPle, ragpesctively. In the upper spsctrum a
single efg ( J lines) withuvo = 588 MHz m = 0.15 1s observed
which 18 attributed to a single oxygen atom trapped at Hf. In
the lower spectrum clearly a different interaction shows up. A
fit yields yg = 560 MHz, % = 0.73. The interaction in the
lower spectrum 1s assigned to an 0 - H pair. The fact that a

l'le k

Ampivihade %)
ot ¥

Hl

-

o 500 L] e 20 2200 00
w (o / o}

Fig. 9: FPourier spectra of 18luf.18lta in Ta. Top:
oxygen atom trapped at 18lyr. Bottom: oxygen-
hydrogen pair trapped at 18lyr

unigque efg 1s observe? clearly demonstrates that only one
hydrogen atom can be trapped by one oxygan atom., This result
was anticipated by other authors /29/. However, the uniqueness
of the efyg also requires that the 0 - H pair has a unique
position with respect to the probe atom. Since the parent
nucleus 18l1Hf i1s attractive for hydrogen (see below) it seems
likely tbat the orientation of the 0-H pair 13 such that
hydrcogen is nearest neighbour to the probe.

The lowsr spectrum in Fig.9 was obtained by quenching the
sample rapidly to low tesmperatures., If the sample was cooled
slowly, only a fraction of the oxygans (spproximately 1/2)
captursd a hydrogen. *“his indicates a competition betwesn
hydrogen precipitation and hydrogen trapping at oxygen. In the
case of deuterium, almost always all oxygen is decorated.
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Fig.10: FPraction of probe atoms in different environments.
fo undisturbed; f;: efg ¥y, (O - H complex); fa:
efg 902 {0 - atom). The concentrations are :
Q/Ta =~ 0.1 at.%, H/Ta = 1 at.%v /28/

Pig.10 shows the fraction of probe atoms sesing an
oxygen or Q-H palr, respectively. At 55 K, the jraction O-H of
the interaction disappears and that of the 0O interaction
increases by approximately the same amount, indicating a con-
version of O-H to O at this Lemperature. Possible explanations
are 1) a8 break-up of the Q-H bond or 2) a rearrangement of the
pxir 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 1in the interaction frequency with respect to
oxygen alone. $ince no change was observed, the explanation i)
seems to be favoured. However, more precise experiments should
be performed.

Similar experiments as described hers were parformed on
the ©O-H and O-D patrs in Rb /30/. The results are comperable
with those of Ta . The conversion of O-H(D) to O occurs in Nb
around 65 K. An lsotope effect az reported in Ref, 28 for Ta
was not found for O-H and Q-D in Nb.

5.2 Hydrogen Trapping at Substitutional Impurities

Until recently, wvery little was known on hydrogan trap-
ping at substitutional impurities. Howaver lately, an increas-
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sing amount of Aata bacame available /31-33/. The PAC method
is particularly suited to study this problem if the probe atom
is the impurity at which hydrogen (s trapped. Since the elec-
tric fleld 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 18lyr tn Ta
734/ 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 ¢ 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 Pou-
rier spectra of this experiment. The data can he decomposed
into two interactions with
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Fig.11: Fourler transforms of PAC spectra for hydrogen and
deuterium charged 131Hfzg samples which weres ra-
pidly immersed from room temperature into ligquid
helium and measured at 4.2 X. The deuterium
charged sample was annealed at 40 X. The concen-
trations were H/Ta = 0.006 and D/Ta = 0.08, res-
pectively. Thebars connect the three frequencies
belonging to & cerctain interaction.
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vQJ. = S80 MHz v« 0.23
and 1
Vg2 T 300 MEz 9x0.8 and  $m10 %

The first interaction is assigned 734,35/ to a trapped single
hydrogen atcm and the second %o two or more trapped H{D) atoms
in  different configurations (because of the distribution of
¥Yas}. The frequencies are very similar for the hydrogen and

suterium charged sample; no significant difference was found
(Fig. 11).

The fact, that rapid cooling is requlired in order to
obtain trappling, indicates that the Hf-H binding i3 rather
weak since 1t cannot prevent precipitation. This behaviour was
studied more explicitly 1'. an annealing experiment /347 in
which the sample was rapidely cooled and then warmed up succe-
sslvely to higher temparatures. It was found that the frac-
tion of disturbed probe atoms goes to zero after anneamling at
around 60 K (with a slight ¢iffsrence for the H- and D-charged
sampla}. The PAC measuremants were alwaysg performed a%t 4 X,
This experiment shows that the Bf-H and Mf-D pairs are stable
up to approximately 60 XK and then dissolve whereby the H(D}
atoms migrate to precipitates.

The positive binding anergy of H(D) to Hf in Ta 15 con-
sistent with the rule /33/ that elements to the left of the
matrix atom in the periodlic table are attractive for hydrogen.
The HfTa system is similar to TiNb (group IV impurity in group
v matrix} feor which alsc a positive binding energy for H-Ti
was found /32/.

S.3 Hydrogen Diffusion at Low Temperatures

The low temperature diffusion of hydrogen is particularly
interesting since large quantum mechanical effects ere predic-
ted. It 13 expected that the classical over-barrier-hopping
mechanism ceases at low tempsratures and that tunneling pro-
cesses take over. At moderately low temperature incoherent
tunneling should be dominant, whereas at very low temperaturas
coherent tunneling or band propagation might show up. (For
recent review articles on this subject ses 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 functicn 740/ for hydrogen diffusion
in Hb and Ta. An extension of these expariments to much lowsr
temperstures 1s not possible since hydrogen precipitates and
forms hydride phases in which hydrogen is immobile at low
temperatures. However, pracipitation can be avoided by trap-
ping hydrogen at impurities. Usually, this prevents also a
measursmant of hydrogen diffusion in the intrinsic systes.
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However, Af the impurity is radiocactive and converts to a
matrix atom. then the ideal case of a single hydrogen atom in
a pure matrix is realized and the diffusion cen be studied.
rhis idea was applied /35/ to 18lHf in Ta. As can be seen
from Pig. 4, 18lHf decays first to an excited state of 1Blpy,
A hydrogen atom trapped at 13lHf is released after the nuclear
conversion and may diffuse sway during the 25.7 s lifatime of
this state or remain at }81Ta depending on 1ts imtrinsic
mobility. The subsequent y- y cascade 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. 1In 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 10 X ., These measure-
ments were completely reversible, i.e. the non-converted 18lu¢
xept their hydrogens whereas the converted ones released them.
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Fig.12: Fractlon of probe atoms which are disturbed by a
hydrogen atom as a function of temperature. The
hydrogen concentration was 0.1 at.%x., 735/

In the analysis it was assumed that hydrogen resides at
tetrahedral sites /41/ and that the probability of return can
be neglected. Then the diffusion coafficient D and the mean
residence time can be determined vy the following formulas

f

-— -:[-9--_ (15)
fo Tt * IH

Te = 4T (16)
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D » —mo- (17)
48 T

where f/f_, 1Is the relative fractlen of the disturbed atoms
normalized to the constant value f, at low temperatures. The
factor 4 in {16) betueen the correlatlon time 7, and the mean
residence time T 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 a, as the lattice con-
stant of Ta.

The results of this analysis are shown in Pig. 13, It can
be seen that the diffusion coefficlents are much larger than
expected form an extrapolation of the published data 740/ with
an Arrhenius function. On the other hand, the data ere well
represented by a T’ temperature dependence as predictsd by the
small polaron hopping theory /42/ for low tempesratures.
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Fig.l13: Diffusioncoefficients D and mean residencetime
for R in Ta in thec-phase. The thick line crepre-
sents the data of Raf, 40, the dashed line is an
extrapolation assuming an Acchenius law. In the
insert the data are pr.sent.ﬂ on a log-log scale.
The sclid line shows a T’ law. 73S/
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& 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
peen developed recently, and that it requires handling of
radicactive 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 impuritles {probe atoms),
cat 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 hydregen
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, 1t is nevertheless important that at least on
one (or several) systems the principal behaviour of hydrogen
diffuslon at lew temperatures can be studied. Experiments in
this connection which are not performed yet, are the investi-
gation of isotope effects and the search for coherent diffu-
slon at very low temperatures. For this later case, the PAC
method is well suited, since a locaiized hydrogen atom finds
ttself after the nuclear conversion in a pure lattice and the
development of the wave function from this initial state can
be studied.

Concerning structure studlies, PAC as all 1local probe
methods is inferior to diffraction measurements. However,
local defects in ordered structures, in particular missing
hydrogen atoms in hvdrides, can be sensitively investigated.
One can also obtaln some information on the electrenic struc-
ture of hydrides via the measured electric field gradient. Ths
method 1is 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 Missbauer spectroscopy and

perturbed angular correlation.

G.J. Kemerink
Laboratorium voor Algemene Natuurkunde and Materials Science Centre,

University of Groningen, The Netherlands

Tellurium implanted and laser annealed silicom was studied using
livgy, Y2-gh, Y2%Te and '?°I-MBasbauer spectroscopy. 1t is concluded that
Te ismainl: incorporated on substitucional sites and that the various
daughters, w'th the exception of Sn, may occur in more than one charge state.
Different charge states are characterized by differcnc isomer shifts and
Debye Waller factors. In che case of I one state is observed that chows
quadrupole interactlon at low temperature that vanishes above &0 K. The dis-
appearance of the splitting is accompanied by a highly anisotropic
recoilless fraction. )

For *''in implanted and laser anneaied silicon two defects with <111>
symmetry are observed. These defects, and a third one with the same <111>
symnetry, are also produced by 2 MeV proton bombardment. They dissappear
arvound 400 K, corresponding to a dissociation emergy of about 1.0 eV, The
defects are asttributed ro the In-vacgncy pair that can either occur in

different charge staces or is decorated with hydrogen.

. 1, Introduction

Basic to the construction of semiconductor devices is the wodification
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 iie 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 Mdssbauer spectroscopy and perturbed
anguliar correlation (PAC) in this field of research is demonstrated for two
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systems studied in recent years in Groningen 1-3. One system is Te implanted Si,
using **®Sn, *?'Sb, '?°Te and '%*I-MBsabauer spectroscopy. The other is '’!In
implanted Si using perturbed angular correlation of the y-¥ cascade in the
tilcd daughter. In both cases the Si is laser annealed after implaniation.
It will be shown that Mbssbauer spectroscopy can reveal specific
properties of deep level states of substitutional iwpurities. For instance,
the effect of a change in charge state affects the electron depaity at the
fucleue 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 symeetry. Using
single crystals, dectailed information can be obtained about dynamical aspects
of relaxation processes ae will be shown for I in Si. Since in all caaes
a parent isotope of the same species, namely Te, vas incorporated im the 5i,
the same impurity gite is involved for all M5esbauar probes. After laser
annealing this is the substitutional site as was deduced from channeling.
Moreover, this site assigmment is ¢onfirmed by the reaults to be presented.
In a cubic nonmagnetic host perturbed angular correlation cam only show
the loweting of the symmetry of the **}Cd probe site. When defects are
involved they often can be flagged with & vnique quadrupole interaction
frequency and, using single crystals, the main axes of the quadrupole
interac: 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 ircadiation, is the In-vacancy pair.

2. Sample preparatiom

The starting material in the investigations was o~ or p- type [loating
zone refined single crystalline silicon with a specific aensitiviry betwean
1 and 20 {iem. The orientation was mainly <100>, in a few cases <1112,

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

was implanted with P or B prior to use,
The radicactive probe atoms 11%(n)Te, 2%Te and 1231 for MSwsbauer

spectroscopy and ' 3 In for PAC, were implanted at an energy of about 110 keV
using the Cromingen isotope separator. 1217 yas introduced by implanting
the short lived *2!¥e, that decays through **'1 to '?Te, at 60 kev

with the ISOLDE Eacility ". Partial decay achemes relevant to the
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Fig. 1. Partial decay schemes of four radicactive Te isotopes used in ths
investigation, with an indication of the characteristic properties
of the lou energy gamms transitions used for M3gsbauer spectros-

copy.

Missbauer work are shown in Fig. 1.

The implanted samples were annealed with & pulsed ruby laserwith a
pulse duration of approximately 30 ns and pulse energy densities of 1.5 -
1.9 J/cm?. This resuits in the melting of a surface layer of about 2500 }
which resolidifies epitaxially, yielding high substitutionality io the
case of Te a5 was first showm by Foti 5. Some of our own channeling and
Rurherford backecattering tesults chat iliustrace this behaviour are shown
in figures 2 and 3 6.

In the case of In implanted Si part of the In is incorporated on letti,
gites while another part (50-701 uoder our condition;) segregates at the
Si-sutface 7-9. 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 10.
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angle of ¥5° with the surface
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Angular dependence of backscatter yield from Te {A) and Si (0) atoms
in a laser anneaied Si crystal implaated with 1.1 x 1013 ac.Te/cmt.
Substitutional fractions derived from minimm yields are

B2t 6% for the <100>, 85 t 6L for the <i10> and 92 % 6X for

the <111> scring.
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3. Results from MOssbauer specttoscopy

3.1, 'Sy impurities in Si

Laser anneazled samples, comtaining 2-4¢ x 1027 at. Te/em?, (including
the 4.7 day *!®™fe activity that decays to ''®Sn through '?%sb) and 2 x 10}°
at. P/em®, 2 x 10*° at. B/em?, or no further doping all yield single line
M3ssbauer spectra. Isomer shifts {S) and line widths () derived from these

spectra are collected in Table 1,

Table 1,

Te-dose B or P dose Si~type Sa) T
(em™*) (em™?) (mm/s) (mm/s)
2x10*? 2x104 4P n' 1.80¢8)  1.12(3)
ax1pt? - {n) L77¢5) 51243
2x10!? 2x10%%p P 1.78(5)  1.11(3)
a) relative to BaSnG; absorber. T = 4.2 K

meas

No differences in § and ' are observed, The [-value is the same as found for
s standard single line source of Ba''®W§n0,. This observation indicates one
unique site of cubic symmetry for the Sn atoms independent of doping. The
isomer shift agrees with that observed eariier for substitutional Sa 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, ?'sh impurities in $i

Samples were implanted at ISOLDE with short lives '?!%e to a dose of
£ 10! ar/em® ', After the decay of '*¥e (39 min) via 21 (2.1 n)
to *?1Te {17 d) the Si-crystals were laser annealed. All spectra consisted

out of a single line {(table 2.) aud & quadrupole split component whose
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intensity varied between & and 20% of the total! absorption area {fig. &).
The isomer shift of the split cowponent amounts to - 0.24(4) mm/s with
respect to GaSh, the splitting le?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 to neutral $Sb, these for the p-type to Sb‘.

From the difference in isomer shifts ic is estimated that the electron den-
sity at the Sb nucleus is 0.7 ao-‘ higher for Sb° than for sb*. Feher
determined from ENDOR measurements a value of 0.2 ao-’ for the donor
electron contact density. These results are not necessarily conflicting
since both methods do not probe the same guantity: MSssbauer spectroscopy
gives the difference im total contact density between a state with and one
without a doner electron, while ENDOR measures the difference in spin-up
and spin—-down contact density of the state with the doner electron.

Electron - electron correlations can affect these quantities in a different

way.
Table 2.

B-dose Si-type s P-dose Si-type s
(cm=1) (mm/s) {em=2) (m/s)
5x10%* p 0.47(5) Sxio*" n' 0.17(5)
1x10'3 v 0.37(3) 2x101° * 0.19(3)
2x10'3 pt 0.41(6) 2x10%% * 0.16(6)
Shift 5 with respect to GaSb. Ty, .. = 4.2 K. Te-dose £ 1x101 Y /emt

Linewidth ' fixed to 3.2 mm/s.

3.3. '?5T¢ impurities in Si

A5 in the previous case, the Te activity (60 day '?°®Te) was implanted
in Si-crystals doped with P or B, yielding n*, p+ and compensated type
silicon after annealing. A higher Te-dose (™ 5x10*"/cm!) vas ctequired because

Lo
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Fig. 5.

Missbauver spectra of the 35.5 keV
gamma line of 12°Te for laser
annealed TeSi measured ot 4.2 K’
with SnTe absorber:

type Si
type Si

*
a. m
b. p+
¢. compensated $i.

-

of the low specific activity.

A. Isomer shifts

In Fig. 5., some of the Missbauer spectra are eshown. Each again consists

AELATIVE TRANSMISSION

Fig. 4.

Méssbhauer spectra of the 37.1 keV
gampa line of '2Sh for laser
annealed TeSi measured at 4.2 K
with GasSh absorber.
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of a aingle line, but now there are differences in isomer ghift. In table 3
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parameters derived from least squares fits of Lotentzian lines to these
spectra are given. Though the line shifts sre 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 wicth only Te gives essentiaily
the same shift as the P-doped c¢rystal. Both are n+-type erystals, as follows

from our Hali-effect measurements.

Table 3.
Te-dose B or P dose Si-type - sa) r
(cm™2) (em™2) (om/s) (mm/s)
sx10" 6x10* P n 0.14(1)  B.6D(4)
5x101Y 2x10' 5B P <0, 13(1) 8.43(4)
exi0** 6x10'*B comp 9.06(1) 9.54()
6x10'" (") 0.16{1)  B.44(4)

a) relative to SnTe absorber, T neas 4.2 K

The result for p+ and n‘-type gilicon can be undergtood by realizing that
different charge states of the Te configuration are formed for Jiffereat
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 bandgap,
at Ec-o.zo eV and EC-O.Q! eV (Ec is the energy of the bottom of the

conduction band) as found by Grimmeis et al. 15 and by Lin at al. ‘6.

In the u‘-type samples (see table 3.), the Fermi level is very close to the
conduction band snd we expect the level at Ec-O.ZO to ba filled, making the
Te meutral. 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 ionited, in agreement
wvith the findings just mentioned amd, in general, with the double donor
character of a group VI element. It is to be noted that the Fermi level and
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the temperature determine the equilibrium charge stacte of an impurity. This
does not imply, however, that this charge statewill be realized during the
short liferime of the Missbauer level. At low dopant concentrations and at
iow temperarures the electrons and holes are localized om the donor and
acceptor atoms, respectively. Trapping of such a chatge carrier by a probe
atom can only occur when it is sufficiently close. This implies that high
doping levels, vhere strong delocalization of carriers occurs, are in
general requirad to emable 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 rime required for trapping a
charge carrier can be writtenm ag 7 = onv, with 0 the trapping cross aectionm,
N the carrier concentration and v » ¢IkT/m® the thermal velocity, Whea we
assume that the electron trapping cross section Y of 3x10° et found for
se'+e ~ 5¢° is a good estimate for the correaponding process in Te, then
1 % &4 ps for the P-doped sample. In this case it is seen that 7 is indeed
short compared te the nuclear lifetime of 1.5 ns.

This discussion also shows that it is probably difficult to measure
te’ in aur experiments since it requires on the one hand that the Fermi level
is between E. =0.41 eV amd E. =0.20 eV and on the other hand a carriet concen-
tration so high that the formation of Te' occurs fast enough. The
Missbauer line sbserved for the compensated crystal is therefore probably
due to the presence of more than one charge state and possibly transitions

berween these states lB.

P-COMCENTRATION [ e¢mY)
g _Jg“ 0 w8

2er0 | THIE! wETALLE  ———— cONOUCTIVITY

ZERD j TRANSITION | COMPLETE a— DELOCALIZATION
| TRANS- INYERACTING
NONE [ inigw | AL DONCRS
o o o e 06
® DOSE! cm1}

Fip. 6.

Some characteristics of hegvily P~doped Si at low temperature {e.g. 4.2 K).
The P-dose corresponding to a given P-concentration has been calculated
assuping an  impurity layer thickness of 2500 A.
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From the differance in isomer shift an increase ap(0)«1..1] a;’) follows

for the contact electron denmsity at Te® relative to Te' : Thus, each electron
contributes about Ga;’. only a small Eraction of the density contributed

by one s—electron (v 60 a;‘) but of the same order of magnitude as observed
for different chemical compounds with Te in the same oxidation state. This
suggests a description of the TeSi, cluster with an H.0.-model, assuming

that only the 53— and Sp-electrons of the Te atom and sp’ hydridized orbitals
on the four tetrahedrally surrounding 5i atoms participate in the bonding.

A possible H.0.-level scheme is given in Fig, 7. In the neutral configuraciom
twvo antibooding orbitals are filled. The cbserved isomer shifcs can be
explained if a 10-20% admixture of the S5s state is present in the A? orbital .
1t must be remarked, however, that the simple M.0.-picture does not account
for the effective mass-like excited states observed by Grimoeis et al. IS'
vho derived a contact density of 2.5 l;‘ for one bound dono_ electrom.

L LM

Ay &y iy

Fip.7.

Possible M.0. energy level schemes for TeSi, clusters in different charge
states. Orbitals indicated by stars are antibonding.

B. Recoilless fractions

The area of a4 M¥ssbaver gbsorption line is proportional to the recoil-
les fraction £(T) of the resonant gamma line, Sinpce it is generally difficult
to calibrate this area directly in terms of f, the dependence of the absorp=
tion area on T is Erequently measured. Assuming validity of the Debye model,
a Debye temperature canh then be determined by fitting the measured aresa vs T
dependence to a Debye model curve, This has been done in Fig. 8. for
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Missbauver spectra of '**Te implanted in p‘r 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, vielding a higher effective Debye
temperature B' = 232(3} K for the Te**-ion than for the Te® atom (&' =

207(3) K}). L[t is interesting to observe such a clear charge dependence of 8'.
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 (nb) and sutibonding orbicals
(nab): in first approximation: U =« (“b-nab)' The impuricy-host force comstant
¥ = =dU/dx and the effective Debye temperature 8' « Y! therefore decreases

with increasing n .
& ab
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3.4, *?%I impurities in Si

Samples of n+. compensated and p+-type silicon, implanted with the 30
d:y 1?5mTe gctivity and suitable concentraticns of B or P dopants and subse-
quently laser anuealed were used as sources for M3asbauer spectroscopy of the
27.8 keV transition in *2°1. The results of measurements at 4.2 K are shown
in Fig. 9. Large differences iv the spectra are found. In all cases there

sh



are at least two components. The isomer shifts of the l:rge componencs are
quite different and a pronounced quadrupole splitting appears for ?°I in
n+-t.ype silicon. The values of the parameters derived from the spectra are
collected in Table 4, Apparentiy, 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 enviromment. We shall discuse the isomer shifc,

quadrupole splitting and recoilless fractior results separately.

Fia - g.

l 12%y MEssbauer spectra of
k differently doped Si single
" ; 3 crystals implanted with '2%0Te
1 \ 7 and subsequently laser annealed.
Absorber Cui2?I, ctemp. 4.2 K.

Top: 2x10'° at.B/em?,

i 2,210 “at Te/co?
Middle: 6x10'“at . B/cnt,
6x10%"at . Te/co®

Bottom: 2x10%at.P/co?,
1,4x10 % at. Te/omd .
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4. Isomer shifts

The isomer shifte of the main spectral components, designated as Sl
for p+-r.ype, 5, for compensated and 53 for n"-r.ype are given in Table &.
It is seen that, just as in the case of '?%Te, the shift iccresses when
going from p+-l:ypc to n+-ty'po silicon, amd to compensated silicon. The
difference in isomer shift between Sl and 52 corresponds to a contact
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Table 4.

Te-dose B or P dose Si-type compo— Sa) QEQ e’

(cm™2) (em™) penc (m/s}  (MHz) (K)

2.2x101%  2x10t58 P s, 0.94(1) 196(3)
Q 1.3(1)  550(20)

6xtol® 6x011"B comp. s, 2.34(1) - 170{3)
Q 1.7(1)  550(.0)

1 * b)

1.4x10"  2x10tvp n S, 2,15¢4) 452(8) bo1ssn®

Q 1.4¢1)  550(20)

a) relative to Cu'?°I absorber; b) at 4.2 K; ¢) see also text,

density increase Ap(0) -6.8(1.0);;‘ that between S, and S, to a decrease of
-1.](2)a;‘. Such a behaviour can beé explained by supposing that the charge
state for iodine impurities in p+-:ype silicon is 1++, for compensated rt
and for n -type I°, As in the case of *?5Te, the shift changes are small
compared to the contribution of on e 53 electron in atomic iodine which
amounts to ﬂp(O)SS ~ 703;’. As in that case we assume a M.0. picture with
electrons filling the antibonding orbitals, the T%* orbital being higher in

2

energy than the a? orbital (Fig. 10.}. The addition of an electron to the

A% orbital {I**+1*) leads to an increase of density because of the partial
s character of this orbital. The next electron {I*+I?)} fills a T* orbiral
which leads to a decrease of the total & 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 demsity 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 ISi Hi2 clusters.
These yield contact density differences Ap(0) = ZOa;’ for 177+1" and
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2o(0) = -Sa;‘ gor I'=1° {using the level filling scheme of Fig. 10.).

Crystals showing components 17" and I+ were recently measured at 4.2 K
in an external Field of 2.7 Tesla. In neither case a magnetic hyperfine field
expecred from a polarized paramaznetic eleccron was observed, This seems to
be conflicting with the interpretation of component il presented above:
either the charge state or the proposed electronic¢ comfiguracion of Fig., 10,

must be incorrect.

a L]

T-; Ty * T3

. A  ; A o &
Lydp by 1y,  ApAgplo t,  Apigie T,
—_—t 1o Ay 3 Ay

Fig. 10.

Possible M.0.-energy level schemes for different charge states of an ISi.
cluster congisting of an iodine atom tetrahedraily surrounded by four
Si-atoms. Only 55 and Sp I-orbicals and sp*~hybridiced Si-orbitals have
been used.

B. Quadrupole split components

In all spectra, a quadrupole split component, designated as Q, ie
coserved, which has a large quadrupole coupling (QEQ=eQsz/h'550 MHz)
Its relative intensity is less than 257 in most cases. The values of S and
aEQ hardly depend on temperarure. It is thoughf that this component is due

to strained regioms in the crvstal where the I-atoms reside in staric

Jahn Teller distorted states.

The component 53 is only found in strongly n type silicon, wvhere the
iodine is supposedly in the neutral state. There, 53 is predominant and
its quadrupole coupling constant, equz/h=452 MHz ar 4,2 K, again indicatas

a considetable distorrion from cubic symmetry, comparable to that of
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component Q, Component 53 has some remarkable properties. In the first
place its quadrupole pattern depends strongly on the temperature of the
source, as shown in Fig. 11. 1t experiences a gradual colliapse to a single
line in che temperature region from 4.2. K to 80 K. Further, the intensity
of this gingle 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 lime
intensity is much higher for gamma-rays ewmitted parallel to the <t11>~axis
than to the <110>-axis. This anisotropy only occurs at source temperatures
where the spectrum has collapsed to a single fine amnd it is not seen for
cowponent ¢. This is demonstrated in Fig., !2, wvhere the iptensity of the
spectral components 53 and @ are given for three different gamma direccions

a. some Cemperatures between 80 K and 200 K,

— ,.,,_..._\\\

- .
”-U.\'., " N ] ':..h - L i el F:-a. 11.

ot - a - 1297 MSegbauer epectra from a

o - laser annealed Si-crystal of o~
S N type for various temperatures.
:m ) - . s Gapma rays emitted along the

i ) <ti1>-axis (laft) or slong the
:-».m_“_\" e W i <110>~axis {right).

P © . R Cu'?®[ absorber kept at 4.2 K.

irnv,k Fon oo ] -H-‘\.S"-*-.

ib-'—-h_:rf-v'ﬂ L [J'—-‘

B ) |3 ¥ T ] L] L] =
LI 1T mmy

& last featyre that is of importance for the interpretation of the observed
phenomena is that the e.f.g. deduced from the quadrupole spectra of 53 is
essentially axially symetric (n N 0) and has a negative sign, This is
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consistent with a trigonal distortion through which the iodine atoms have

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

C. Origin of quadrupole relaxation and anisotropic recoilless fraction

of component 83;

In section 3.4.A. we attributed the spectial coaponent S, to neutral
iodine atome that havée one electrom in the TE wolecular orbital. In contrast
to the AX level this state is orbitally degenerate. Such s stace may emhlibit

2
a Jahn Teller distortion. The most probable distortion of the tetrabedral

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 st increasing temperatures indicates a trangi-
tiont of the Jahn-Teller distortiom fram static to dynmmic, with the ioding
atoms jumping between four possible equivalent sites on the ~“111>—axes

(see Fig, 13B.). The theory of the spectral ahape in the transition region
between slow and fast relaxation is very involved, it was not tried therafors
to fit the experimental spectra in this region to calculated ones. Thme,

only a rough estimate, 20110 nweV, can be given for tlwe activation snergy of

the jump process.

The anisotropy of the recoilless fractien observed at temperatures whare
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the telaxation process is fasg (T 2 B0 can alsoc be attributed to the
jumping of iodine atoms between four equivalent gites. A general theory

of M3sspauer spectra of atoms that diffuse by jumping through a lattice has
first been given bij Singwi and SjSlander 19. For the special case encoun-
terec Here, where the atom jumps between a limited number {N) of different
positions and in the limic of fast relaxation, their expression for the

. 20
recoilless fraction reduces to :

iy, ik.R
. - n
f = £{T).E, = E(T} 'N— z €

n=1

n

Tne "jump Debve-Waller factor™ f_ is the squared sum of the amplitudes of

sonerent emitters on N equivaleni positions, with phases given by i.ﬁn.

t+te k Is the wave vector of the gamwa rays and R the displacement vector of
the iodine acoms, & = QE! is the absolute displacement from the centre of
the tetrahedron. In Fig. 13A. results are shown of calculations of

rJ(f,&) for the jumping process indicated in Fig, 13B., vith K along

che three crvstal axes for which measurements were performed.

Fig, 13,
- t
fia -
&5 a. Jump Debve-Waller factor £y as a
- T POSSIBLE function of I-displacement 2 for
- T 1-SI7E 23k directions of observation of Y=Tays

SN B along the <111, <100> gnd <t10>
; crystal axes. Hatched sreas indicate

<ont ! . experimental values for a_source with
- 2x10 "2¢.P/em? and 1.4x10%‘at.Tefem? .
v ALK
N b, Possible I-sites in a trigonally

. Gt distorred tetrahedroen.

Experimental { vaiues for ome particular sourc: are giver by hatched areas.

S
Ke see that for 4°0.3A good agreement is obtained in the <111> and <100>
direction but that the experimental EJ value for the <110> direction is too

high, 1t must be remarked, however, that different experimencal fJ values
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are found for different cryscals and temperatures, sugg:sting that the podel
represented by Eq. (1} is an oversimplification. The agicement of the model
with experiment is better, however, for a trigonal distortion than for e
tecragonalt one. We can say that the experimental facce can largely be
understood on its basis, assuming A0.25-0.35%, but thac the distortion

may be more complicated than assumed for che model.

D. Charge state dependence of the recpilless fraction

In the same way as for the Te implanted samples discussed under 3.3B.
the recoilless fractions of substitutional iodine and therefore the charace
ceristic temperatures 9' decrease as the antifonding orbitals are filled
(see Table 4.).

4. Resules from perturbed anmgular correlation studies

1809 §n si

Afcer implantation of ''*In, the samples were anmealed by irradiation
with a -swvitched ruby laser with a pulse width of 25 ns and an energy
densicy of 1.6 Jfco® per pulae. It is known =9 chat by this procedure
indium atoms can be introduced at subatitutional lattice positions to
concentrations far beyond the solid solubility limit of 2x10'* ™ 21.

It is also known that a significant number of indium atows segregate at the
surface 7-9. To remove Chem, a layer of about 60 i vas stripped by means of
the anodic oxidacion technique, which caused a losa of implanted radio—
accivity of about 50-70%.

The v-rays emitted in the decay of ‘!'In were measured with a four-
dectector coincidence set-up, each derector consisting of & 30 mm x £ &4 m
Barz scintillation crystal mounted onto a XP2020Q photomulciplier tube,

The achieved time resolutionm, about 700 ps FWMM, makes it possible to

observe Q1 frequencies up to 3 Grad/s.

The experimental! perturbation factor was determined in the scandard
way 2z by calculating a doubie-ratio R(t} Erom the four measuted coincidence
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time spectra. The QI frequencies were derived either from the Fourier trans-
form of R{t}, or by fitting A(t) with a sum of cosine furctions, Fig. 14,
shows a typical result obtained at room temperature from p-type, <10G>
silicon (FZ, 2-5 Qem) with an estimated indium concentration of <3x10% ¢ e,
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,
F 418 and # 433). The same defects were crested by bombarding the sample at
300 K with 2 MeV protons to a dose in the range from 1015-10%® em~2. Under
suitable conditions, however, WM 41B becomes the domipant 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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300 K from laser-annealed p-type
<{00> silicon (FZ, 2=5 Q{cm} with
an estimated indium concentration
of less than Ix101¢ cm™.

b, Fourier transform of R(t).
The three set of modulation
frequencies correspond with the
defects ¥ 328, ¥ 418 and ¥ 432,
respectively,

Each gives rise to an axially eymmetrical EFG tensor with the wain 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 &t a mearest neighbour position.

To imvestigate this further, we studiad samples vith different concentrations
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of group III (B, In) or group V (P, As) eiements. The following results
wvere obtained.

In laser-annealed p~type silicon, # 328 is the dominant defect (for an
indivm concentration of sbout $x10'7 cm™ it may even be the only defect
preaent), whereas the formatiom of # 433 is slightly enhanced in o-type
silicon (Fig. 16.). A similar observation vas made in the case of proton
bombarded p-type sllicon, while in compensated or n~type silicon # 418 is
dominant instead of # 433, One can observe a veverdible transformetion of
# 433 into ¥ 328 by changing the temperature of tha sample, as shown in
Fig. 17. These results prove that the same point defect is involved in tme
formation of ¥ 328, # 518 and ¥ 433,

It should be ooted that the defect is trapped by the radicactive atom
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- ) Fig. 17,

. L Defect fractions for # 128 and
. - - F 433 as a function of sample
Tt -" temperature.
Sample: laser-annealed p-type
<100> silicon {(FZ, 2-5 ficm)
with an estimated indium con-
.. e centration of 5x1016 co™,

dedect Dy b

''11n, whereas the QI is observed on the daughter '*Cd. The electron capture
decay of '''In to '''Cd 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.

Te check whether the defect is one of the common contaminations of
silicon, we co-implanted some samples with either D, C, ¢ or Fe.
Deuterium, implanted at 15 keV to a dose of 1x10%° at/cn® had no influeance
on the fractions of § 328 and # 433. In the other samples, all implanted
to a doge of 3xi10'? atfem?, the above Q1 frequencies were not observed.

The major intrinsic point defect in laser-annealed siliconm is believed
to be the lattice vacancy., Therefore, the defect observed in the PAC experi-
ments is most likely a !!%In atom that has trapped one of these vacancies.
This incerpretation is consistent with the symoetry of the defect complex.
If the complex dissociates in & single-jump process, we can write the
dissociation energy in the form (neglecting entropy factor and the like):
£d - kT In v, By putting the dizsociation temperature T 400 K (see Fig. 15.)
and the attempt frequency v ™ 10'? 5”1 we find Ed > 1.0 eV, which is
similar to the dissociation energy observed for other impurity-vacancy

23-2?. Defect formation by proton bombardment is possible

pairs in eilicon
because the vacancy in each of irs charge states is mobile at room tempera-
ture.

Wichert and Deicher recently found # 328 and § 433 afcer exposure of a

sample to a H-plasma discharge or to boiling water. This might indicate
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that H is involved in these defects, e.g. thac ¢he In~vacancy pair is
decorated with H.

Impurity-vacancy inceractioms in silicen are controlled by Coulomb
forces and, eventually, by the strzin field around the impurity. The latter
will lead to trapping of vacancies that are wichin a certain trappiag
radius. Vacancies migrate as v in p-type siiicon and as v in n-type
silicon 29, vhereas the acceprtor indium will be negatively charged in either
type. Therefore, Coulomb arcraction will enhance the formation of Ie-V im
p-type silicon but not in n~type silicon, in accordance with the resulrs
of the PAC experiments (Fig. 16.). The fact thar no In-V complexes are
formed if the dopant concentration exceeds 10*° cm™ implies that both P and
B impurities act as competitive trapping centres for vacancies at toom
Cemperzture.

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 1x10%? co™@ gare obtained in this way. Assuming that all
vacancies in the melted silicon layer were trapped at the indium atoms and
taking the wideh of this layer to be 2x10% X for the present laser conditiom
conditions 6, we find a lower limit of about 5x10'® cw™* for the vacancy

concentration in laser-anneaied silicon.

Conclusions

Tt was shown that in favourable cases MSsebauer epectroscopy can yield
3 great deal of information on the electronic and lattice dynamical
properties of impuricies in silicon, Differemt charge gtates, with different
bond strength to the host, hgve been identified. For I an intereating
deformation, static at low and dynamic at higher temperatures, could be
studied in comsiderable detail.

With perturbed angular correlation the Io-V defect was identified.
This defect manifests itself in three different configurations. The
difference ia either due to a difference in charge state andfov decevstisa

with hydrogen.
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JON IMPLANTATION OF Te AND I 10KS 1IN St AND GaAs STUDIED BY
MOSSBAUER SPECTROSCOPY, [ON CHANNELING AND HUCLEAR ORIEMTATION

G. Langouche
Instituut voor Kern- en Stralingsfysika, University of Leuven,
Celestijnenlaan 200 0, 8-3030 Leuven, Belgium

1. INTRODUCTION

Hyperfine interaction studies of implanted radicactive atoms fin
semiconductors offer the possibility to study the aicroscopic neigh-
bourhood of these atoms. Studies of this kind are of Ffundamental
interest, as the different mechanisms that determine the fina) site of
an impurity atom (1] are still not Ffully understood. The question
whether there is reajly impact amorphization upon implantation, for
example, is still a matter of disgussion. The technological interest,
on the other hand, in understanding the microscopic configuraticm of
impurity atoms in semiconductors, is 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 Missbauer
Spectroscopy and lon Channeling on the beraviour of Te and I atoms in
semiconductors. The newest results ded) with ioplantations in Gahs,
but a review of the data on implantations in Si will provide the
necessary background.

In recent years the interest in Gaks 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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Chalcogen impurity atoms (S, Se, Te) in GaAs are expected to behave
as donor atoms when they oCCupy substitutTional As sites, However, the
iack of sufficiant electrical activation at higher doping levels is a
puzzling experimental result. [t has stimulated intensive researcn
especially with techniques revealing information on the nature of the
microscopic neighbourhood around the impurily atom such as Extended X-
ray Apsorption Fine Structure (EXAFS) spectroscopy [2-3], lon Chan-
neling and also Mbssbauer Spectroscopy [4-6:

Tellurium is indeed an element that is very well suited for Righ
resolution hyperfine interaction studies: while !25Te iiself is a
Méssbauer isotope (3/2 + 1/2 tramsition of 35 ke¥) that can be studied
directiy in the decay of 125mTe’ two other Midssbauer isotopes Lan
provide indirect information on the Te lattice configuration. znge
decays to the 2% Mgssbaver transition (5/2 + 7/2 transition of 28
xe¥) which is superior in resolution to 125Te, Tne shortlived !1°Te
isotope decays via 119Sb to the 1195n Missbauer transition (372 - 1/2
transition of 24 keV), but because of the possible influence of this
intermediate state, experiments with this isotope will not be discyssed
in this paper. MWe will aiso mention a few experiments where the 125Te

Missbauer tramsition was populated via the 123] parent, rather than via
125mT
e.

2. Te IN 51 AFTER LASER ANNEALING.

The data on the lattice configuration around Te atoms implanted fn
semiconductors remained for a Yong 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 substitutionmal
sites. This allowed De bruyn et a). [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 al. [11] made a detailed study of the Missbauer spectra
of laser annealed Te-implanted Si as a function of the doping of the
host. They studied 125Te in the decay of implantea ~2°™re ana 4% in
the decay of implanted lzgml'e. In poth cases the substitutional atom
was found in a different charge state, reflected by a difference in
isomer shift, depending on the doping of the Si nost. Te? and Te' were
detected, while for | three charge states were observed: 1%, 1* and
19, and the latter one was found to be Jann-Teller distorted.

3. Te IN St AFTER OVEN ANNEALING

The substitutional site, occupied by Te atoms implanted in Si,
foliowed 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 Mdssbauer spectrum changes back to the
original spectrum which fis observed fr as-implanted samples. CUven
annealing {in inert gas atmospnere} of Te-implanted Si does not result
in any drastic change from the as-implanted spectrum shape. This can
be judged from Figure 1 for the '25Te resomance in the decay of 125m.re’
measured versus a InTe-absorber containing 2 mg/cm? 12%Te, and for the
L1291 pesonance in the decay of 129"Te, measured versus a Cul absorber,
containing 8 mg/cm? 12%1, Tne {implantation dose was 5 x 101* atoms/cm?
for both samples.

Tnts 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/cm?. we
thus conclude that the local symmetry around the Te atom, reflected in
the nhyperfine interaction parameters, i3 the same in amorphized Si, and
in monocrystailine Si layers obtained by the solid phase epitaxial
regrowth due to oven annealing.
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Figure 1 Mossbaucs spectra from sources of lzsmTe and 129mTe implanted
in Si, right after implantation and after oven annealing.

1257q 1251
quadrupole splitting {mm/s) {MHz)
as implanted + 4,85(7) + 483(B)
600°C annealed + 4.94(7) + 536(8)
800°C annealed + 5,60(7) + 560(9)
1inewidth {mu/s) 7.0(1) 1.6(1}
isomer shift {mm/s) - 0.27{5) - 1.42(M)
versus absorber InTe Cul

Taple 1: Missbaver parameters of the spectra shown in Figure 1. The
signs of the !25Te gquadrupole interactions are derived from
the nuclear orientation experiments, discussed further. In
the !2%] analysis, the asymmetry parameter n was taken = 0.
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Except for low implantation doses, the Missbauer spectra of a5«
implanteg and oven-annealed Te-implanted Si, shown in Figure 1, do not
contain the single line resonance due to substitutional Te or I,
opserved after laser annealing. Although an analysis of the spectra
with two roughly equal intensity single Yines gives even a somewhat
better quality fit, the spectra have been analysed with & singie
electric guadrupole interaction, the paraméters 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 "5Te resonances, the linewidth of tne 123 resonances and
the derived ratio between the quadrupole interactions strengths for
poth tsotopes, and between the two measured Ysomer snifts.

Kemerink :14' obtained similar Missbauer spectra, and made &iso a
quadrupole interacticn analysis. A somewhat better fit was obtained by
assuming a fLorentzian) distribution with a width of about 40 % around
an average quadrupale splitting walue of 570 M4z, and a asymmetry
parameter » = 0.8 was obtained as pest fit vatue. A still petree fit
could be abtained by adding weak extra components in the spectrum,
especially at low implantation doses: at implantation goses of jul?
and 10'? atoms/cm? about 15 % of the spectrum area could be assigned to
a single line, with the same parameters as the substitu-tional 1ioe
from the the laser-annealed samples.

4 more direct argument for a quadrupole interaction was obtained
from a tUime-differential perturbed angular correlation (TDPAC)
measurement on an unanngaled 129m._|,e implanted St sample by Kemerink et
al. 7151, An analysis, wusing the above mentionned values for the
quadrupots spiitting and its spread, was found to be comsistent with
tne data, aVtnough the statistics of the difficult smeasurement was

rétner pcor.

Maype the most direct argument for a single quadrupole interaction
nypothesis, wnich also atlows for the sign determination of tre 125Te
quadrupole interaction, is aiscussed in section 5 of this review, where
it s snown that the ratio between the two M3ssbauer resonances Tn the
125T¢ gpectrum changes at extremely low temperature, due to nuclear

orientation effects.
73



s far we have not discussed the possible origin of tnis large

electric field gradient.

the Te atom relaxes Cowards an
direction, as shown in Figure 2,

Associated vacancy

—————

Figure 2

A model nas been proposed [10, 12] in wnicn

in tne «lil>

Impurity plus nearest
neighbour wacancy model

for Te and

I in 51,

Using this mode!, Van Rossum et al. [16] nave calculated (Table 2}

displacements towards a vacancy in the <lll>
introduce an EFG of the observed order of magnitude.

direction that would
It was comforting

to observe that the calculated displacements (2} result in impurity-
host bond lengths {R), which are consistent with Pauling covalent radii

‘Rcov}'
V22 z R Reov
(1088 viem®)f (M) (a) (A)
Te(Si) - 3.47 Q.34 2.49 2.49
15) - 3.83 0.16 2.4 2.45

Table 2 Experimental field gradient v::, calculated displacesent 2

an; oond length R for Te and | implanted in 53, and Pauling
covalent radius ncav’
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A more gairect test for the lattice configuration around the
implanted Te atoms should in principle oe possible from channeling
stugies on oven-annealed samples. Unfortunately, the reported results
are nct conclusive, and evenr seem inconsistent. Several channeling
studies on Te in Si nave been published, but we will only mention two
recent ones, wich were undertaken in combination witn Mdssbauer
experiments.,

Kemerink et al. (14, 17] report channeling spectra for 900°C
annealed samples wnere the Te channeling dips are appreciably narrower
and less deep than tne host strings. However, no significant
differaences are noticed between the different strings, 50 tnat the Te
site canngt bDe uniquely determined. A laser annealed sample,
subsequently thermally annealed at 900°(, snowad an increase in the
Tmin of Te from 23 to 33 %, clearly indicating a site cnange.

Dezst et al. (181, on the other hand, report similar experiments.
A drastic reduction in the width of the angular scen in the <100
direction 1is observed upon thermal annealing of the laser annealed

sample, from 96 % to 77 & of the 51 scan width. But Ymin only rises

from 13 % to 1% %, as can be seen in Figure 3.
These channeling data therefore clearly demonstrate a site location

¢hange for the Te atom, but clear evidence for the size and the
direction of this change has not Deen obtained yet.
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4. IMPLANTATION OF I IN Si

The implantation site of I directly implanted in S, in contrast to
the 1 site in the decay of implanted Te, discussed previously, was aiso
investigated by MOssbauer spectroscopy as well as by ion channeling.

Missbauer spectroscopy on 12%Te in the decay of 125[ implamted into
S5i shows essentialiy the same spectrd as after 125“‘Te implantation [10,
19, as well for as-implanted as for thermally and laser annealed
samples, It is therefore concluded that also the implanted [ atom
after implantation and annealing, resides in a very similar lattice
configuration as the Te atom.

- Detailed channeling studies Dy Boerma et al. [20-22], on tnermaily
annealed [-implanted Si showed that the major part of tne [ atoms
occupies a lattice site which is shifted about 0.15 A jnto tne <ill>
direction, and 1is therefore probably vacancy-associated in that
direction, in agreement with the model shown in Figure 2. [t 1s
comforting to see that the measured shift is almost exactly equal to
the value calculated from the Missbaver data given in Table 2.
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5. NUCLEAR ORIENTATION USING DEFECT INDUCED ELECTRIC FIELD GRADIENTS

In grder to study nuclear quadrupole interactions with the technigue
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 réspect 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 3 non
isotropic angular distribution of the emitted radiation. Thnis is a
consequence of the fact that lower lying nuclear hyperfine sublavels of
the parent state obtain preferentia! Boltrmann populations, and the
emitted radiation is not added up to am isotropic sum any more. If,
however, one does not detect the sum of these radiation components, but
one resolves these components energetically, by wusing Missbauer
spectroscopy, the condition for a macroscopic orientation of the PAS is
noet 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.

Especiailly electric quadrupole interaction studies by “classical®,
low temperature nuclear orientation experiments aré hampered by tee
fact that sufficiently large single crystals, containing radicactiwe
atoms, are not easfly available, and are often very difficult to nandle
in N) equipment. Mdssbauer spectroscopy on oriented nuclei alliows the
use of polycrystalline samples. A general dgiscussion om the use of
Missbauer spectroscopy to detect KO effects, can be found in Ref. 23.

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

experiments.,

We have demonstrated this [24] in a NO-M@ssbaver experiment, in
collaboration with the hyperfine interaction group of the university of
Lyon, using the EFG of Te in $i.
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The Si iattice is certainly not the Jest canaidate, 1h terms of
10 obtain a low temperatlure. we 13ve used this
AS 3 parentg

thermal conductivity,
lattice becavse tne EFG is large, unique ang well known,
state we used 251, implanted into Si with 1 x 10iT atoms/cm?, ang we

oven annealed this sample to 8U0° (. A goca thermal contact witn the

Cu cotd finger of the 3He-“He-refrigerator was optained by evaporation
of 50 nm Co onto the implanted and annealed surface, on which 5n solaer
could easily be applied. Tne temperature of the substrate was
monitored by a °°Co(Fe) tnermometer. A fairly tnick absorber of 10
mg/cn? 125Te in Mg,TeDg was used to maxir "e the experimental effect,
at the expense of some extra line broademing, as can de seen in Fig. 4.
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The nuclear orientation effects in the source can clearly be seen in
Figure 4. The cooling behaviour is shown in Figure 5. Although the
substrate descends to 7 oK, the Si host only reach.d S0(5) mK. Tne
shape of the cooling curve i5 typical for a sieeply Tncreasing
relaxation time with decreasing temperatuyre, yntil an equilibrium is
reached between the Jlow-temperature thermal conductivity of the
semiconducting host, and tne radicactive heating from the suurce
nuclei. The loss of heat conduction at low temperatures s due to the
tack of conduction electrons in the host,

The observed asymmetry in the Missbauer spectrum Is directly
proportional) to Q‘JR}H 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 'u mst have

the same sign at the parent (I} state as at the excited Missbauer (Te)
state. As the sign of V., at the I atom is known from 12971 whssbauer

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

6. CONCLUSIONS ON THE LATTICE SITE OF Te AND I IN 5.

A remarkebly stable defect configuration appears to exist around Te
and | atoms in as-implanted and oven-annealed Si, wich is hardly
changing, even when the 57 matrix is turning from amorphous to
crystalline during epitaxial solid phase regrowth., This defect site is
characterized by a large electric field gradient of alwost - & x 10 )8
¥/cu?, both at the Te and the ! nucleus. The increase in the EFG at
higher anneating temperatures is thought to be due to the increased
defect=Ffree quality of the surrounding 51 crystal,

There i$ less certainty about a wicroscopic model for this defect
configuration, but theoretical calculations of the EFG, as well &
channgling results on I, indicate a shift towards a near neighour
vancancy in the <l1i> direction.

At lower implantatfon doses a small part of the implanted atoms

lands up in the substitutional site. Even at the lowest doses studied
(1012 atoms/ca?) not more then 15 T of the atoms are found in this site
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7. MOSSBAUER AND CHARNELING DATA ON Te IN Gaks

Tne first Mossbauer experiments on Te in GaAs indicated a very
similar dehaviour for the GaAs nost as for St {25!, As-implanted and
oven annealed samplas of 1231 in the decay of 129m70 showed an isomer
snift of - 0.92(1) wmm/s witn respect to an C(Cul absorber, ana a
quadrupate interaction of + 290(i3) Mhz, rougnly half the interaction
strength of the Si matrix. Laser annealed samples Snowed a jingle line
with ispmer snift ¢ = « Q.67{l) mm;s with respect to Cul, and a
Tinewidtn of 1.84{4) mm/s.

A calculation (26 of tne EFG 1n JaAs and otner ]11-¥ semiconductors
using vacancy assocfation in the fyrst aei1gnbogr snell {Figure 2; as
lattice configuration mode), witn a tendency of tne 1 atom to approact
covalent bond distances, resulted 1n complete agreement with tLhe
experimental data. This confirmed tne <conclusions dbout type 1V
semicanductors: the impurity atom has a strong tendency to relax into a
position which makeés #ts distance to the nearest neighbour host atom
consistent with the normal covalent bond distance,

While the first reported Missbauer data on 1291 in GaAs indicated a
strong similarity between type IV and type 1!1-¥ semconguctors, a
number of surprising differences became apparent when a series of mare
detailed nmeasurements was performed a8s a function of gannealing
temperatuig {4, 5] and implantation dose [27].

" For an implantation dose of 10i% atoms/cm? of 129ms e 1t n=type
Gahs (Figure 6} the quadrupole split spectrum collapses into a somewnat
broadened single line, with the same parameters as the laser-annealed
samples (Table 3}, in an annedling temperature range between 20C* ¢ and
500° C.
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Figure 6 Mossbauer spectra of 129"'Te in GaAs versus a Na.l0 -absorber
quadrupole splittings as

and experimenta?
annealing temperature,

a function of

anneating annealing eQy,, 5 r
region temperature
(*¢) {MHz) {mm/s) {mm/s)
1 20 - 200 + Z6a(6) - 0.90(1) 1.9(1)
2 200 - 500 + §9(5) - 0.60{1} 2.5(1)
3 500 - 900 + 289(%) - 0.77(3) 2.0{1}

Table 3 Average values for the Missbauer quadrupole plitting ieo\ru}.

isomer shift (&) and }inewidth (T') in the three annealing

regions.
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We nave performed also cnanneling studies (Figure 7) in different
directions inside and gutside this annealing region [28], and observed
a Te atom 1n the snadow of the tattice atoms at an annealing tempera-
ture of 450°C, wnile a distinct displacement was observed at 550°C. An
analysis of tne angutar scans in different directions is consistent
with a displacement of about 0.135 X in the <lll> direction for the

majority of tne implanted Te atoms.

More recent data (271 show tnat tmis thermal penaviour is strongly
dose dependent. A sample implanted at 2 x lul? atoms/cm? snows the
single Yine throughcut the wnole annealing region {up to 900°C in
steps of 100°C) while a sampie tmplanted at an intermediate dose {lyl¥
atoms/cm?) shows an intermediate oenhaviour: a single iine fraction is
present in all spectra, and varies 1n population from apout 30 % Delow
200° ¢ annealing, to more than 90 - petween 200°C and 5U0°C, and aobout

B0 ¢ at annealing temperature above GOG°C.

1.0
08}

o
TILT ANGLE (degrees)

Figure 7 Channeling angular scans in the <100> direction for Te in
GaAs at different annealing temperatures.
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The Misspaver and cnanneling data ot Te-implanted GaAs show three

major points of difference with implantations in 5% ana @e:

{1} Apart from the wvacancy-associaced site a new site is populated
during thermal annealing. Its single line spectrum suggests an
unperturbed first neighbour shell. A stignt line proadeniag mignt
be due to defect association in more distant neighbour shells.

{2) At doses of 2 x 10l% atoms/cm? no sign of vacancy association 1s
seen, not even wnen the lattice is amorphous

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

8. EXAFS ON Te IN Gahs

Extended X-ray absorption fine structure (EXAFS) were recently
reported on S implanted in GaAs, with doses of 10'5and 10!¢ avoms/cem?
and annealed to 900°C [2], and for Te grown into Gaas [3], with &
carrier concentration of 8 x 1013 ¢m~3, Figure 8 shows the S-data.
According to the authors, the behaviour of S in GaAs is typical alse
for other chalcogens, including Te.

The authors claim that their data can only be fitted well with a
madel in which two S=sites are almost equally populated:

{a) unperturbed substitutional S on an As site, with normal Dond
lengths of 2.45 A,

(b} S on an As site, with an unperturbed first neignbour snel’ 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 neignbour shell,

According to Greaves et al. [3], the Te EXAFS data are consistent
with an 100 % popuilation of a defect site, where the Te atom his an
intact first neighour shell, with bond lengths 0.13 A lomnger than the
normal bond lengths in GaAs, and with an associated wvacamcy in * 2
second neighbour shell. This site is thus very similar to the (b)-site
of 5 except for the expansion of the first aeighbour shell instead of
the relaxation towards the central chalcogen.
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Figure 8
EXAFS spectrum for S implanted

in GaAs and annealed at 900°C
{a) 105 (b} 10'¢ atoms/ca?
{from Ref 2)
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The two interpretatiors 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 im this respect, as
they measure displacements with respect to lattice rows, wich mignt
also be preseat if defect association occurs in more distant neighbour
shells. Ne do mot see, however, how the very large EFG measured in
Missbauer Spectroscopy, can be associated with an  intact Ffirst
neighbour shell. The nyperfine interaction data are espectally
sensitive to defects in the first neighbour shell, while radial
distribution functions, darived from EXAFS data, measure the average
distance of this global shell,



However, a more probablie origin for this differenie in results mignt
be found in a difference between the samples stucied, especially in
view of the strong dose dependence observed in the MSssbauer data,
discussed in the previous sections. Comparative measurements, using
identical samplies in botn techmiqugs, are-urgently needed.

9. CONCLUSIONS

We have demonstrated how hyperfine interaction studies can lead to 2
first-neigbour-vacancy-associated model for the lattice configuration
of implanted Te and 1 atoms in type IV and type [[I1.V semiconductors.
Ton chammeling results support this model, but EXAFS-data, at least for
Te in GaAs, are interpreted with a second-neigbour-vacanty-assogiated
wmode}, with & intact first neighbour sheil. The most likely reason for
this discrepancy is a difference tn sample preparation,

85



REFERENCES

i 11 G. rangouche, Proceedings of the {nternational Conference on the

Applications of the Missbauer Effect {(Aima Ata, 1983) Editea by

Kagan and Lyubutin, (Gordon ana Breach [965) Vvolume 1, 395,

21 F. Sette, S.J. Pearton, J.M. Poate, J.L. Rowe and J. Stdhr, Pnys.
Rev. Lett. 56 (1986} 2637.

I 3' G.N. Greaves, P.J. Halfpeany, G.M. Lamble ana K.J. Roperts,
Proceedings of the EXAFS-conference (Fontevraud 1986} to tpe
publisned in J. de Physique.

| 41 0. Scnroyen, 1. Dezsi and G. Langouche, MNucl. Instr. Meth. 815
{1586} 410.

{ 51 D, Schroyen, P. Hendrickx and G. Langauche, Materials Science
Forum, 10-12 (1986} 1177,

[ 6] L. Niesen, D.0. Boerma and Z.Y. Qun, 10 be published in Hyp. Int.

[ 71 6. Foti, S.U. Campisano, E. Rimini and G. Vvitali, J. Appl. Pnys.
49 {1978) 2569,

{ 81 J. 0Oe bruyn, G. Langouche, M. Van Rossum, M. de Potter and R.
Coussement, Phys. Lett. 734 (1979) 356.

[ 9] J. De pruyn, R. Coussemeat, I. Dezsi, G. Langouche, M. Van Rossum
and M. de Potrer, Proceedings of the International Conference on
Nuclear Methods in Materials Ressarcn {Darastadt 1980) Edited by
Vieweg {Braunschweig 1980) 451.

[10) J. de Bruyn, Pn. D. Thesis, Leuven University 1982 (unpublisned).

(11} G.J. Kemerink, H. de waard, L. Wiesen and 0.0. Boerma, Hyp. Int.
14 (1983) 37, and ibid. 14 (1983) 5i.

[12] 1. Dézsi, M. Van Rossum, J. De bruyn, R. Coussement and G.
Langouche, Phys. Lett. 874 {1982) 193.

86



“13' 2. De oruyn, R. Coussement, [. Dezsi, G. Langouche and M. Van
Rossum, Hyp. Int. 10 (1981} 973.

(141 6,J. Xemerink, Pn. D. Thesis {Groningen 1981},
1151 G.J. Kemerink, F. Plefter and A.R. Arends, Hyp. Int. 10 (198l) ¥e3

[16]1 M. Yan Rossum, 1. Dezsi, K.C. Mishra, T.P. Das and A. Coker, Pnys.
Rev. B 26 (1982) 4442.

17" H. de Waard and G.J. Kemerink, Pnysica 1168 (1984) 21u.

f181 [. Dezsi, M. Van Rossum, G. Langouche, R. Coussement, 0. Schroyen
and M.F. wu, Appl. Pnys. Lett. 44 (1984} 505.

197 I. Dezsi, R. Coussement, G. Langouche and M, Yan Rossum, Rad. Eff.
Lett. _}15_ (1983) 221.

T20] 0.0, Boerma, P.J.M. Smulders and T.S. Wieringa, Mat. Res. Soc.
Symp. Proc. 27 (1984) 259.

[21] G.J. Kermerink, D.0. Boerma, H. de Waard and L. Niesen, Rad. Eff.
zg (1983} 183,

"22) H. Bemelmans & G. Langoucne {to be published)

‘23] G. Langouche, M. Van der heyden, M. Tong, I. Berkes, M. Fanad,
0.E. Hajjaji and G. Marest, Hyp. 1Int. 1987 (to be published)

[24) 1. Berkes, 0.E. Hajjaji, 8. Wlimi, G. Marest, E.H. Sayouty, G.

Langouche, M. Van der heyden and M. Tong, Hyp. Int. 1987 {to be
publishea)

251 M. Yan Rossum, I. Dezsi, G. Langouche, J. De bruyn and R.
Coussement, Mat. Res. Soc. Symp. Proc. (1981) 23%9,

f26] M. van Rossum, G. Langouche, K.C. Mishra and T.P. Das, Pnys. Rev.
8 28 (1983) 6086,

87



IR IMPLANTATION IN GARNETS STUDIED BY CEMS, X-RAY DIFFRACTION
AT GLANCING ANGLES AND TRANSMISSION ELECTRON MICROSCOPY

G. MAREST

Institut de Phusique Nucldaite fand INEP 3, Univensitd Claude Bewatd Lyon-1
43 Bd du 17 Movembse 1918 - 69677 Uifleurbanre Cedex (France}

ABSTRACT

Due to their numerous physical properties, garnets ate often used in new
technologies. Recently it has been shown thel high doses implanted 1ons, chemically
reacting with the matrix could give interesting results. Il the bulk is completely
amorphized after implantation, further annealings can recrystallize it. In this study
Y F5012. Y3AESD12 and G.s:IBG.aSO12 si?gle cryste:l; were 10‘{; kev implanted with

Fe ions at doses ranging between 10~ and 10 ° ions.cm . The iron chemical
states were determined thanks to Conversion Electron Mossbaver Spectroscopy
‘CEMS} and it was shown that the alloying elemenis of the matrix could influence
the nature of the created phases. After thermal treatments the sarmple superficial
lavers were characterized using CEMS, glencing angle X-Ray Diffraction (GXRD),
Transmission Electron Microscopy (TEM} and Rutherford Backscattering Spectros-
copy (RBS5). Different annealing stages were put forward : the oxigdation of the
implanted iron below 6&6530°C and the garnet recrystallization around 850°C with
some iron substitution in the garnet octahedral and tetrahedrsl sites. The over-
stui?hinmetric iron forms particles of mixed oxides (FeAE}ZOB. (FeGa)zL‘JJ of
partirles of pure FezD3 oxide depending on the garnet. for the fiest time it is
proved that after annealing sround 1200-1300°C & complete rebuilding of the
garnet matrix can induce for these oxide particles at rcom tempersture 2 Morin

transition.
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. INTRODUCTION

Magnet)c single crysital films of garnets are the subject of great interest due

tc the iarge potential for applications. Yitrium iron garnet YBFESO'IZ{Y]GJ 15 the
basic material in which any metal of the periodic teble can be substituted in the
crvstalline lattice to create new physics] preperties. lon implantation, a non-
euuilibrum doping technique, 1s interesting to introduce into 2 garnet a wide
variets of atomic species properly chosen so as to obtain a specific dopent effect

tor new apphcations or 10 synthetize new materials.

Previousiv, n the particular case of bubble gernets, this technique has been
esxtensively used with rare gas ions 8t low doses in order to produce a small
darmage [or suppressing harg bubble formation and for making propagation patterns
for memor. cspiavs [1]. More recently other jons (H, fe. Ga, As, ...) which
cnemucally react with the matrix elements have been impisnted n order to produce
some peculhiar effects on the magnetic properties [2-4) In the latter case high
impiantation doses are generallvy used leading to the amorphization of the matrix
i*h Tne formation of an amorphous laver in heswily implented garnets has been
showr directiv by transmission electron microscopy [(5,6] and indirectly using
conversion electron  Mossbaver spectroscopy [7-14), RBS end channelling {B,
12-1@), X-ray double crystal diffraction and ferrormagnetic rescnance [2, 19,
20} and a susceptibility method [21) This highly damaged layer can be recrystal-
nzed by means of high temperature annealings. The crystalline regrowlh mechanism
starts from the bottom of the damaged isyer by an epitaxial regrowth proc -s (2}

Saome measyrements have been undertaken on iron implanted \r’sl’eSD1 1G),
"3’“[5012 “YAG, and Cid:(Cias,D12 {GGG) garnets. In the case of YIG i & of
underiying Interest to know how will be the behavior of overstoichiometric iron
introduced by implantation at different stages of the annealing process. For YAG
and GGG the practica! aim is to try making ferromagnetic out of ron 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 anneslings is the purpose of this study. Rutherford backscst-
tering RBS}, conversion eleciron Mossbauer spectroscopy (CEMS), Ltransmission
electron microscopy (TEM: and X-ray diffraction at glancing angles (GXRD)
techrwgues have been used (o charecterize the damage ond the implanted ions.
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L EXPERIMENTAL

57Fe isotope has been used

A pure YIG single crystal enriched with 25% of
for E""Fef implantation whereas a non-enriched YIG single crystal has been used for
implantation of 5'-"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 MNuc!éaire de Lyon. During implantetion tne
current density was maintained rather low (~ 3 |.|.A.crn'2] to prevent thermal

effects.

lon depth profiles have been measured using the Rutherford backscattering
spectroscopy technique of 2 Mev amlphs particles produced in the 2.5 MeV Ven de
Graaff of the Département de Physique des Matériaux de [‘Université Lyon-1,

CEMS spectra were recorded at room temperature RT and liquid nitrogen
temperature {LNT; using 8 helium flow proportional counter in which the sample
wos placed in backscattering geometry. For measurements 8 liquid helium tempe-
rature (HeT) the 7.3 keV conversion electrons were selected and focused by menna
of magnetic coils on a channeltron detector. This Missbauer device has been
described by Massenet [221 The source wes 50-100 mCi 57Co in a rhodium host.
The velocity scale and all the date are referred to metallic iron absorber at RT.
The spectra were fitted with & computer least-squares procedure with the
assumption of LorentZzian shapes of Mlssbaver 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 leyers
since it probes meinly a depth compareble to the one which contains impurities and
induced defects, taking into sccount the above mentioned implantation energy. This
depth resolution is very useful when the sample contsins itself iron (case of YIG)

6

or when the iron conkent is very low (~ 10‘l iron atorns.crn'z}.

Some samples have been studied with TEM using the JEGL. 200CX apperatus
of the Centre d'Etudes Nucléaires de Grenoble, To obtein a real "tridimensional"
char:acterizatinn of the implantation defects, two series of qobservations 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 & paratiel

direction to the surface of the sample {24

Grazing incidence X-ray diffraction spectroscopy [25] haes been used as a
complementary technique to identify precipitated phases, to determine sizes of
precipitotes and to follow the crystallization of garnets. When the X-rgy beam
makes an incidence angle of 1° with the surface the penetration depth of
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Cua A : 0,154 nm; radiation is small \some tenths of nanometers) allowing to
probe only the implanted zone without perturbstion of the background due to the
substrate. The detection of the diffracted X-ray beam is performed in the
equatarial 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 siates moust of the thermsl treatments were performed in

air for 1h.

I, RESUATS
Al As-implented Garnets

Garnets have been implanted al medium and high doses in the range 1016 -
-

1 - . .
10" Jons.em . A part of the obtained data hes beern published recentiy [26].

t/ RAS data

after each 1mplantation RBS measurements have heen performed to conttol
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 Rp and of the streqqgling range 2 a‘.\Rp in the different garnets.
Systematic differences between experimental and calculated values can be explui-

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

role.
R R_ (n:
5 {nm} 24 p (n:n)
Exp. Calc. Exp. Calc.
| vac 32 a1 40 38
' vie 31 39 50 38
l GGG 32 34 a5 8
Table 1

The iron profiles have & gaussian shape aend the implanted layer concemns

approximatively the first 100 nm outermost layers.
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Figutes 1 and ? - Rutherford backicaltering at 140° of 2 MeV alpha-patticles onm
iton implanted YIG and YAG gamets.

2/ Mbssbauer results.

Figure J displays the as-grown YIG spectrum, Jts good resolution, due to the
enriching of 5?Fe. allows to consider 4 subspectrs corresponding to 2 octahedral (a)
sites and 2 tetrahedral (d) sites with different hyperfine parameters (isomer shifts
(IS}, quadrupole splittings {Q5) and hyperfine fields {HF) [41

Mgssbauer spectrs obtained with the two types of Ysresou samples are
similar {figure 4). So it can be stated, from such a comparison that whether
implanted or originally present in the matrix, iron canngt be discriminated from
one another. Missbeuer spectra are made up 3 components : 1) a sextet [IS =
0.02(2; |-n|'n.s"l ang HF = 333(3) kOe] is due to implanted iror precipitates, 2}
an assymmetric doublet (IS = 0.46(2) rnrn.s'1, Qs = 0,95 mm.s"] i Fej" in a not
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well defined environment and 3) 4 sextets a, a', d and d* due te the crystalline

underlving part of the impianted layer. The parameters of Fes‘

afe compareble to
"t ogs = a2

mmeS'I} for a vitreous YIG. Thus we are tempted to assign this component o the

the parameters measured by Eibschiitz et al. [27] {IS = 0.49 mms

amorphized garnet.

"""" . . 16

YAG single crystals have been impianted with 1016, 310 16 1

, 6x10°° and 10

E':"l-'e".icms.r:rn'2 [13) The snalysis of the spectra displayed in figure S5 shows that
iron is distributed into 3 different charge states : Fe2+ {wide doubtet), Fe" {narrow
doublet’ and Fe® ‘singie line) due to small metallic precipitates which behave

17 -2

superparamagnetically at RT. For the dose of 10" ° ipns.em™* the size of the iron
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precipitates s sufficieatls jarge to extibit 5 magnelic pattern whose hines have 2
non-Lorentz:an shape thus reflecting a distribution n the Myperfine fields due te
different sizes of iron precipitates, A mean size lower than 10 nmv can explain the
measured 31¥S: «Qe efiective Neld fess than the value 330kOe of bulk iwran. The
Fe’" valence state defined by the doublet with IS = 0,435 mm.s™| and QS = 1,2(4)
mm.s” | 15 mterpretated as due to the formation af sn amorphous garnet. The Fel"
valence state can be explained by the formation of a FeAIZDa compound. Its
hyperfine parameters IS = 0.97(5) mm.s'1 and Q5 = 1.64(8! mm.s'l are in good

agreement with those given by Coey et al. (2B).

¢, Gadolimum Gallium Garnet

Figure 6 shows Mdssbaver spectra reqistered at RT after implantations at
153 16 16 17 %7
W07, 3% 10 7, 6 « 10~ and 10
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For medium doses 15“' znd 3.10-”' {IFDY preci. tales unce! 3Mdll Darlicies
Fe® 1S = 0 mm.s” ; . The two ather Fe . «-’c-:' valencr slates are present in eact
sample as )t was tne case for Y ,Al C1q The FEB- 5.ate car oe atlnbutec 1o tre
evistence of an amorphous garnet laver as for YIG and YAQG. The Fe° 2 \BIRnRCe
state could be exptaned o the formatior of 3 FeGa:O& compound whose hvperfine
parameters 15 = 1.03 2 mm.s” ' and QS = 1,543 rnrn.s'l are 1IN Agreement wiln

those of Coev et al, (28,

The maagnet:c ohase created after rmpjantztion 3t Mgh dose dispiavs &
sextuplel whose wide and assymmeifical lines are sign of a large number of various
surtoundings around Midssbaver nucler, The aransis of thas hvperfine distributinrn
has been performed using a computer programme editeq oy Le Cafr et an I
This progre ™me aliows 10 substrac: the non-magnetic parl of ihe  soPCTryur
previously actermined at iow doses and then Lo ablain the hwpernne arsmete:
distribution as shown in figure 7. Tne byperfine fielg disinoution has been ftea
assuming a lingar dependence belween the socmier sttt and 'he wperfne fiele i
aH . br The fitted parameters are similar wilbh the parameters  anlaoes o
Newkirk et al, [31] for Fu*e.i_“C.a‘l compounds. We have followed the variwhior af the
hvperfine fielo of this Fe“‘Ga\ compound as a funcuion 2f the dose. From th.e

dependence and the results reparted by Newkirk el al. 3 mean value for « rcan oe

i -7 -
deduced for esch dose. For 101 ‘ lons.em’™™ we have caiculated 1 . U.19%.
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3} Complementary results
The amorphization of the implanted layer and the precipitation of large iron

aggregates are demanstrated by glancing angle {0.8%) X-ray diffraction spectra
obtained for a YAG sample implanted with 3 x _1016 and 101' in:m:s.r:m'2 {figure B).
In the first case two bumps are observed sround 16° and 22° Bregg angles characte-

2 the same degree of amorphization

ristic of amorphized phases. For 10'7 ions.cm”
is obtained but the [110] line of a-fe appears at 22.5° (2.04 ff) 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) pesk of a-Fe appears around 41.3% 1t is

weak and spread out due to the small guantity and size of the precipilates.

T N T T

i ﬁ.h';';: i
\ " - @ :
!- ."i"' :‘.‘. L i
R 5
. i ‘h’;"&'ﬂ . ‘ ‘ 1|
Y me\.{
o
3| A |
R Y. S ;
hl:“-"f . ®
%?"d‘,-.'\w‘ . Fiquee 8- X-tay diffrac-
' ) tion spectia of YAG im-
. . . planted with a) xi1e'® Fo*,
[ ] 20 30 40

em and o) 1077 Fe'ior

A further evidence for the precipitation of iron is given by the crots-sect .
micrograph (figure 9) obtained by TEM for & YAG sample implanted with 1017
Fe‘.crn'z. The iron precipitates are dispersed inside the implanted layer between
25 and 65 nm and the grain size is estimatad to vary from 3 to 7 om [24] These
results are in a very good agreement with the RBS and X-rey diffraction
measurements. The distribution in sizes of the iran precipitates is also clewsrly
demonstrated by the simultaneous presence in the CEMS spectrum of a singie line
and of & sextuplet with deformed shapes. A measurement performed at liquid
nitrogen temperature shows a decrease of the single line contribution (16% to 5%)
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and an increase of the sextet contribution (22% to 38%: indicating a mean size for
the precipitates of the order of & to 10 nm. These CEMS measurements indicate

alsa that the magnetization of these precipitates is randomly oriented [A )‘A.l 6 -
Ls

2,5
0.72.3:)

surface

[IO
}50
f

.

Figuse ? - Cuwe-rection mictograph of 10" Fetiem’? tmplanted VY ALO,,.

In figure 10 the X-ray diffraction spectrum corresponding to a Gd
garnet implanted with 1017

35350,

Fe'.em™ is presented. The bump located at 15.6° is
representative of an amorphized garnet and/or of an amorphous oxide (FeGaZC}‘,'l for

E’. 270 15°80
% + 4
L i L i
0 F) P T 0
8 [oeg )

Figure 10 - X-1ay diffeaction spectium of Gd 3080, implanted
with 1017 Fot o\net
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exampijc . The wide reflexion located at 212.10° can be explained by the presence of

a crystatlized Fe -‘Gax alloy with a bee structure [33} From the precise

] 0
measurement Z.894 A of the a parameter it is possible to deduce x = 0.15

from the variation of 8 85 a function of x f33]

B8/ Annealing behaviours up to 850°C

1/ Case of implanted YIG garnets
As soon as the samples are annealed at 450°C the jron precipitates disappear

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

0.3 mm.s™ and QS = 1.10
mm.s ' is present in the
spectrum  (figure 11}, After

annealing at 650°C the rela- “_L

tive intensity of the assym-
metrical doublet due to the

semarphous  layer decreases ' N A
indicating an appreciable re- v 1
arrangement Bt the back of

the implanted layer. This

regrowth epitaxy is now well
spread out after the 850°C
treatment as seen by the

RELATIVE INTENSITY

important increase of the

garnet sextets. Now the dou-

blet has vanished to give a

new sextuplet with hyperfine

parameters (6 = 0.3%2) 1 -
-1 -1 -0 -8

mms , Q5 = 0.37(3) mm.s

and H = 518(3 kQe} typical

of large (> 20 nm) u-F9203 Figuase 11 - CEMS Spectun of

particles [34] annealed implanted YIG.

] L] o
Vaocary covnd™

2/ Case of implanted YAG garnets
For the four different impiantation doses after snnealing at 450°C Missbauer

specira are converted in an assymmetric doublet which persists even when the
temperature is 650°C, In the case of the highest dose a measurement st liquid
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helium temperature shows thal a part of the amorphous phase is magnetic
(figure 12).

After annesling at B850°C the recrystallization of implanted Yjﬂtlﬁo.I2 s
almost complete. lron Is loceted il metrahedral (d) and octahedral (a} sites as shown
in figure 13, Hyperfine paremeters {5, = 8.142) mms™’, @S, + 1.02(6) mm.s™, IS,
= 0.40(4) rnrn.s"l, QSB = 0,45(2; mm.s ) correspond to the two quadrupocle doublets
D and D of a mixed ‘(3F135_t-f-'*«llCJ.|2 garnet (0 < t< 4} studied by Czerlingky et

o [35} [IS = 012 mms ', @5 = 0.9 mms', IS = 0.61 mms |, @s, = 0.46

mm.s ]. Tu confirm our interpretation 1.1 x 101? Aﬁ\lal.n:'m-2 have been implanted at
50 keV in 8 Y3Ft=:5012 single crystal garnet enriched with 5% of 57Fe isatape
(141 In these conditions the local concentration Al/fe in the implanted layer is
comparable to the Fe/Al concentration in YAG. During thermal treatrents the
recrystallization stages have been found identical in the two cases and seen tp be
governed by the same thermodynamicel and chemical rules ifigures 14 and 15

YAG implanted with 101? Fe'.cm -2

by XROD. Figure 16 displays well defined lines corresponding Lo a YB(AI'FE’SDQ
garnet with & FefAl = 0.36 ratio. Thig ratic has been determined from an
extrapolation between YAG and YIG lattice parameters. A diffrection spectrum of

and annealed gt 8>0°C hsgs been analysed

the first 100 nm outermaost layers corresponds to a polycrystalline sample with
randomly oriented grains. From the ratio Fe/Al = 0.36 and the area ratio of the
two D‘:| and DE| doublets a mean composition for the substituted garnet has been

estimated to be Y3[A11 “ e, 5.’] (Al _25 0..’.5)0

A meesurement at LNT shows that the garnet is magnetic. The average
hyperfine field <H> = 40 kOe is reduced compared to Ha z 545 kDe and Hd 2
474 kOe measured for virgin Y,Fe,D,, at the same temperature {4l 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 ervironments. For the weaker doses
the garnet buiit after annealing at 830°C is not magnetic. This can be expleined by

a lower iron substitution in the garmet.

3/ Case of implanted GGG garnets

For the sample implented with 1016 F|e+.f:m'2 {figure 17) and anmealed at
400°C or 600°C the Massbauer spectrum is reduced to a single sssymmetric doublet
characteristic of an amorphous phase as in the case of YIG and YAG annealed

samples,
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Figute 12 - CEMS spectia
of an amowphous gawnet
ctealed after anntaling
at 600°C in a 8: ions.
em™? implanted VAG.

Figuee 13 - CEMS jpectin
exhibiting the c2cwslalli-
zation of the gawel with
itor in a and d Mtes of
' wﬁmoﬁn after anneating
at §50*C.
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The thermal evolution of the Missbauer
spectrum for the sample impianted with
10" Fe.em™? and  annested  at 200, 400.
650°C  is figure 18. The
FeLKGax 15 stable at 200°C but vanishes at
400°C. Part of iron shares in the formation

presented n

of an armorphous gernet, the remaining pre-
cipitates under mixed (Fe, Ga ),0; cherac-
terized by a reduced hyperfine field (HF -
511 «Oe) compared 1o Lhe hyperfine field of
518 kQe,.
The middle part of the spectrum represents

a pure cl-FeleJ3 cormpound (HF =

the amorphous garnet.

Figute 17 - CEMS Jpectua of annealed
107 Fe*.em™? implanted Gd (Ga,0,,-

Figuee 18 - CEMS spectea of anneated 1017

+ -2 .
Fe .cm © implanted GdsGasol.‘..



C/ Annealing behaviours above 850°C

This thermal stage is the most nteresting beceuse the icmplanted lavers are
almast compietely recrystallized. Depending on the acceptonce of iron by the host

different behaviours can be predicted.

14 Maortn transition n YIG
The CEMS spectra obtained at RT and corresponding to implanted YIG
subsequentls annealed at B30°C, 100°C, 1200°C and 1300°C are presented in figure

19. The verucai broken lines 1ocate tne positions of 1, 2. 5 and 6 lines of the

sextunlet characteristic ot c:-F'e.,LJ3 i Ws hyperfine parameler values are given in

Table Il with those obtained tn annealed YAG and GGG samples [36)
o ' '
104 i
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! »
F (‘\‘ 0
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Lo n
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c E
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© 520 .
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Figute 19 - CEMS spectia for an enviched YIG : Figuse 28 - Vaviatiom of

1?7 ?

as-grown o), implanted with 10' Fe'.cm™ and e-Fe,0, hyperfine pasametes
annealed at §5¢ (b}, 1100 ek, 1200 () and as a f{unction of annealing
1300°C led. tempeuatue.
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T (*c) aso 1100 t200 1300( th) §300( 3h)

ann RT LNT  RT LNT RT LNT  RT LNT  RT LNT
Is 0.36 0.37 0.38  0.55 0.37  0.59

YIG HF 519 517 523 sS4t 517 544
8, 0.45 0.3 -0.32 -0.84 0.45  -0.82
IS 0.31 0.49 ©0.37 0.48 0.33  0.47

YAG KE plH} plHI  $03 i) piH)  piH)
BE, 0.4 0.45 0.45 0.43 0.1z  -0.64
1s (.37 0.48 .37

GGG HF 501 528 pUH)
8E, 0.45 0.9 0.40

Table M - lsomer shifts 1S and quadtupele splitlings aEQ a1 guven in mm.a_' and
hypetfine fields HF ate in RO¢. piH|l means a distiibution on HF value:.

There s no change between B30°C end 1100°C but when the annealing
temperature rises up 1200°C the line positions aof a:|-F|32C?r3 gre shifted at RT and
the gquadrupole splitting 6EQ defined by AEQ = p12 - P% where P.I2 and P56 are
the distances between lines 1-2 and 5-6 respectively becomes iwegative. Such & 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 Q'AIEOJ'

Rhombobedrai ﬂ~F8203 oxide is characterized by an snisotropy transition for
a Morin temperature (TM = 263 K) st which Fe’* spins go from being in the {111)
piane with g slight canting out of the plane (week ferromagnetism for T > T4 to
being aligned in the [111] direction which is the symmetry axis of the crystal and
the principal axis of the electric field gradient sz as well, From the Missbaver
spectroscopy point of view this Morin trensition will appear by a change in the
quadrupole vatue AEQ as it depends on the angle @ between the direction of \!u
and of the hyperfine magnetic field HF acting on the iron nuclei :
Z

8-1

2

- 3 cos
8By = - eQv,,

For T » Tp HF is perpendiculer to [111} 6 = /2, 8Eq = f2 eQv, ..
For T < T4 HF is parallel to [111] 8 =0, AEg = - e@v,,

From Teble Il it cen be inferred that the lgrge u-l’-‘e203 particles develaped
in the course of high temperature snnealing of Fe-implanted YIG behave as pure
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bulk ferric oxide. Moreover this pure a-F9203 made after a 1200°C anneal is found
to be, at RT, as 1f it was in the jow temperature regime below TM' We have to
point out that far 1200°C there is a simultaneous change 1n the HF, aEQ and the
areal ratio AZ.S‘MLE. of the second or fifth to the first or sixth line values (figure
20, Az.s"‘“'u..s = 0.1%5) indicates an orientation of HF preferentially orionted
perpendicuiar to the surface. After an annealing for 3h at 1300°C u-Fe203

precipitates recover their "normal" hypetfine parameters indicating & 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 efter annealings at
1100%C and 1200°C wesk but well defined lines typicsl of Fe203 particles are
nbserved (figure 21). The intensity ratio of the Bragq rays after 1100°C annealing
agrees with a random orientation for FEZO3 precipitates but the large increase in
the {104) line intensity is an indication thal some Fa203 grains ere preferentiaily
oriented with the c-axis normal to the sample surface after annesling at 1200°C.

-+ ™
L lona
]
Lireel—"0d¢ - - 200¢ |
6 1]l ¢ I
104 | 18821 70| Wwer| 340
- 1 NG | A7 (20 ee} 28
H
3
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~— +
=
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£ 10
y

Figute 11 - XR Dipectta at glancing angle of u-Fezo“ patticles after anmealing at
1100 and 1705°C. The intensily vasiation shows a {111] ovienlation motmal fo the
sutface for these patticles after 1200°C annealing.
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In TEM big precipitates af !-'9203 smean drametcr d = 200 nm  are abuvious
after annealing at 1100°C :figure 22,., Tne subseguent annealing at 1200°C increases
the particle size d ~ 300 nm- and the bigger precipitates eshibit faceis with an
hesagonal geometry .angles between faces = 120°, Cross-seclion mcrographs
dispiav large a-fe,0, precioitates 300 nm length and 100 om thick’, oriented
alomy the [111] d;rm;'llcm and hoif sunk n YIS figures 23 and 24 . In these
Sucroraphs we observe thal orecipitates are compietely jorated near the surface,

their shape 13 not at all sphericar and ther thickness s an averags less than 106

N

i

Feem™ implanted V¥ Fe 0,, and
anncaled at 1100°C lpetpendicular view of the wgace).

Figute 22 - A TEM specttum of a 19
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amnealing a7 1720°C,

a 100 nm
[ — }

Figute 24 - TLCM spectwa of an a-Fe203 patticle. (@) petwpendicalnr view of the

sutface, (bl cress section view.

2/ Mived u-;FeI_xAl_‘;203 oxide

2 implanted YAG heve been registered at

Mdssbauer spectra of 107 Fe'.em”
RT and LNT after anmnealing at 1100°C for b ifigure 25 a-b)l. These 5 a
caexistence of a garnet structure {magnetic at LNT} with an oxide whose
parameters are compiled in  Table IIl. The line shapes are not ilorentzian and we
have to assume a distribution in hyperfine fields. It Js noteworthy that the

quadrupole splitting 8E 5 remains positive. A XRD measurement (figure 16)
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proves that these precipitates are substituled -F 91_‘;\!\::;)3 awides with % = 013 :
= 15 determined from an extrapolation between the lattice parameters of Jsomor-
phous u-Arzo, ang G'FeZOB' A line located at 18,29 s attributed to the &22°
reflexion of'Y3A15012 and its relative large width confirms that defects still exist
iNto the matrix.However, as only one line is detected and nol a powder spectrum
as after annealing at 850°C, it 15 possible to sssume thal the garnel has removed
sts corvstailine state. From the dependence of HF as a function of the mean
concentration x measured by Janot et ai. {39] we deduce % = 0.1 in accordance
with the XRD measurement. These oxide precipitates have also been observed by
TEM measurements [24] for 101? Fe.r:m'2 but not for 1 and 3xl[]16 ions.cm'z.

Their shape is oblate and they ere randomly oriented.

When an annealing 15 performed at 1300°C for 1h {figure 25 c¢-d} the amount
of iron substituted in the garnet structure dimimshes whereas the oxide quantity

Increases.
L T L T
Dl RY 4 L NT —-Lu
"' C 1h dl ol ’?% 4 l
1 { ’
b ; ; ' I
g ! l I\ / X < ' i
g 1 Jk._—/\—d‘ 3 L_/\a_._,.l}\_ r N L\—-' [ il - e e J‘
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Figuee 25 - CEMS spectwn tegisteted at RT and LNT fo1 a 10 Fe'.em
implanted YAG la-bl after annealing at 1100°C ; le -d) aftet annealing at 1300°C.

+The iron diffusion observed by & RBS measurement [29) expiains the larger Al
concentration in G-(FE.‘_xAl‘}zO} 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 ﬁEG = 0.12(3) r-r'n-n.s"I {Table Il) shows & change in the orientation of the
FeJ' spins versus {111] direction as in the zase of iron implanted YIG.

A Jonger annealing (3h} at 1300°C completely eliminates the oxide contribu-
tion in the CEMS spectrum. By RBS iron is no more visible. iren has diffused into
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the metrix and the garnet which was formed during the anne iling at B50°C s now
poarzr noaron and then it remains paramagnetic even at low temperature. 4 TEM
measurement has shown that very big precipitates (d = 235 nm) are found st the
surface level after the first annealing at 1300°C,

J!M-{Fe1‘xc;ax}203.

We have shown that BOD®C 15 the cecrystallization temperature for garnets
and during its diffusion iron is able to substitute to gellium te share in the
formation of a Gd (Ga FE;SO.'Z garnet during the reepltaxlal regrowth of the
damaged layer. Evolutmn of CEMS spectra far 10 Fe'.cm -2 is presented in
figure 17. The semple remains paramagnetic after 1100 and 1200°C annealings and
spectra can be fitted with the two doublets charecteristic of d and a-sites of @
garnet and with a doublet due to the presence of a8 mixed n:l(Fu*e.(.‘na)ZO3 oxide 85 m

the case of YAG.

850*¢ RT

AELATIVE INTENSITY

Fignewe 16 - CEMS spec-
twt af RT and INT of
10'? Fotomt implanted
Gd §$2;0,, gatnet after
a 850'C ganealing.

VELOCITY (mms™")

For 10! Fe'em™ the pheses are the same but now a 'arge magnetic

component due to u(Fe,Ga)203 appears (figure 26). Its hyperfine magnetic field
value decreases when the annealing teinperature increases {511 kOe at &650°C, 501
kDe at 830°C and <430> kOe at 1200°C). This decrease cen be escribed to the
diffusion of iron inside or outside the matrix and subsequently to the formation of
3 mixed oxide becoming richer in gallium. The p(H) distribution is due Lo various x
velues for (Fe, Ga ),0;. No Morin transition has been detected even after
annegling at 1200°C.
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By TiM figures 27 and 2B) 1t 15 possibie to Joserve Fe.U,; precipiiates after
o < -z
annealings at 1100 ang *200°0, The density s abouwt 10 partwcles.cm 7. A short

annealing at 13MI0"C 5 enough fo remove the preciottates.

Figute 27 - A cross=seclion TEM wuctpasaph of GOG annealed ar 1100

Figute 28 - TEM Spectia of 1200°C annealed GGG
lal petpendicutar view of the sutface
(b] cross-sestion

112



tv. QSCUSSION

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 gue to iron implantstion depends on the
garnet and on the dose, in the two other stages the ewvolution 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
zone with creation of a new garnet ang of an oxide with participation of the

implanted iron.

A/ Characterization of implanted iron in_garnets

16 ?

In figure 29 are presented CEM spectra [26] obtained with 10~ and 1[]'I
icms.cn-n'2 impianted garnets : YIG, YAG, GGG and a ferrimeqgnetic bubble garnet
¥ 5m Lu CB)S(Fe GE)5012'

ron implantation with 1016 ions.cm'z dose leads mainly to the amorphizaetion
of the outermost layers of garnets. lron is dispersed in the implanled layers and
lacally it cen precipitate into small superpsramagnetic iron agyregetes or oxide
compounds. At higher doses the local iton concentration is enough to give rise to
precipitation of larger iron aggregates. In YI{G iron is overstoichiometric and only
big ferromagretic a-Fe aggregates exist. In the other garnets a distribution in size
sppears : dispersion of small precipitates visible on the TEM micrograph, broad
lines in X-rav diffraction spectra, non-Lorentzian lines for YAG and bubbie ¢  -+.
single line for YAG in CEMS spectra.

The chemical affinity of garnet elements with iron plays a role
formation of other phases. Even for 1016 it:vmi.cm'2 irgn is associated with y
to form YFe compound in YAG. In GGG the affinity between iron and g¢allium
hinders formation of iron precipitates gnd favours the creation of a magnetic
Fe.l_xGa‘ compound with x depending on the dose. [n any garnet irgn substitutes
easily after implantation.

In YAG, GGG and the bubble garnet exists a Fez* state (doublet with 15 =

1.0 mm.s™! and QS = 1.65{1D)mrn.s'1) whatever the dose is. Coey et al. [28) have
! and QS = 1.75 mm.s™! for Fe(?-azCJa and Ogale et al.
[40} have determined for Fe AI,O, IS = 1.00 mms™' snd GS = 165 mm.s™'. hat
gfter implantation we propose to assume thet iron is embedded into ferrite

measured 1S = 0.95 mm.s”

compounds.
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Fiquwt 29 - CEMS spectw got YIG, YAG, GGG and fertimagnetic bubble gawnels

implanted with ta) 10'¢ 57Fe”.em’?, ) 10'7 *Tre.om™

B/ Annealings Bt _low (T < 650°C)

" Thermal treatments allow the recrystallization of damaged matrix by internal
processes such as defects annealings or impurity diffusion. For Tann < £50°C the
behaviour of the various garnets is identical.

Fel* and Fe® valence states dissppear at 200°C and iron is completely
oxidized. 1t is only for GGG that 400°C is needed to vanish the metallic Fe-Ga
phase. The hyperfine parameters 15 = 0.31(2) mrn.s”‘. QS = 118 rmme”! of the
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assymmetrc doublet correspond Lo the values 1S = 0.31 rnrn.s'1. Qs = 112 rm"n.s"I
obtained by Gyorgy et ai. {41] for an amorphous Y3F95012 garnet. In fact we
propose in this study that the doublet cen be due to the coexistence of an

. .
amorphous garnet {(YsFe 0,,, Y;Al; Fe O,,, GdyGa, Fe O,,) and a mixed
dFel-xMx)ZOB oxide with M = Ga or Al (0 £ xg 1).

C/ Recrysiatlization of implanted gamets

After apnealing at B850°C Miossbauer spectra show a recrystallization of
garnets. XRD and TEM measurements on Y3A15012 and Y3F55012 display a
polvervstalline outermost laver (~ 100 nm). [t is possible that recrystatlizatien
starts from dispersed points of nucleation and then garnet grains growth withowl
preferential orientation. After thermal trestment 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 polycrystslline gernet located near the
surface. Then other compounds different from the garnet cen be observed by TEM
as they are crystallographically uncorrelated with the matrix (figure 16},

The substitution of iron about 850°C in the garnet structure is not {denticak
for YAG and GGG, Far YAG the almost totality of implanted iron js embeddect
into 8 polycrystalline garnet which is magnetic at LNT. For GGG only a third off
implanted iron 1s included in the formation of a mixed gatnet, the other part
remaining oxidized in u(Fe,Ga)203 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 P.E3r~-‘|5-“FeKCZ‘.i,2 garnet (RE is a rare earth, M a diamagnetic ionj. An explena-
tion of this restricted acceptance cen lie in the differences between the lsttice
parameters of the host Y3Al 0., (a = 12.00 A) or GdyGes0,, (a = 12.3% A) o
the garnet we want built ¢ Y3F25012 {a=123% A)or Gd}l-'esﬁ12 (@ = 12,479 AL
At 1100°C, due to the co-ordination between the polycrystalline gsrnet and the
substrate, only a limited quantity of iron can be accepted to limit the lattice
differences. Then the refused overstoichiometric iron can oniy form mixed

Fey (M, 1,05 oxides with trivalent ion M = Al or Ga.
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D/ Substituted off 8,M),..0., oxides

These oxides are very well characterized with Mdssbaver spectroscopy. The
reduction in the hyperfine field value with respect to the value for pure uFe2C‘3
hematite is proportional to the number of introduced Ga>* or AI®%) impurities. For
Y. Fe O

Y Us5Tz
surface increase as the temperature arises. With a mean range of 40 nm for

the iron oxide is pure hematite and its microscrystaels located near the

implanted iron we can imagine thar iron oxide perticles are closed in the first 50
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 orientaticn of FeB*

spin along the [111] direction of rhcmbohedral oxide has been abserved. This Morin
transition (EQ = -0.81 rnrn.s") pecurs at RT ang this very astonishing behaviour
couid be expisined by pressure effects due to lateral strains existing in the
rectysitallized zone. This phenomenon disoppesrs after s further annesling for 3h
when oxide particles break the surface as it has been displayed by TEM measute-
ments (figure 23). Very recently Brutzone et al. (42) have studied the variation of
the Morin transition of aFe D3 s a function of applied hydrostatic pressures. They

2
have shown that a pressure of gbout 15 kbar can induce a Morin transition at RT.

For Y3A15012 and 003085012 gaftnets the Morin transition of mixed oxide is

infiuenced by the presence of diamagnetic impurities. These impurities can lower
the Morin temperature (43} De Grave et alt. [44) bave shown that the

transition was Jowered below 77 K {instead 263 K for pure uFeZD3) for

an u(Fe.'_‘Alx)zD}. When x > 0.077 no Morin transition occurs even st 77 K, In our
| 3 S -2 ,

Fe .om ° we have estimated from

implanted YSA15012 gamet implanted with 10
the GXRD measurement that after anngaling at 1100°C x = 0.13.

Quadrupole splittings deduced from Misshauer spectra indicate no Morin
transition : £EQ = 0.45(3) mm.s | at RT and EQ = D.4H3) mm.s” at LNT. After a
further annealing at 1300°C for tTh lateral strains can exert on oxide precipitates
orientating magnetic moments of iron because lattice deformations. The measured
effective field Hogt = 496(4) kOe, tower than >0M4) kOe obltained after 110D°C
annealing, shows that Al concentration has increased. Coansequently, in absence of
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strains, the Morin transition must be lower. In fact, fits »f CEMS spectra give
EQ = 0,31 r'nm..-a"l 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 th removes this pheno-

menon,

in the case of the parasmagnetic Gd3G55012 garnet implanted with

7 Fe+.cm‘2, mixed cl.(l-'r_=1-)’{Gam)zD3 oxides have np Morin transition due to the

10’
high concentration in gattium {x = 0.2). The Morin transition must be below 77 K
and no strains on oxide particles could be detected because during the lest

annealing at 1300°C for 1h 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 therral treatments have been presented. The
association of complementary techniques well adapted io the study of implanted
tayers has allowed Lo draw some conclusions :

. lor implantation of iron in garneta can produce segregstion phe.iomena or create
new phases with matrix elements. These effects are complex and depend on dose

and garnet.

.. Annealings under sir show the metastability ¢t produced phases and the parti-
cipation of iron to the formation of new garnets and of a-Fe,0, or dFe.M)ZO,
oxides with M = Al, Ga. Annesgling temperatures above B00°C ate necessary lo
completely recrystallize the implanted layer.

« Altorations of the Morin temperature can be explained by the occurence of
latera' strains produced during the total rebuilding of the implanted layer sbout
$200°C. For the first time a Morin transition has been detected above RYT in pure
a-Fe203 without the use of externsl mechanical means. More accuraete measuy-
rements of the lattice parameters are now being made in order to examine the

high pressure assurmption.
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RECENT RESULTS ON IMPLANTED IMPURITY ATOMS
IN FERROMAGNETIC HOSTS OBTAINED WITE PAC

Klaus-Peter Lieb and Friedrich Raether
I1. Physikalisches Institut, Universitat Gdrringen. and
Sonderforschungabereich 126, Gétcingen/Clausthar,
D-3400 Goétringen, Fed. Rep. Germany

I, Introduction

Probing the hyperfine interaction of impurity atoms in ferrcomagne-
tic hosts has been a longstanding task in which many nucliear and
s50lid state physicists have been invclved. Progress 1n this area
has come in “"waves” whenever new implantation facilities (for
ingstance ISOLDE at CERM, heavy ion accelerators,..}, measuring
techniques !{u-spin resonance, NMR on oriented nuclei in sub-Relvin

¢ryestats, ...} or new theoretical approaches became available., We
have seen some fine examples for new results in several contribu-
tions te this Conference. *

In this talk, we shall give a brief survey over a number of
studies which the G6ttingen group has recently performed or in
which we have been invelved. In all experiments, the IMPAD or
TDPAC technique after in-beam receil implantation with heavy-ion
reactions or implantation of the radicactive nuclei with an ienm
implanter {ISOLDE at CERN, IONAS at Gdttingen) have been employed.
Several of these studies are devoted to characterize the irpianta-
tion site(s} in the ferromagnetic lattice in order to calibrate
the magnecic hyperfine fieldi(s) and ultimately to deduce nuclear
magnetic moments. Gthers were explicitly undertaken to investigate
defect configuratlons (e.g. in tha case of 11tIn in fcc-Co), rhase
transitions and/or chemical reactions (1¥'In in NiO {[BCLE7}). It
ig these two faces which makes this type of research exciting most
of the time, but occasjonally frustrating.
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In laght 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 Mdéssbauer probes
ard few isomeric states populated 1in cascades following suffi-
ciently long-lived 8-emitters. In continuation of our previous
heavy-ion IMFAD experiments on 11.43Cg and +9.+41.438 in Fe
[UVER75,BRATS8.BERS3,RAEEd]. we have recently studied the system
‘%YFe in order to complete the systematics of impurity atoms near
the Z=18 electronic shell closure [RAE8Ta]j.

The +**Cr activity was produced via the reaction *%*Ti{a.Zn} with
the 43 MeV go-beam of our synchrocyclotron. A multi-layer target
consisting of twelve 11 pm thick **4Ti foils and twelve 3 pm thin
annealed Fe foils was cheosen so that the recoil implanted *°Cr
nuclei came to reat 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 g-beam did not interfere with the 113-308 kaV
cascade 1n 19V populated in the EC decay of **Cr (T:i,:=21.%6 h},
th: Larmor precession in the J08 xeV isomeric state (t=10.3 n»)
¢suld be measured via the PAC technique with a set-up of four Bal
detectors. The detectors, each 45 mm in diameter and 38 =am in
length, were arranged in %0° geometry: they were coupled to
XP2020Q0 photomultipliers and a conventional fast-fast coincidence
circuit with window constant fraction discriminators. The 12 tine
spectra of all possible coincidenca combinationa were ntored in a
CAMAC histogramming memory. The circuit is displayed in Fig. 1;
the prompt time spestrum of the 113-308 keV coinicidence had a
resolution of 1.0 ns FWHM. The measured perturbation spectra
Rit) = [W{lB0,t)-W(90,t})]/W(1B80,t}+W(30,¢}]

of which one is displayed in Fig. 2 can be fitted with a singls
Larmer frequency uw=93.0{13} MHz; the fraction at ¢this asite
exceeds 80% and is attributed to substitutional implantation.
Adopting the magnetic hyperfine field obtained from NMR, B=8.73(3)
T [ROI&dj, we find the g-factor of the 2308 keV atate as
$=0.222{8), in fair agteement with the repult of a previous tine
integral measurement in an external field, g=0.188(17} [AUEE?}. No
other fraction with a well defined Larmor frequency was obgerved.

A similar experiment [RAE87b] has been performed for the 755-2%50
keV cascade in 77Se involving the 350 keV isomaric state (r=}1.4&
ns, g=0.42(4}}) and fed in the 8-decay of "7Br (T:,;:»57 h). The
TTBr activity was produced at ISOLDE and implanted at room
temperature into a polycristalline Pe foil which had besn annealed
for 10 h at 1230 R; the implantation dose was 6 101! eg-! and the
implantation energy was 60 keV. Tha PAC apectra were again taken
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with the BaF; apparatus at Gérringen, in the course of an
ennealing program of successive vacuum heatings at 470. 700, 790
and 940 K., for 15 min each. The perturbarion functions displayed

in Fig. 3 clearly show a single Larmer frequency of w (RT) =
1272(2) MHz, attributed to substituticnal, defect-free implanta-

timn, Its fraction rises frem 21{4) % after impiantation tc
nearly 100 % at 793 K, but then the total activity drcps due to
outdiffusion of the ?7Br activity (see Fig. 4). This diffusion

process was confirmed in a Rutherford backscattering experiment
with 1.0 MeV g-particles impinging onto an iron foil inte which we
had implanted 4*101%/cm? *!Br* ions at 80 keV.- We also performed
a PAC contreol experiment in which we implanted 5*1019/cm?  *7Br
ions (+2*1014/cm? T¥Br ions) at 270 keV into an annealed Fe f{oil.
The 7?Br activity was produced in the synchrocyclotron via the
reaction 77S8e(d,2n) at 15 MeV, chemically separated from the
target material and transferred to R'7Br and finally placed inte
the ion source of IONAS. The Larmor frequency found at the higher
implantation energy and lower dome, w =1260{70) MHz, 1is in good
agreement with the previous figure.

Using the rather badly known g-factor of the isomeric state
[AUE67), one arrives at a subatitutional hyperfine <field of
Bi{SeFe}=62{6) T which is in agreement with the previocous figure
B=63(6) T obtained in an NMR/ON experiment for %3Br [CAL74].
Clearly, a remeasurement of the g-factor with higher accuracy
would make this probe very useful for further studies, in
connection with BaF: detectors., It is norteworchy that no other
sharp Larmor frequency was observed in the Fourier spectrum. Since
the Oxford group, in & channeling experiment, had found evidence
for a large fraction of non-substitutional Br atoms with a well
defined position in the lattice [ALE7T4}, we had hoped to identify
the corresponding complex as component in the hyperfine spectrunm.
The present experiment excludes such component of more than 30%,
if the quadrupole frequency of this complex does not exceed uy =200
MHz. PFor higher wx wvalues the guadrupole splitting would give
rise toc 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 1light
impurities in 4iron and their fractions at room temperature
implantation. Alsc given are the fields calculated by Ranamori and
coworkers [KANS4, ARA8))., It is evident that the implantation of
"oversize" impurities near the Z=18 and Z=3& shell closures into
substitutional, defect-free sgites is hindered, an effect ore-
viously observed via Mdssbauer spectroscopy near the Z=54 atonic
shell closure [WAATS).
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II7. :bservataen of the In-V  compiex 15 f£r¢zC¢

The systemat:cs of nyperfine fields of IZ=50 substitutional impur-
ity atoms cbtained from M3ssbaver gpectroscopy (WEYEE and pre-
vious high temperature PAC experiments on ''!'Xn in fcec-Co ([LIN7S:
peint to a large negative hyperfine field of B(CdCo'=~28.7¢ T at
rcem temperature. It is therefore to pe expected that radiatien
induced !1!'In-defect ccmplexes which wusually feature reduced
hyperfine field strengcths {WAART7S] shouild be well observable in
this system. In callaboration with &¢. 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 xeV a-particles shown
in Fig. & reveal the compositicn apd orientation of the prcbe: the
curve {e&) represents the backscattering yield at random incidence.
while the curve (b) is the one at incidence along the [100]
channel and observation of the backscattered oc-particles in the
{100} plane. The lattice constant a=0,3% nm was obtained by TEM.
Some 3*1033 vi1i]In* jons/cm?® were implanted at 250 keV with ICONAS
and the perturbation functions R{t} of the 171-245 keV casc¢ade in
1113 were measured with the BaFr detector met-up described above.
By variation of the implantation, annealing and measuring tempera-
tures, the production and desintegration of 11t In-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 cocumulative annealing cycle at 300-873 K, for 15 min at each
gstep. The frequency spectrum deduced after the 453 K annealing
ahown in Fig. 8 clearly sxhibita four fractions with the Larmor
frequéncies w =346.9(1) MHE, wx=255.6(7) MHz, un=415.3(3} MHz and
wae=381.9(5) MHz at room temperature. Using the known g-facter of
the lsomeric state in 111Cd and correcting the measured local
tields for the atrength of the polarizing external field, Bea: =
0.16 T, e arrive at the following hyperfine fields: B, ==23.82(8!}
T, Br=-17.39{7) T. Ba=-28.55{10) T, and Ba=-26.21(%) T. By taking
PAC spectra with different crystal orientstions relative to the
external field direction, we proved that none of the fractions had
a4 large quadrupole interaction compenent.

The fraction 1 must be assigned to substitutional implantation
intoe a defect free environment [LINTB). The second fraction is
formed at room temperature, but not at liquid nitrogen implanta-
tion and disappearz at momas 650 K, In analogy to a similar complex
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Lr the system ''1InNi studied by Hohenemser et al. [HOH7?,SUT78],
We associate this hyperfine field with an In:-Va complex in which
a substitutional In atoms traps ) NN vacancies and relaxes along
the <11l1> direction thus forming a c¢ubic¢ complex with four equally
spaced vacancies around the interstitial In atem. Tocgether with
the 111 In actavity a variable amount of inactive ''!'Cd* ions are
" being implanted into the sample; it was found that the fraction £
decreases for increasing '!!'£d dose. A similar behaviour was found
for annealed 11 InNi samples which wEre post-irradiated
[SUT78.ALLE2,VOS86). Among the remaining two fractions, the one
labeled 3 has the Larmor frequency of hep-Co [LINTB], while the
last fraction with us has not been unambiguously expliained so far.
The latter two fractions f£3 and f.« survive the hep=fcc phase
transition temperature Ty =690 K. (Note that the whole sample stays
in the fcc phase if heated above Ty and then ¢ooled below Te .}

Py means of a LN cryostat with heatable sample, we also determined
the temperature dependence of the Larmor frequencies in the range
100sT<350 K. The resulcs for w (T} and we (T} are given in Fig. 9;
w {T) follows ciosely e {T). Alsd given 158 Lhe temperature
variation of the bulk magnetization extrapolated Irem Ni and
scaled with the Curie temperature T.=)38¢ K of Co (CRA71]. The
high field data w (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 [SENB1l). Senba et al. [SEN81) have peinted
out that the !2:CdCo hyperfine field in the fcc phase measured at
723K and 963K is also congsistent with the bulk magnetization. In
contrast, the fregquency w: {T} of the t111In -V4« complex decreases
linearly with T with a coefficient Aug /ug AT=0.024 %K-!' and thus
does not follow the bulk magnetization. Salm and Klepper {[SAL7S}
have observed a similar linear decre¢ase of the Larmor frequency in
non-subgtuitutional sites in the system 1'FNi.

IV. Paramagnetic relaxation - the case Nd in Ni
Huclear magnetic moments are very sensitive to the single-particle

structure of a nuclear state, In y-unstable (triaxially deformed)
transitional nuclei, the alignment of cne or several quasi-
particles along the axis of collective rotation can have a strong
influence on the shape; very convincing examples for such 1-
driving forces have been recently found in the mass A = 80 and 130
regions [LUHES,FRAB3I,PAUB7]. While the (lgp! level structure of an
odd-A nucleus directly reflects the deformatrion of the underlying
core, i(dqp} and {3qp) bands depend in a more hidden way on the
collective shape of the nucleus. Hence, g-factors arce 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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WiB,t:tord}l = 1 + A2Qe P2 (cos!Bzm b)) expi-azt) +..

and gives the time incegral PAD

W(B,iort)=1+0.25A202Gzp (1+3com(261248: )% {i+tan?2a8: 11721+,

where tan 248; * 2 T {(1+Aazr}-?,

Gga = {1+hzT}-?,

Az =2 owpi? Te
and Az-* and T. denote the relaxation resp. correlation times;
note that Ar gcales with g?. The parareters w and X2 can be
fitted from the expevimental Quantities
el = {¥{+a, Li+W{-a, L]i-W{+a, t)-W(-a,1}] /W,
S5(8) = (W(+A, LI+W(+A, t)-W(-a, 1}-W(-a,t)}{/1a ZHI.
IN = Wi+a, 4)+R{=a, L) +H{*a, i eMW{=-45 1),

If one adopts the acatic field By1 = 150(386) T at LN temperature
[KUGTE], one obtaina the mean ¢-factor of the 10': and 13', states
in '9%Nd as g = +1.G8{33} which value clearly proves h:y : proten
alignment. ©On the basim of a Cranked S5Sheil Model analysis of high
spin states in '3¢*Nd, Paul et al. [PAUBY?] concluda that hi, =z
proton alignment drives the triaxial nucleus to a prolate skhape,
while hii/3 neutron alignment leads to an energetically degenerate
oblate band. The g-factor of the lowest 2* state in 'I4hd was
found as g = 0,53(10} {PILS7R].

The observed 7-ray anisotroples are much smaller than expected
from the Larmor precessions in the static field and indicate that
in addition paramagnetic relaxation has to be taken intoc account
{A1 # 0). A test experiment was therefore performed for the lowest
&t states in 14%-342Nd che g-factora of which have been determined
previoualy: gliseNA}=0,22(3), 9{149Nd})=0.25(4) [RUG?2]}. Both
nuclei were Coulomb excited by a 38 Mev %0 beam and recoil
implanted from a 1.5 mg/cm? **'Nd layer sputtered onto a 5 mg/cm?
Ni foil. The y radiation was neasured in four Ge detectors at =20¢
and £{(110° A}, A=5*, in coincidence with projectiles backscattered
into an annular silicon surface barrier detector. The resulting ¢
and 5 parameters are shown in Fig. 10. The measured preceasions
WE{t4ENAd)=-33(?c} mrad and wt(1*'NQ} = -248(%%;z,) mrad are in
agreenent with previcus work [RUG72]. The ¢ parameters at 20* and
110* clearly show the relaxation effect as they deviate consider-
ably from the tc = 0 curves (nc relaxation). The other curves
refer to te = 50, 75 and 100 ps; the ¢ values in 1*3NA give at
both angles the correlation time t: = 84{15) ps. The definition of
the corraelation time tc has besn scmewhat arbicrarely chosen am fte
® A3y /dun?® by replacing the unknown average fluctuating field of Nd
by the static field By which causas the Larmor precession. If one
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In coliaboration with J. Billowes, G. D. Sprouse and others
fBIL86.BILETa,BIL8TD], a series of g-factor measurements has been
recently performed with the Stony Brook tandem-L.INAC heavy ion
facility. The time integral IMPAC or IMPAD techniques after recoil
implantatisn into Fe and Ni backings by means of Coulomb excita-
tion and heavy ion fusion reactions were used. We will discusa
here «the case Nd in N1 because it has provided some interesting
resulcts on the paramagnetic relaxation of thia 4f element. Tab.
4.1 lists the excited states and reactiosns used in the experi-
mencts. The nucieus !9¢*Nd has two pronounced backbends at I¥=]0¢
attributed to hy: : proton and neutron alignment; the estinataed g-
iactors of thes: 10* states are gp*l.1l resp. ge=-2.2 {HAME6). The
lifetime of the 3298 keV 10': state is sufficiently iong {(t=T4 pa,
IBIL87a!) as to produce a measurable Larmor preesssion in the
large static hyperfine field B{(NANi)=150 T [RUG76].

Table ¢.1: Nuclear scaces of Nd Isotopes

A Ex (keV) t (ps) ¢ Reaction; Epeaa (NeV)
134 295 92(6)* 0.53(10)¢ T+Ge(*oNi,4n); 235
136 3298 14{8)* 1.08(33)e *eGe(*tNi,4n); 235
146 453 12(3) 06.22(3)* LA NA(YEQ, A 60%); DB
148 o0 123(2} 0.25(4)°® lLedNd{(1%Q, %0 ); 38

L

*} [8BIL87a,b] b ) [KUG72)]

The IMPAD measurements for L34:196¢Nd were dotae in the

way: The J-layer sandwich target consisted of 0.7 mg/-
evaporated onte 5.5 mg/cem? Pb deposited onto an annealed &

Ni foil. The NHi beamsz and the evaporation residues were 2l
down in the Pb layer in order to avoid background reactions and
tranzient field effects in the Ni backing. The target was
polarized by an 0.12 T external magnetic field reversed every 2
min ({(st), and xept at B0 K. Twe Ge detectors operated in
coincidence with a large solid~angle NEZI) neutron detector were
placed at angles ©) =+120%+A and B;=a-120**a, aAwll.8*, and the four
apeectra labelled Wi{+a,i), W(+A,t), W(-a,i} =&nd ¥W(-4,%) were
accumulated.

Assuning a purely magnetic hyperfine interaction in a static anrd
fluctuating field, the tine~differential ©°AD can ba written
{FRAGS ,ABR53) as
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uses the estimated 4f field reported by Rugel et al. [RUG?H] ., B«
= 420 T, one gets the correlation time tc ' = {(Bs /Bae¢}?Tc= 11 ps.
This figure is by an order of magnitude larger t:an the correla-
tion times measured time differentially for Nd ia Sn, SnBi and
SnAu alloys and extrapolated to 80 K [RIE83, RIEB5].

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 STUUY JF MAGNETIC ALLOYS

M. Rots
Instituut voor Kern- en Stralingsfysika, University of Leuven, g-Julu

Leuven, Belgium

In tnis report two new applications of PAC in tne study of magnetisa will pe
introduced, The first topi¢ 1§ devoted to tne problem of reentrance O2ha-
vigur, the nature of which 1s still controversal especially 1n tne case of
AuFe alioys around loat.Fe. Recently the applicability of PAL 1o tne stuay
of spin=glass freezing was investigated and the results n tne reentrant
concentration region were discussed in recent pubbications =<, Here we sud
new results on the interplay oetween local Jtomi¢c Ordér and the appedrance
of tne gouble magnetic transition: paramagnetic-ferromajnetic-spin glass
upan ¢ooling, In the secona part We yntroduce prelimnary PAC resyults on the
study of 4ntyferromagnetism in manganese and 1ts alloys.

l. Local atomic order versys reentrant maynetic benaviour 1n Au . fe, .

The cgntroverse on the low temperature pehaviour of non-d1vlute AuFe alloys,
especially the character of the double magnetic transition, depends heavily
on whether or not 4lloy randomness can De assumed. A HOssDauer study at
room temperature by Whittle and Campbell ? leo to the conclusion that in tne
concentration range 5-20 athFe the Aufe atloy is not a random solid solu-
tion. 1n the as-rolled state a tendency towards clustering was naoticed,
while neat treatment at 550° C induces atomic short range order or anticius-
tering. In an earlier Missbauer work “ on 17 atiFe an increase in ordering
temperature upon annealing was found, while ac-magnetic susceptipivlvty
measurements ¥ on 14 and 15 atife reflects tne opposite penaviour. Tne
broad spread in ordering temperatures among the different investigations
ithustrates this influence of the actual metallurgicail svate. Compariny
hyperfine interaction results, Wissbauer and PAC spectroscopy 1, one notices
d ¢.ose similarity in the response, althnough tne former technique probes on
the Fe impurity itseif while the latter senses the magnetic state Dy aweans
of a foreign probe atom. This mas }ed us to the conclusion that not a local
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picture but ratner long ranje magnetic Interaction detween sTaTIsticaily
1nduced soin clusters of arfferent si1zes explains tne temperature Denaviour
of tne nyperfine field. Tne preseént study aims (0 verify tRts 1nterpreta-
tion Dy itnvestigating tne PAC response for a 1> atiFe sample (well witmin
the ciuster-glass region) to ¢nanges 1n tne metakiurgical state due ta colJ
warking and annealing.

Tne sample was prepared by induction melTing under vacuum and ceola rolling
to tqil tnickness of l00u. Between the produition and actual use of tne
foil a period of 7UD days room temperature ajgeing elapsed. Tne radroactive
iiiln tracer was diffused into tne foil during 4 nours at SU0°C unger n -
atmosphere, terminated by & quench in liquid mitrogen, After measurement
tne same sample was cold rolled to foil tnickness of 20u and measured as
sucn {AR-state). Tne sample wads subsequentiy given a tnermal treatment of
13 nours at 550°C (HT-1 state) and 4 hours at 900°C (HT-2 state) respecti-
vely,

We measure as a function of temperature tne average nyperfine interaction,
at tne iliCa probe nucieus, originating from the aistributed Fe 1mpurities
in the Au-lattice. This temperature dependence of the average interaction
frequency is represented in Fig. 1 for the different metallurgical conmi-
tions of tne sample.

=]
»
4 "‘“'t...
3 » H\
\ :*\l; ol . L]
L P
¢ = 09 = 23

T (£
Fig.l. Hyperfine field vs, temperature for AugcFe, in different metallur-
gical states; O : anneal 900°C+}; @ : as-ro?led; 8: anneal Su0°*C+q.

The salient features are as follows:
i. Under the initial treatment conditions the hyperfine field as a fuaction
of temperature closely ressembles our earlier result on the same concentra-
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tion. The ordering temperature 18 1JUK and around UK a second 1ACredse in
hf-interaction is clearly visipole. However the 4.2 K nff value 15 somewnat
lower than observed earlier.

ii. In the as-rolled state the hff Denaviour cnanges compietely. The
ordering temperature drops to 50K, where the interaction strength steepiy
increases to a value substantially larger than under the previous condition.
Moreover above S0K the average nf-interaction remains at the plateau seen
petween BOK and 110K in the previgus run.

iii. in the annealed state (HT-1) the nf-interaction strength below SuK
nardly changes, altnough the temperature behaviour apbove develops Towaras
the two stages patern seen in the initial state but with a reduced ordering
temperature located around 80K and an increased "packground” interaction.
iv. The prief anneqling at 900°C apparently does not fully restore the
original alloy conditions in the sense that the hf-interaction streaytn,
measured at T=20K and 200K only, are moderately reduced relative to the
previous values,

Tne results clearly show that the hyperfine interaction strengtn at Jow
temperature, bDut alsc its temperature variation, sensitively depends on the
nistory of the alloy. The present measurement was done on a part of the
same foil used earlier with the thermal treatment (4 nours at 90U°C plus
quench} identical, MNevertheless the nyperfine field at 4.2k equals
30.2{4)kG in the earlier measurement, while we observe 26.1(2)kG in the
present one, The former sample was prepared after 10 days room temperature
ageing, the latter after 700 days ageing. Subsequent cold working on the
latter sample substantially increases the hyperfine field to 37(Z)xG when
measured in the fresh AR-state. Upon annealing at 550°C tms nign field
vilue remains unchanged at 4.2K while at 20K a reduction can be noticed.

In the as-rolled state, due to clustering, the matrix remains with an effec-
tive Fe concentration reduced in respect to the nominal value. This ¢luste-
ring is seen here by an increased interactipn strength at higher temperatu-
res. The steep in¢rease of nyperfine field around 50K marks the spinglass
freezing of the depleted matrix. Short term annealing or room terperature
ageing gradually dissolves tne clustering thereby increasing tne Fe concep-
tration in tne matrix as reflected by the increase in ordering temperature,
weakening of the slope change around 50K and reduction of the low temperatu-

re hyperfipe field.
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2. Hyperfine field distridutions in a-Mn.

One of tne four allotropic forms of manganese stabilize at room temperature
in the c-Mn phase, having & cubic structure with lattice constant
a = 8.9135% ang 58 atoms per unit cell. The basis of the atomic arrangement
is a simple body-centred cubic lattice with a cluster of 29 atoms associated
with each lattice point. The structure contains four crystallograpnicaliiy
inequivalent sites. Each type ] atom at the pcc-lattice points is surrounged
by an octahedron of type IV atoms of tetrahedral symmetry and somewhat
further from tne center four type Il atoms, arranged tetranedrally around
the center. Finally the outermost atoms are 13 type I1l atoms in a polyne-
dron with cubic and octahedral faces, such that the whole cluster nas tetra-
hedral symmetry. From space filling considerations, atoms on site | and ]}
tend to have larger electronic radii to fi)) the relative larger volume of
the CH1é coordination, In diluted alloys one expects that larger jmpurity
atoms occupy preferentially site | and 1I, while smaller impurity atoms
prefer the smaller volume assocfated with CH13 and CMiZ coorgination in site
II11 or lv.
Reutron diffraction studies & on the magnetic structure revealed that Delow
= 95¢ an antiferromagnetic ordering sets in. A non-collinear spin model
was proposed with relative large localized moments on site 1 and [l but
small moments on the other two sites. This proposal could be confirmed in
WMR experiments 7 showing different nyperfine field proportional with the
site moments. it is the purpose of preseat study to investigate the local
moment picture as opposited to a spin-density-wave approach. The literature
does not report any PAC work on the manganese system and therefore we
restrict here to 3 survey of the first observations.

2.1. Site identification.

In the present study 'llCd and !"ORh will be used as probe for the hyperfine
field distributions. From the atomic arrangement one may derive an electric
field gradient almost zero at site I, different from zero but axiaily symme-
tric at site II, relatively large and non-axially symmetric at stte I[1 or
I¥. Measurements in the parangnetic state reveal at the !l1{d probe a qua-
drupole interaction strength 13 = 45(2)M with a broad distribution of
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18Mc and n = 0 at T = 150K, wnile for ‘°CRn probe at T = 293X we found
L
5493 = 67.9(5)Mc with an asymmetry parameter ¢lose 10 n = 1. From this

observation we derive that 111In occupies site 1 or II and 10YPd goes to
site 111 or ¥, consistent with what may be expected from atomic size con-
sideration.

In addition to the quadrupole interaction observed in the a-Mn phase {produ-
ced by annealing at 520°C) we determined the quadrupole interaction strength
in the B-Mn phase also. This phase was produced by annealing the sample at
900°C followed by a quench in ice water. We observe at 77K as well as 4.2K
9—2,23 = 1067({B)Mc and n = 0,11{1). The same sample was subjected to an

isochronal anneal treatment foilowed by a measurement at T = 77K, Up to
annealing temperatures of 500°C no significant changes in the interaction
parameters were observed. After a brief anneal of 10 minutes at 500°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 801 of probes enpertencing a magnetic
interaction of wg = BO{1)Mrad/s and width bwg = 10(3)%, while the
remaining probes experience an interaction of wg = 42(17)Mrad/s. Obviously
the a-Mn phase formation was reached at 600°C anneal and the sampie shows up
the antiferromagnetic ordering expected below 95K. Tne imitial nyperfine -
interactfon parameters measured for the electric quadrupole interaction in
p-Mn could be restored by annealing at 900°C foilowed by a quench.

2.2, Determination of the magnetic ordering temperature.

Furtheron we concentrate on samples treated appropriate for the production
of the e-Mn phase.

Different experiments using a veriety of techniques determined the Wéel
temperature in the wvicinity of Ty = 95K for the pure a-Mn state, either
decreasing or increasing when c-Mn alloys are considered. Smhifts ATy of

the order of 10-20 degrees per at.3 were observed ® depending on the valence
or size of the alloying element.

High purity Ma flakes of quot:d purity 99.991 was used and the Indium con-
centration did not exceeded 200ppb, assuming that the radiocactivity diffused
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homogeneously throughout tne sample. Tne ordering lemperature could De
measured very sensitively by following the nyperfine parameters from room
tempersture down to 4 temperature were they drasticilly change from almast
7-independent quadrupole-type to T-dependent magneiic-type.

The observed Néel temperature was located at Ty = 120{2)K, substantially
larger than found in any other eaperiment. Moreover this value turned out to
be extremeiy sensitive to the ll-In loading, increasing up to Ty = 160K in
cases where the In-Cd concentration was increased by a facror of ten.
Compared witn 2Ty shifts guoted for alloys in tne at: region, our value
refers to a concentration region eignt orders of magnitude smaller. wWe also
performed measurements on a-Mn dalloys and our prelimindry results indicate
tnat LTy shifts of the same magnitude and si1gn are observed but still
relative to our previous Ty = 120K value. Latlice expansion vs a commonly
accepted possible explanation for the tncredase of Néel temperature 1n a=-Mn
as well as :-Mn alloys. decause ‘ndeed indium may produce the largest effect
1n view of tts large atomic size, tne shift in Née! temperdature remains
anomalous. Since manganese oxidize quite readily case was taken to prepare
tne sample under Nign vacyum, but the annealing was done under H, atmospne-
re. Tnerefore the absorption of Rydrpgen may be partially responsible for

our high Néel temperature.

Fig.2. Typical PAC spectra for ec-Mn (!11Cd} with their frequency aistribution.
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2.2. Magnetic nyperfine fields in a-Mn.

in fig. 2 some typical PAC spectra are displayed togetner with the frequency
distripution. Tne data in the time domain where fitted according to the
familiar expression for a ranaomly oriented magnetic interaction. The fre-
Juency distrioution on tne otheér nand was dptained using a multi-freguency
magping routine withn 100 steps within the range U-200 Mrad/s. Obviously the
frequency distribution is peaked near to 45 and 34 Mrad/s, revealing tne
existence of tow gistinct sites. Dver the wnole temperature range aown to
4.2K, the intéraction treguencies corresponding o the two sites remain in a
ratic Close to l:2, while tne population of the nignest interacCion site
amount 6U%. Al probes contripute to one or the otheér Site and A0 pardmagne-
tic fraction could be detected. The respective hyperfine fields at 4.2K
equal 3.24{4)7 ana 6.46{2)T. The nyperfine field distrioution widehs equal
Q.29(51T and 0.22:3)7 at the low ang nign field sites respectively and
remain almost temperatyre independent. The temperature dependence of DOth
nyperfine fields is shown in fig. J. In the temperature regton near to the
orderina temperature {7/Ty » 0.75) the hyperfine field data nicely follow

a power iaw.
an{T}

= O(1-T/T, )P
thLI.Zi N

with 0 = 1.18(5); 8 = 0.42(3) for
the low field site and O = 1.174(3);
s = 0.316(2) for tne hign field site.

tne fitted Née)l temperature then Prpar (lr (1310 stoha-wargaess

equals T, = 121.3(5)X ang “ vees e oL

Ty ® 120.14(5) respectively. f ' .

A remarkable jump wn nyperfine field - - '
pefow T = 20K 1s observed at the low ey o . . .
field site but not at tne nigh field | - " * . .
site. Moreover a further distinction ¥ “f”4+ *‘, ' e, :
Detween Sites Decomes apparent when : Co ': E

the ln-concentration increases. While . » = P - - "
the high field site remains almost
unchanged, the low field syte Change

to an interaction site reminescent Fig.3. Temperature observation

of the G-Mn phase, together with an dependence of the nyperfine field
ncrease of the global ordering tempe- in a-Mn at the two ltiCa sites.
rature,
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Assuming a localized moment mode} and the nf-field at !!iCd proportional
with the effective moment At each site, the expected f1elo ratio between
site | and site Il equals 1.67, & value ¢lpse to the observed ratio. On ctre
otner nand the lattice contribution to the etectric firela gradient at site
11 amounts {1-y_leq; .. = 1.1017 v/em® to be compared with the opserved

value of eq = 0.39(2} 10i7 ¥/cm?, wnile tne efyg ¢t site | equals zero. Tne
measured spectrum at T = 150K, however, could De interpreted oniy in terms
of a single probe environment. Moreover, tne relative population in the nign
ang low field sites Deeing 3:2 is at varlance with the atomic apungance 1:4
of type I to type LI, indicating at least that ln prefers site | rather tnan
site 11, The anomalous temperature dependence of the nyperfine field at

= 20K in the low field site, ressembles the jump in nf-fielg at the spin
flip transition remperature, where the magnetization pecowes parallel to the
spin density wave vector. observed with the same teinnique in pure cnromium.

2.4. Experiments unger an external polariziag field.

In order to investigate the possible difference in nature of tne magnetic
sites observed, a serie of experiments was performed usihg an external mag-
netic field. The first noticed field effect concerns a substantial narrowing
of the hyperfine field distribution at tne low field site from 18% in zero

field cooling to 5% after field coeling in Boyy © 47, poth measured witnout

external fieid. At the nign field site, however, tne same narrow field dis-
tripution of 1.7% was observed in Dotn cooling coaditions,

In a next step the nyperfine fields observed at 4.2K and 77K were followed
as a function of external field up to 4T. Tne results are summarizeq in
fig. 4. For tne hign field site we observe at botn Temperatures the Deha-
viour expected for an antiferromiagnet under the influence of an external
field. Depending on the relative orientation of the polarizing field and the
local magnetic axis, in a polycrystalline sample one may observe a gragual
rotation of the spins towards a perpendicular orientation when the external
field approacnes the spin-flop Field strength. The observed nyperfine field
B therefore increases with ae“ according to

obs
T
Babs = 2(Brg * Boyy) * 0 anf*aext

with a=1/3 and b=2/3 in 1ow external fields, while a=0 and b=l avove the
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Fig.4. Dependence of the high and low field site as a function of esternal
field, measured at 4.2 and 77K,

spin=-flop field. The nigh field value obDvigusly follows this behavtowr,
while the low field value do so approximately only at T = 77K. At 4.2K, on
the contrary, the observed field at the low field site increases mch tou
slowly. This different behaviour i3 {1lustrated even sore clearly when t
temperature dependence of the hyperfine field is measyred with Be xt " 4T ..

In this case a mazximua in the observed hf-field is observed around T = 20K
for the low field site, while the high field site behaves normal. From the
amplitude ratio between both frequency harmonrics as well as the magaitude of
the freguency itself, one derives that the hf-field is perpendicular to the
external field at the high field site. The same is true for the low fiald
site at 4.2K, but at higher temperatures the hf-field makes an angie of
almost 80° with the external field.
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RECENT DEVELOPMENTS IN PAC SURFACE STUDIES °

G. Schatz. T. Klas, R Platzer, J. Voigt, and R. Wesche
Fakultét fur Physik, Unlversity of Konstanz, D-7750 Konstanz

F.R. of Germany

1. Introduction

Recently interesting experiments have been reported where hyperfine
techniques, like MOBbauer spectroscopy V2  and perturbed angular correla-
tlions (PAC) ¥,  have been applied to study surface phencmena. Especially
PAC has proven toc be rather powerfu) since surfaces can be prepared with
an extremcty low probe concentration, l.e. surfaces can be Iabelled with
isolated radioactive probes. In such cases the hyperfine parameters, |tke
the eleciric fleld gradlent sacting at the probe nuclei, can serve as & fin-
gerprint 10 elucidate different probe sites at the surface, impurity-nrobe
configurations and diffusion of tmpurities. In this paper most recent ex-
amples of PAC surface studles will be prescnted.

2. Surface studies with PAC

Most of the PAC surface work has been performed by utillzing the
ip  PAC probe. Several surfaces have been investigated so far, but the
most complete body of date is available for copper surfaces. Therefore in
the following the system MIn  on copper surfaces shall serve Lo demon~
strate differenl aspects of FAC surface investigations.

2.1 Surface fleld gradients for the different Cu surfaces: Cu(100),
Cu{110) and Cullll)

Copper single crystals, cut accordingly, have been cleaned amd an-
nealed in UHV and checked with Auger-electron~spectroscopy and LEED.
Radioactive In probes have then been deposited at the surface with x
concentration in the order of 10~ of a monolaver. Experimental details can
he found elsewhere®

In Fig.1 PAC time spectra are shown for the three main orientations
of the fce copper system, namely Cu{lll} (top), Cu(100) {(middle} and Cu{1)0}
{(bottom). The sampies have been annealed up to about 600 K for 20 min~
utes. In all cases the surface normal was lying In the ¥-detector plane
pointing under 45° between detectors. As one can see from the data most
of the "!Tn probes are exposed to well-defined electric surface field gra-

* This work was supported by the Deutsche Forschungsgemelnschaft through

the Sonderforschungsbereich 306,
th7
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Flg.1: PAC time spectra together with their Pouorier transforms for isolated
ln probes on & Cu(lil) (top), Cu{l00) (middle) and Cu(llQ) (bottom} sur-
face. The surface normais were lying in the detector plane under 45° with
respect to twe adjacent detectors. The time spectra are fitted with three
frequenciles corresponding to a unique electric field gradient., On the right-
hand side the atomic arrangement for the corresponding Cu surface s shown
and the measured principal~axis orjentation |s depicted. The possible Miin

sites, consistent with experiments are also indicated (dashed: substitutional
site, star: hollow site).

dients, which |s manlfested by sharp transition frequencies seen iIn the
Fourler analyses (right part). Due to the chosen geometrical arrangement,
from the expected three transition frequencies {since the nuclear spin of
the isomeric MCd-level Is | = 5/2) the second frequency Is dominately
seen. Since for Cu(l}l) amd Cu{l00) the ratio between first and second
frequency s found to be 1:2, an axial-symmetric electric field gradient
with asymmetry parameter W = 0 s deduced. The following electric [ield
parameters have been found:

cuil1l) : Va = 9.8(15)1017 V/em? neo
Cu(100) : Va = 3.8{143107" V/em? n=490
Cull10} : Yu = 77412107 V/omt n = 0.7441)
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Fig.2: Dependence of the frequency smpiltudes for isolated %iin probes on
&8 Cul(]l00) surface as & function of a selected set of angles between surface
norma} and ¥ ~detector plane.

In order to determine the orientation of the principal axis system of
the electric field gradient tensor FAC spectra for different geometrlcal ar-
rangements have been recorded, Flg.2 shows an example for in oh
Cu{100), where the angles of the surface normal with respect to the 7-de-
tector plane has been varied {for definitlon of angles: see insert). The
dashed curves are calculated by assuming the symmetry axis of the surface
field gradient pointing along the surface norms]l and by neglecting the fi-
nite size of the sample and 7-detectors. The finite so0)ild angle of the ¥-
detectors can be taken inte account, which results in the solld lines in
Fig.2. The agreement with the experimenta] data clearly establishes the
fact that the symmetry axis of the electric-field-gradient tensor ls directed
perpendicular to the Cu{l1G0) surface. Simillar experiments have been per-
formed for the Cu(lll}) and Cu(110)} surfaces. The obtained principal-axis
orientation is depicted on the right side of Fig.1 together with the atomic
arrangement for each surface. It is clear that the symmetry and the orien-
tation of the electric fleld gradient refiects the symmetry of the surface
atoms.

In the case of Cu{lll) and Cu{100) only two sites of the MIn pro-
bes can explain the experimental findings: firstly a substitutional site, l.e.
In Is Incorporated in the topmost layer or, secondly., a holiow site, l.e. In is
oceupving a regular Cu site In the next (still empty) monolayer. Cluster
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calculation by Lindgren % favour the substitutional terrace positions of
Uiln  on copper surfaces,

2.2 Surface field gradient at tMin probes deposited at different depth
from the surface

As [t was demonstrated before, *In probes which are occupying
substitutional sites in the topmost atomic Jeyer are exposed to rather
strong unique electric field gradients. The electrle fleld gradient acting on
to probe nuclei shouid be poverned mainly by the next-neighbouring stoms
and the conduction electrons In the neutral Wigner-Seltz cell. Therefore
once the 1tIn  probes are surrounded by the 12 next neighbours in fec Cu
a vanishing electric field gradient is expected. This situstion is wvalid al-
ready for ''in  probes one layer below the surface layer in Cu(100) Bnd
Cu{111}, since then a complete next neighbour Cu-shell is present.

vy 110" viem? ]

Eig.3: The largest component Vi of the electric~fleid-gradient tensor
megsured at "tJn  probes as a function of the depth from & Cu{il0) surface.
The asymmetry parameler v is also included. The inset illustrates the next
neighbour arrangement around the substituticnal "in probe atoms.

For Cu(110) the situation is different, here two additional Cu mono-
layers are needed on top of the !MIn  probes to restore the complete co-
ordination (see Fig.3, right side). This effect was investigated experi-
mentally, by labelling Cu{110) surfaces with 'In  probes and successive
coverage by additional copper. The resuit Js shewn In Fig.3 where the
electric field gradient Is shown for in  probes situated at different depth
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from the surface. Min probes situated in the secon-i layer are still ex-
posed to a rather strong electric fleld gradient, whicl stems from the fact
that '""In  is only surrounded by 11 Cu atoms. Only «fter coverage by two
layers, i.e. MIn  is now sitvated in the third layer, the electric field gra-
dient 1tends towards 2zero, as it should be for a cubic surrounding. This re-
sult shows that the electric flield gradient czn be used to delermine the
position of 'In probes with respect to the surface laver. This opens the
possibility to follow migration of probes perpendicular to the surface on an
alomic scale,

R{t) T T T T I‘llll 7 P(U)
-o1 f Ta=Tys 17K = W | ladd
WMWM% SR
0 { H 5
4 4 — 0
-01 F Tp = 160K
[ b f !
0 N Ty 1 Ny t § ilf - f2 <5
| |
' ‘ — A 0
-01 T, = 650K 7 fy
0 | T 78
L ] | 0
0 100 200 300 0 400
time fns) w [Mred/s]

Fig.4: PAC time spectra with Fourfer transforms for isolated 'In probes on
a4 Cul{}ll) surface measured at Tw = 77 K after anneallng for 20 min al
three different annealing temperatures Ta. The insert illustrates the pos-
sible Mln  probe step sites denoted by the fraction fi.
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2.3 Step sites for Mn  on Cuflll) surfaces

As described above Hiin probes occupy terrace sites at copper sur-
faces after thermal treatment. The guestion arises through what paths the
1m)n  probes find such terrace sites after deposition at 80 K and successive
annesling. In the case of #p en Cu{lil) we tried to reconstruct the pos-
sible behaviour of the probes until they settle down at terrace sites. For
this purpose a Cu{lll) surface was prepared with s high number of steps.

In Fig.4 PAC spectra together with Fourler transforms are showa for
three different anneaiing temperatures. The topmost spectrum was taken
right after deposition of the *!n probes, in this case a fraction i is
exposed to an electric field gradiemt with Vi = 9.8(15)1017 V/em* and
n = 0, exhibiting some distribution. Annealing up to 160 K results in com-
pletely undefined electric fieid gradiemts for al! 'in  probes. Finally after
anneallng above 350 K the 'fIn probes are occupying the above mentioned
terrace sites {lower spectrum, fraction fa). Closer inspection of the electric
fleld gradient associnted with fi, shows that the z-axis of the [.incipal-
axts system is inclined under 33° to the surface normal. Qur lnterpretation
of these results is as follows. After deposition of the 1[n probes at 77 K
they have landed on the surface in for example holiow sites in which they
are highly mobile and gre then trapped at sieps at Cu{l11} (fraction fi}.
Further anneaiing releases the "1n 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 1ip
probes enter the surface layer from the step configurations occupying re-
gular terrace sites.

2.4 Indium Diffusion on Cu{100)

The iabelling of copper surfaces by radioactive PAC probes offers
the possibility to study diffusion processes. The basic concept hereby s
trapping and detrapping of a certain species under consideration at the
isolated 1In  probes., Trapping car be recognized by a detuning of the
surface fleld gradient obtained for free In  probes.

We have performed experiments to investigate Indium diffusion on
Cu{l100) surfaces. ¥ In a first step isolated " In probes have been depos-—
ited at Cu{100} 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 trensform the ampiltude for w: is dominant, which is
consistent with the principal z-axis system of the field gradlent being
criented perpendicular to the surface (see chapter 2.1).

In a next step the Cu(100) surface, marked with lsolated n 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 % oc-
curs, however, without any significant shift of the average frequency
{wa = 344{]) Mrad/s}). Now the sampie was subjected to Lo an isochronal
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Flg.5: PAC time spectra and thelr Fourier transforms for isolated '“lin onh a

Cu(l100) surface (messurement temperature: 77 K)

&) for a clean Cu(l00) surface

b} for the Cu(100} surface covered with sbout 7 % natursi Indivm and
annealed up to 580 K.

annealing program (annealing time: ta = 20 min, mcasurement temperature:
Ta = 77 K) to thermally activate diffusion of Indium atoms.

At an annealing temperature Ta = 200 K a frequency shift of the
electric field gradient distribution of ebout 3 % o higher frequencles
{wz = 354(2) Mrad/s) is observed and at Ta = 240 K even sanather fractlon
with 2 higher frequency shift {(wz = 367(2) Mrad’/s) appears. Over the entire
annealing temperature renge no other new frequencies occur. The PAC
spectrum after annealing up to Ta = 580 K is shown in Fig.5b. The Pourier
transform ciearly shows the splitting of ws [nto three fractions, the cor-
responding splitting of w1 is not resolved.

The annealing behaviour of the different fraciions rejated w the
three frequencies is depicted in Fig.6a. The freetion fo Is characterized by
wz = 344 Mrad/s, which is the same as found for the Cu{l00} surface with-
out natural Indiwm deposition. Therefore we assume that this fraction of
1n  probes has no Jndium &t nearest-neighbour sites on the surface, the
observed increase of the field-gradient broadening is due to !ndium in the
further surrounding. Heatlng the sample induces Indjum diffusion and with
our indium coverage already one or two jumps are sufficient to form Im-In
pairs. This effect occurs at temperatures between (50 K and 200 K, the
fraction of free Indium probes converis as Indicated by a frequency shifv af
3 % Al higher eannealing temperatures the new fraction N of Ia~in
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Fig.6: Fractions of YIn probes, which are related to different In ronfigu-
rations, on 8 Cu(l00} surface covered with about 7 % natural Indium

a) as 8 function of annealing tempersture {ta = 20 min)

b) as & function of meesurement lemperature.

palrs partlally converts in & fraction 3 which we might identify as small
Indium clusters. The slow incrense of f: at temperatures below 240 K cad
be explalned by the fact that only few free In atoms are left to promole
further cluster growth and therefore other clusters have to dissolve,

The ]n  fractions wWere also investigated as a function of PAC
measurement temperature, which was kept for several hours typicaily. This
experimental dependence jis shown (n Fig.6b. Now with increasing tem=-
perature the fraction fa s reduced In favour of fi; finally above 470 K
also the fraction fi starts to diminish, e.g. in our model now In-In pgirs
break up.

3. Concluslion

The fleld of employing hyperfine probes to surfaces !s still at the
beginning, however due to the experimental sophistication surface hyperfine
fields can now be measured in n systematic way. Especizlly the utilization
of the PAC method has Jed to a variety of Interesting results, some of them
have been indicated In this review. In c¢oncluslon, & summary cof all the
surfece hyperfine fields for free metnl surfsces known up to now are listed
tn Table 1. This- table demonstrates that & remarkable progress has been
achieved recently in the fleld of surface hyperfine fleids.
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Table 1: Magnetic hyperfine fields and eilectric field gradients at free metal
surfaces. ¥

F) n QOrientation af
Surface Probe  Method  Bas (T) Va (v/emd) Principal axis
_ . 401 m 0 z L sutface
Au {100) Hin (PAC) , 2:?) 1017 o z L surface
C (100} "l[n [PAC) - E'B 4
u (PAG) ~ 79012} 10¥ .74y z 1 surface
Cu {310) hn A ¥ Il 1t
. DT o Z 1 surface
Cu (111) nig {PAC) 9.5;&5} ‘:0" o w 2 1 surface
Fe (110} *Fe {ME) 309 3.2 ‘
__ .78} 108 0.44(d) z L surface
I (111)  uIn (PAC) ' W 0.2
Wo €110y wgd (PAC) - 4.0 \ ‘::“ .
LS RL} i {NMR) - 0.0( {)) o 2 L surfuce
® (110 Ui (NNR) - i » 007 2 1 surface
¥ {110} uNg {NMR) - =4.74(8) 10 E
' wwo probe sites observed, b gssumptioh by avihors
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NEW PERMANENT MAGNETS INVESTIGATED BY WODSSBAUER SPECTROSCOPY

J.P. SANCHEZ

CENTRE DE RECHERCHES NUCLEAIRES 67037 STRASBONRG Cedex ,France

I - INTRODUCTION

A permanent magnet is a material able to produce a steady
magnetic [ield after being magnetized. Materials suiteble for this purpose
should give rise to large hysteresis i.s. high remanence Br and large coer-
cive field Hc. The measure of the gquality of a permenent magnet is usually
described by its energy product {BH)mu. The relevant parameters of a per-
manent magznet are illustrated by the hysteresis loop plotted as magnetic

induction B versus the magnatic fleld strenght H {(figure 1). It is obvious,

81

Figure 1 - Second quadrant of hyste-
resis loop, or demagnetization curve
of permanent magnet., The ensrgy pro-

duct (BH)mx is given by the area of
the shaded rectangle.




that for practical use the material should order magnet.cally 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), <} large uniexial
anisotropy (one of the primary sources for a high coercive rield). 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}max = 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, Sumitomc metals /1/ and General Motors /[2/
announced the discovery of a cheap high performance magnet, related to ta
NszeMB phase, with an energy product ae high am 40-45 MG Ce (or ~ 3%
KJ/mal. The importance of Nd-Fe-B materials for permanent magnet technology
has initiated considerable sclientifie investigation around the world amd
speclially in Europe, where the Eurcpean Communities decided to support aa
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 Nszelaﬂ structure and of other RE~Fe-B phases as
wall.,

The elucidation of the baBic properties of these materials,
which ig complicated by the coexistence of large number of low-symmetry
atomic sites, requires a combination of experimenta. methods. Among these,
M#ssbauer 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 toel 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 {lsscd, 161Dy] aliowed the first experimental evaluatien of the second
order RE crystal field parameters, a key to understand the magnetocrys-
talline anisotropy in these materials (i.e. ¢asy 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 (lley]. Maorecver,
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 REzFeldﬂ phases, The contribution of the

Méssbauer spectroscopy to the knowledge of the intrinsic properties of these

new permanent magnets will then be given.

IT - CRYSTAL STRUCTURE AND BULK NAGNETIC PROPERTIES OF THE REaFeuB

COMPOUNDS

I1I.1. -~ Crystal structure

The crystal structuée of the NdaFelda phase was determined by

powder neutron diffraction /3/ and single crystal X-ray measurements /4,5/.
Subséquent works showed that the RE elements form & series of isostructural
compounds with the Nszeldﬂ structure (the Eu compound, however, does not
exist). The structure is tetragonal (space group szfmnm); it includes two
structurally distinct RE sites and six non-equivalent Fe gites, 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 hexagcnal
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Figure 2 - Crystal structure of NszemB after Herbst et al. /3/. The c-axis

is not to scale. The notatjion of the site follows the convention

of Givord et al. /74/.

prism as in the RECOS structure. The other points which deserve attention
are the occurrence of very short Fe-Fe distences i.e. 2.39 i (jl-Kal and the
similarity of the Fe{ja} site with the dumbell 2¢ or 4f sites in the hexmgo-
nal or rhombohedral REFen structures /6/ (the jz {2c, Ar} sites are situ-
ated on the midpeint between the centers of Fe hexagons stacking along the

c-axnis).
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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. /4/. hNotice that Nd site designed oy g correa-

ponds to the f site in the Herbst et al, /3/ paper.

atom | Site CN and average distances

i I {
] i |
| ! ! Nd ! Fe ! B |
| I I I I !
| Ma, | ar | () a3amn | (e) 32 | (1) 2.e9 |
J | I I | |
[ N, | 2g | (2)3.79 | (16) 3.2t [ (2) 3.25 |
I I | I I |
| Fe, | ae | (2) 318 | (9)2.58 | (2) 2.09 |
I ; ! t ! [
| Fe, | 4c | (a) 3,25 | (8) 2,53 | - |
I ' | | I i
| Fey |85, | (3) 330 | (9)2.55 | - [
! ! ! ! ! }
| Fe, |8i, | (2310 | (12) 2.70 | - J
I | l i | i
| Feg i 16K, | (2) 3.068 | (9)2.88 | (1} 2.10 |
[ | | | | |
| Feg 116k, | (2) 3.37 | (10) 2.5¢ | - [
| i | | ] }
IB  tar | {3)313 |} (6)2.10 | - I
| | | | | |
| | ! | | l
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I1.2. - Bulk magnetic properties

The magnetic properties of the RE_Fe 4B series have been reviewed
=

1
by Buschow /7/, Coey /8/ and Givard /9/. [t has been shown that they are
governed by the Fe-Fe and RE-Fe exchange interactions and by the RE single
1on anisotropy, at least at low temperature where the 4f anisotropy usually
deminates the 3d one.

Investigations of the alloys with non-magnetic RE showed that the
mean iron moment {( -~ 2.1 “B) is slightly smaller that the value of 2.2 g
of q-Fe f10/. This moment reduction was ascribed to electron transfert and
nybridation effects.

The Curie temperatures {figure 3) are relatively low compared to
iron metal (Tc = 1043 K). This is attributed to the ceccurrence of Fe-Fe
bonds shorter than 2.5 & which favour antiferromagnetism .

Anaiysis of magnetization data of YEFeIaB gingle crystal aliowed to
conclude that the c-directien is the easy direction of magnetization for the
iron sublattice. The anisotropy constant Kl which is rather small {(7.056 x
1.06 erg/cm3 at 4.2 K} has a peculiar temperature dependence /11!, 12/.

From the values of the spontaneouws magnetization at low temperature
it was concluded that the Fe and RE sublattices couple ferromagnetically far
light RE and antiferromagnetically in the case of heavy RE /10/. It ahould
be noticecd that the Fe-RE interactions almost constant for heavy RE is about
twice ag large for light RE (Pr or Nd). This elfect is attributed by Givord
to different 4f-5d4 overlap accroas the series /13/.

The RE anigotropy which is related to the crystal field acting at
the RE sites detarmines at low temperature the magnetic structures of the

non-5 RE alloys. At RT the direction of the bulk magnetization {excepted for

the Yb compound) is strongly correlated to the sigh 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 (Bg. Bg} in determining the RE anisotropy.
and in turn the bulk anisotropy. AT high temperature (i.e. close to Tcl the
iron anisotropy overrules the RE anisotropy and the c-direction is the easy
direction (excepted for the 5m compound}. Thus, the uniaxial iron anisotropy
competes with the RE anisotropy when a; > 0 (figure 3). 3pin reorienta-

tions, as expected, have been observed in Er,fe B (323 & /12/), Tm,fe B
{315 K /12/) and szFe148 {119 K /la/). Another type of spin reorientation
transitions occurs in NdaFelaa {150 K] and H°2Fe1nB {58 K /12/) at low tem-
peratures (the net magnetization %wecomes inclined with respect to the
c-axi&); 4th order cryetal field terms should be considered in these cases

/1%/. Notice that the actual magnetic structure of "d2F°1dB has not yet been

F‘l52'=1!1..!3
Tix)

400' DMuc

o

|

|
il
.

] Complex
/7

o-
Y LaCe Pr NASmGdTb Dy Ho ErTm Yb Lu
a e e I 2
J
Figure 3 : Curie temperature, second order Stevens factor for different RE
and easy axis direction in REQFelaB alloys.
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compietely solved ; preliminary work by divord indicates tnat *the structluie
18 non=collinear with several RE sublattices.

Although RE-Fe-B :nagnets nave wvery nigh {BH]max' their lurie tempe-
ratures and anisotropy fields are relatively low. Thus, many efforts have
been devoted to improve their high temperatures properties by atom subatitu-

tions in the Nd FeﬂdB or Pr.Fe_ _B phases :16,17,18/. Co substitution for Fe
4 o

2 14

increases dramatically the Curie temperature but has negative effects, both
the spontaneous magnetization and the anisotropy [ield decrease. The aniso-
tropy, and therefore the coercitivity, can be improved by replacing Nd or Pr
by RE with uniaxial anisotropy { a; < G}, Dy or Tb seems to be the best

candidates however, the spontanecus magnetization decreases owing to the

antiparallel coupling of the Dy and Fe momente.

II1 - WOSSBAUER MEASURENENTS IN THE IlEzl-'e1 4B ALLOYS AND RELATED PHASES

II1.1. - Iron sublattice properties : local moments ond =mite
prefarence of iron

Numerous S?Fe Mdssbauver investigations of the REeFeMB alloys were
undertaken with the emphasis to obtain informations on the magnetic proper-
ties of the Fe sublattice /19,20,21/. Complex Missbhauer spectra were obser—
ved as expected owing to the occurrence of six iron sites of low symmetry in
addition to the presence of Fe-base impurity phases ( a-fe, REF'AB.I or
REEFEUJ‘ 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 (16:16:8:8:4:4). It

should be noticed that when the magnetization is not in the c-direction,

some sites that are cryetallographically equivalent become magnetically
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inequivalent /22/. This further complication was never taken intc account in
the fitting model ; it shows up by a mere broadening of the resonance lines.

in all cases, the guadrupole interaction was treated as a first
order perturbation of the magnetic interaction i.e. the effective quadrupole

splitting is given by

Do = 1/4 e2q0 (3 cosze ~1ls+n sinze cosZ P} (1)
where { 6, ¥} define the direction of the hyperfine [ield in the electric
field gradient (efg) tensor principal axes.

Due to the complexities of the gpectra and the limited resolution,
there was no unique way to fit the data ; but Some general ngrecment exists
for the hyperfine field values of the three major sites 16K1. 16&2 and sz
but some discrepancies exist for le and the weaker 4ac and d4e patterns
(Table 2 - figure 4). Nevertheless, the average hyperfine field appears tobe
insensitive on the fitting model, The assignment of the different Fe sites
was made by reference to the systematies of the hyperfine parameters esta-
blished in the RE-Fe intermetallic¢s, i.e., & monotonic correlation exist
between the hyperfine field and the number of n.n. Fe atoms (Table 1). The
hyperfine pattern with the largest Hhr was aasigned to the structural site
sz which present 12 n.n. Fe ; as already pointed out the coordination of
this, site is comparable to the dumbell site in “2“17 alloys which also
present an enhanced H, . value f20/,

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 /20/. Friedt et al. /20/ showsd howsver, that the 8,12 site which has
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Figure 4 = 57Fe M5ssbauer
apectra of DyzFe14B at
4.2 K (A) and 295 K (B) ;
and of DyaFe BH t

143,85 8
295 X (C) r23/.
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the largest quadrupole interaction was cf nearly axial symmetry ¢ n =z 3)
along the c-direction. This favourable circumstance was used to detect spin
reorientation transition ($ee below).

The rare-earth dependence of the average hyperfine field at 300 K
is presented jin Fieure 5, 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 TC 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, th 2 {gJ—I)J.

1 ] I I | 1 1 L I I I T 1 | I
- S,
E - A\b\
[ SO-F_‘/J A .
——
b agl T ¥ -
w Y TN
z N
W e
E 26| -
a
>
z 241 ° -
| | [ 1 | [ [l 1 M | [ i } [ [ [

LaCaPr NdPMSmEuGdTh DyHo ErTmYb Lu

Figure 5 - RE dependence of the mean iron hyperfine field at RT (adapted
from /21/).

The magnetic moments deduced from Missbauer effect are ¢ompared in
Table 2 with those obtained by neutron scattering measurements /24/ ; only

crude agreement between the two sets of results was obtained. Notice,
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7

Table 2 - Values of the hyperfline flelds acting on 5 Fe nuclei at the 3ix Fe sites Iln Y2F814D at 4,2 K.
The value of the iron moment wss estimaced from the hyperfine field corrected (or Lhe dipu-
lar field /21/ ueing the relation 1 y = 15 T. The last line corresponds to the moments de-

B
duced from polarized neutron gcattering experiments /24/.

16K2 16K1 sz le ac de average
Hop (T 34.4 az.5 38.1 32.1 32.4 32.0 33.7
Hhr-Hdip(T) 34.6 32.5 8.8 2.7 31.5 3z.0 33.9 120/
i) 2.3 2.17 2.59 2.18 2.10 2.13 2.26
Hop (T) 34.3 32.1 36.9 35.2 30.9 35.3 33.9
th—Hdip(T} 34.8 32.1 37.6 35.8 29.4 35.3 34,1 I3Yi
u(ual 2.30 2.14 2.51 2.39 1.96 2.% 2.27
u(uB) 2.2% 2,25 2.80 2.40 1.95 2.15 2.32 r2a/




however, that the probing of magnetic moments by these two methods are nct
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, 21/. The occurrence of a minute Fe orbital moment was
evidenced fror the observation of a discontinuity of the average hyperfine
field when the Fe magnetization changes its direction from paralle! to per-
pendicular to the c-axis. It was furthermore shown by Fruchart et al. /21/
that the lecal iron anisotropy has opposite eign for the 1€ K and sz sites;
these authors Suggest that this may be the reason for the unuSual tempers-
ture dependence of the iron anisotropy in YzFeldB.

E'-"Fe MGssbauer measurements in REQ(Fel-xcoxlldB alloys have been
undertaken with the aim to obtain informations on the site preflerences /17,
25, 26/. The data confirmed the preferential occupation of the sz site by
the iron atoms while the opposite holds for the 1sx2 gite {Figure 6).Table 1
shows that 932 gite in HszeldB has the highest number (12) of n.n. 34
atoms at the largest average distance (2.70 k). In contrast 16K2 site has

10 n.n, 3d atoms at a mean distance of 2.54 R. Thus, as pointed out by Van
Noort and Buschow /25/, the preferential site occupancy of Co and Fe atoms
is r?ainly linked to the smaller size of Co etoms. The Co atoms by occupying
the smaller size suppress the weakest Fe-Fe exchange interactions and thus

anhance 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 - 57Fe Missbauer spectrum at AT of Ndzcouﬁ doped with 2 % 5"’Fe (a).
The Nsze“B spectrum (b) is shown for comparison /25/.
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I11.2. - Rare-earth sublattice properties : crystal field, local moments

and exchange interactions

Measurements of the hyperfine parameters (Figures 7 to @) at the

two RE sites in the REeFe B alloys have been performed using the 15566 27,

28/, oy r20, 21/ and

14

166Er /29/ Mossbhauer isotopes (169Tm measurements were

mentionned n  /7/ but not yet published, 174Yb Mossbausr experiments by

G. Czjzek et al. are in pregress).

L

[
-
-
«»
Ll
1

|
L1
LY

0.58 "‘LA!J -

0.97 | 1 i 1 1
- ..U -u -152 U 12 3.‘ .l.

velstity mm/s

transminssion %

Figure 7 - 155Gd Mossbauer spectrum of GszeldB at 4.2 K /27/.

The magnetic hyperfine field acting on the RE nuclei in REzFeldB

alloys (Table 3) is commonly described as a sum of several contributions :

Hhr = Hype + Hcp + Hop + HH(REI + Hn{FeJ (2)

H4f represent the field produced by the 4f localized electrons {(orbital plus

spin dipolar contribution}; Hcp is the core polarization field,
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Hcp * = 10 {gJ-IJJ{Tesia) ; the last three terms stand for the conduction

electron comtribution due to the RE own polarization {Hop) and to the neigh-
bouring magne*ic atoms, Hn(RE) and Hn{Fe}. For S-state ions (Gd3+} the d4f

field vanishes to zero. Thus, the 155Gd hyperfine field data {Table 3} allow

a direct estimate of the field produced by the conduction electren polariza-
tion, HCe H Hop + Hn{RE] + Hn{Fe], along the R£2F°145 series. Strictly spea-
king Hop and Hn(RE) are proportional to the HE spin whereas Hn(Fe] is pro=-

portional to the iron sublattice megnetization. The larger contribution to

Hce is provided by Hn(Fe); hence, the 155Gd data actually provide an upper

limit for Hca which is taken as + 49 T for site 4f and + 62 T for site 4g,

The intra ionic fields (Hi z qu - Hcp] at both the lﬁSEr {757 T, average}

and lelDy {568 T and 566.5 T} nuclei are very cloge to the respective free
ion values (Table 3}, Thus the hyperfine fields imply that Jz 15 nearly

fully saturated in REaFeldB alloys, in agreement with magnetization data.

Table 3 - Hyperfine fields at the 1SSGd, lalby arl 156Er nuclei in REzreIGB
alloys. A positive Gd hyperfine field means that the field is

parallel to the RE sublattice magnetization.

th(T)

| ! i
| Sice | {
I | 155, I 161, i 166 I
| | ! i !
i af | +15.3(2) | 616 (2) | |
| | | | 812 (5) |
[ ag | + 27.6 (2) | 628 (2) i I
{ ! | | i
| Free ion | - 34.0(2) | 563 (11} | 7es (8) |
| | | f [
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The electric field gradient (efg) acting at the RE sites .s the sum

lat

a .
of a 4f contribution eq f and of a lattice contribution eq The postsible

- . . . lat
cootribution from the zonduction electron is included in eq :

4
eq = éa L. éElat {3}

At low temperature the second “erm (s treated as a perturbation of the domji~-

nant and essentially axial eqdr

2 lat la

£
aqzro « /2 e q, Q {3 cosze -1+n

ezqzo = e t'sinze cas2 ¢} {4}
where { & , @) are the polar angles defining the direction of the RE r-. .« nt
{Z-axis) in the lattice efg system of axes (z).

For S-state ions (Gda') the 4f efg vanishes to zero. This e
calculate the lattice quadrupole coupling constent for the non=-5 F
(Table a).

The orientation of the lattice efg principal axes with -
the crystallographic reference frame deduced from symmetry cons
and point charge calculstions /11,20/ was confirmed by the 155Gd
data. On: axis coincides with the crystal c-axis and the other two are itn
the {a, b) plare (Figure 10). Thus, the polar angles ( 8§ , ¢ ) can be dsduced
wnen the orientation of the RE poments is known. Notice that we assumed in

Table & that the Er moments are along the a-axis, Actually, this is only

true for the net Er moment ; a fan magnetic etructure was predicted for

ErEFeldB 730/ .
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Table 4 ~ Measured quadrupole interaction perameters in RE_Fe 4B alloys and estimated contribution

from the lattice to the total quadrupole coupling constant at the 1610y and 166

as calculated by scaling from the 155

155

Gd data /28/ (with Q {

271

Gd) = 1.30 b,

Q'(lﬁeBr] = ~1.59 b and Q (1610y) = 2.35 b). 02q4r0 is estimated according to Eq.4.
155, 161, 166
Site ar ag af ag ar ag
e2q0 {mm/s) -3.50(9)  +5.05() | 115(2) 114(2) 12.3(5)
2 lat p
e“q T Q (mm/8) -3.50(9) +5,05(9) -21.3 +30.8 +4,60 -6.63
lat
n 0.61(7) 0.35(3) 0.61 0.35 0.61 0.35
(9, {0,0) (n/2,7/2) { {0,0) (n/2,2/2) 1 (n/2,n/4) {(n/a, 0)
ezqdro (mm/s) b 0 136.3 134.8 14.6 14.5
e2qqT ™% o0 s} 0 0 140(7} 16.3(7)

Er nuclei
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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 magnetizstion (or hyperfine field) corresponds to the

situation occurring in the G4 or Dy compound.

The estimated 4f contribution to the quadrupole coupling constant
in Dy2FeMB and ErzFeuB {Table 4} show that they are very close to the fr-e
ion values. Actually a minute crystal field admixture was observed (or the
Er compound.

In conclusion both the hyperfine field and the quadrupeclar data
indicate a nearly free ion behaviour for the non-5 RE compounsds, as expected
when the exchange dominates the crystal field interaction.

The lsssd 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 c<rystal field terms which determine the RE anisotropy. Bg and
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can be scaled fror the efg parameters using the relations :

Ryt

lat 2
o, eg <> (1-0.)
pE . - = af 2:IB§|=|B

ail -ym}

c

’lat
al |

(S}

Separating the factors which vary from one RE ion to another, Bogé et al.
/28/ defined universal parameters Al by £ 2 (1-0 ) a, < r‘? > A, The
‘ 2 2 2! % art2
A; parameters being approximatively constant for all RE in the REzFewB
lat
series. It follows that J\O - - 59
2 a(l-y,)

principal axes system. It is customary to use the c-axit as reference system

and |A22|' = [Ag[ r-.lat in the efg

for the crystal [lield ; thus, for site 4g the ccoordinate system has to be

raotated by 90°. The values for A; deduced from the 15500 eflg data are listed

in Table 5 along with the values resulting from peint charge calculotions

/11/. The n;l values have about the same magnjtude and are positive for both

RE sites. This means that the c-axis is an easy axis for RE jons with

a,< 0 while an easy plane is favoured when o, * 0.

J

Table 5 - Experimental values of the seccnd order crystal field parameters

8]
A, and Ai {referred to c-axis) derived from 15506 efg data

( y_ ==92) and poeint charge calculations /28/.

| Site | a2 (x/a2) |1a2] (k/ad)
| | | !
| | from | ! {
| | efg ] sco(17) | arafas) |
| ar ( | i i
! ! cal. i 1900 | 500 |
i ] | | |
| | 2fg | o61{19) | 1298(27) |
| ag | | | |
[ | cal. | 1400 | 1e00 |
I ! i | |
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Informations about the physical parameters describing the exchange
interactions between the RE ions and the Fe gublattice may be derived from
the temperature dependence of the hyperfine field acting at the RE sites,
Berthier et al. 731/ deduced the experimental variation of the Dy moments
wi.h temperature from Hhr(T} by assuming that the temperature dependence of
Hn(Fe) can be neglected below 400 K and starting from nDy = 10 up at a.2 K

{Figure 1i). The magnetic exchange interaction (Hzi) acting on Dy moments

L ‘ L] l . I r L)
O G
g :\‘\' i
[ .

E ar > oot ‘hhakh‘h‘“' .13
w h'{-dlll \ i E
E = [ L3l s
E - {omi -sg
E -+
£l ] 5
| .

0 A . 1 L 1 ol 0

0o 200 00
TENPERATURE (K )

Figure 11 - Experimental temperature dependence of the Dy hyperfine fisld in
DyzFeldB and deduced temperature dependence for the Dy moments,
The solid curve reprssants the beat fit to the data with a
Brillouin function (see text) /3l/.

was obtained from the i'it of the experimental points to the Brillouin func-

tion :

W71y = w0 B, (28 uy WYY /KT (6)

15/2
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witn the exchange f[ield assumed to Dbe praportional o the Fe sublattice
magnetization, MFe(TJ = M{T} - HDy(T). obtained from magnetization meas.re-
ments on a single crystal. The value of 2 “BHex = 385 K &t 4.2 F was found

to be in good agreement with other estimates /27/.

I11¥.3. - Magnetic siructures and spin reorientation phenomena
The two types of Spin reporientation phenomena encountered in

RE_.Fe, .8 ulloys have been investigated thoroughly by Mossbauer effect measu-
“=

14
rements in powdered and magneticaily alipgned samples /14, 20-22, 32=-3&/.

Spin reorientations where the Fe magnetization changes .ts
direction from c-axis to busal plané, as the temperature is decreased, were
devected by following the tempersture dependence of the cutermost right hand
resonance line belonging to the 832 pattern {Figure 12}). The reduction by a
lfactor of about -2 of D0 {Eq. 1) for the Gj2 site, when c¢rossing the spin
r¢orientation transition from above, is consistent with a 90° rotation of
the moments.

The data obtained with magnetically aligned samgles are more infor-
mative since the rotation of the moments can be followed more eassily and
their orientations with respect to the crystallographic axes may be provided
by complementary X-ray diffraction measurements.

The Fe spin recorientation are detected by observing the relative
intensity change of the Am = 0 5?Fe Mossbauer resonance liner {Figure 13).
This method relies on the fact, f{or magnetically split 5?Fe spectrum, the
intensities of the six lines are {ideally) in the ratios

3:Z( o »:1:1:2( g ):3, where g is the angle between the gamma-ray wavevec-

tor and the hyperfine field {or magnetization) direction, and Z( o ) =
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Figure 12 -
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5?Fe Missbauer spectra of Tm

rientation transition /22/.

2

Fe‘l 4B above and below the spin reo-
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& slnzu fll s cosza ;. Thus, for an absorber whose spins are initially
aligned parallel to the gamma-ray direction, a 90° spin reorie-.ation «ill

manifest iteelf as & 2( g ) change from O to 4 {Figure 13}.

Am t 0 1 f 0 #t

REY

L
+ | 0
M
- 3
e aw

VELOCITY(MM/S)
Figure 13 - Principie of the method for determining the orientation of the
Fe magnetic moments from the relative jintensities of the six
resonance lines of a magnetically spiit spectrum (see text).
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For Er FeMB /21/ the S'F- Mossbauer spectra

2Fe1dB /33/ and Trne
change dramatically around respectively 326 and 316 K (Figure 143, in cleasr
demonstration for a spin reorientation o¢curring at these temperatures ,
with the spins rotating from c-axis to basal plane when the alloys are coo-
led. The residval intensity in am = 0 above the spin reorientation tempe-
rature is due to imperfect alignment of the powder.

For the cases of REzFeMB compounds with RE ¢ Y, Ce, Pr, Tb, Dy,
Lu /21, 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
sping remained aligned parallel to the c-axis (Figure 14). It was further-
more shown, by 1610} Mtasbauer spectroscopy /33/, that the Dy moments are
collinear with the Fe spins betwasn 300 and 4.2 K (Figure 15),

Spin cantings >f the Fe sublattice in HoFe, B /21/ and NdFe B
/32f at low temperatures were clearly evidenced from the change in the jm
= O line intensities. The canting angles with respect to the c~axis were
deduced to amount 30° for both samples. .

The ¢hange of the reorisntatisn temperature (Tsr) by partial! subs-
titution of Er by another RE in (Er-RE}aFeMB alloys was investigated by
S’Fe Musstauer spectroscopy in (Erl_‘Gd‘lzl‘el 4B 735/ and (Erl-‘byt).‘,l‘e“s
/34, 35/ magnetically oriented samples. The study of Tsr as a function of x
in {Erl_:nl::lal-‘eua compounds is & means of teating microscopic models for
the crystal electric field (CEF) and exchange interactions in these alloys.

The data for (Erl_xcd‘lzl-'eua were guantitatively explained in
terms of a Hamiltonian which included second urder CEF terwms, RE-fe interac-
tion, plus an uwniaxial anisotropy due to the Fe sublattice 735/,

Dyl ].‘._.Fel o

A rapid decrease of Ts:- with x was observed in (Erl_x

alloys, as expected from competition between the unisxial anisotropy of Dy
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Figure 14 - 57Fe Missbauer mpectra of magnetically aligned Dyai‘euﬂ and

Er‘.:_,l"e1 o8 powder samples. Alignment at 360 K mlang the y-pro-

pegation axis in a field of 1.7 T and freezing in paraffin/

epoxy resin. Measuremant of the Dy alloy at (&) 295 K,

(B) 4.2 K and of the Er alloy at (C) 328 K, (D) 295 K /20/.
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and the basal anisovropy 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 4th

and 6th order CEF terms in the Hamiltonian for & quantitative description of

the Tsr

vs x data in the whole x concentration range {Figure 16).

SPIN REQRIENTATION TEMPERATURE (K)

200

200

100

- 4
9.0 0.28 0.50 0.78 1.0

Dy CONCENTRATION (x)

Figure 16 - Spin reorientation temperature am a function of x for
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(Erl-xnyx)zhl <8 Experimental data : black bars /367, white
barg /34/. Calculated values : using 2nd order CEF terma only
{dashed curve), using 2nd, 4th and 6th order CEF terms (full

curve} /367,



III.4. - Hydrogen dependence of the hyperfine intersctions

The hydrides of RE B alloys were studied essentially for

214
their structure and intrinsi¢c magneti¢ properties. However, charging and
decharging with hydrogen wae shown to be a useful method for powder decrepi-
tation prier permanent magnet processing.

The REzFeMB alloys abscrb large quantities of hydrogen (2-S
atoms per formula unit) while preserving their erystal structure. Increase
of Curie temperature and saturation magnetization {Hs) coupled with large
decrease of magnetic anisotropy and coercive fieid were observed /8, 37-€1/.
57Fe Missbauer measurements on the RE.Fe, BH {RE = Y, Dy, Er)
alloys were reported /20, 23, 39-41/. The data showed that che average hy-
perfine field increases (2« 3 %) on hydrogepation (Figures 4 and 17}, The
increase of the average Fe moment was howsver inpufficient to accowunt for
the observed enhancement of Tc ; volume expansion and electronic fTectors
must be considered too. It was noticed that the hyperfine field for all six
sites changes on hydrogenation (Figure _7)., This suggested that the iron
anigotropy is not completely dominated by the contribution of any ane of the
sites. Another point which deserved attention was that the relative imcrease
of the saturation megnetization { ., 6 %) for the Yttrium compound was aimost
twice as great as that of the average hyperfine field. Thus, the propartic-
nality, 1 Mp =15 T, between Hm. and 'a was questionned in these hydrides
/39/.

Finally, it was ashown that the coabination of the 57!-‘9 Niasbawer

results end bulk magnetization data on Dyzi‘euBH' f40, 41/ allows to detes-

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 IBIDJ' and 166

Er Mtssbauer spectroscopies /20, 213,
29, 40/. The spectra of the hydrides are shown together with those of the
virgin samples in Figures 7 and 8. The data ere 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 electran polarization on hydrogenation and /or/ {Er
hydride) from crystalline field edmixture. The decrease with hydrogen of the

16103 igomer shlft is consiatent with the trend sstablished in the RE~Fe
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intermetalilic hydrides, i.e., a charge transfer from the RE 6s orbitsl onto

the H atoms.

161 166

Table 6 = Dy and

Dy,Er) alloys at 4.2 K. The isomer shift 615 fo

the (Gd.Dy]F3 source at RT /20, 29/.

r

Er hyperfine parameters in the RE FequH

l

!
]
I
|
I
I
f
|
|
|
|
t
!
|
!
|

i Site | DyzFemB II.'.\yzl-‘eml?.H3 31 Er FeMB |Er Fe:l.dBHz BI
! I I { {

I ar | s16(2) | &w002} | |

| H (T | | | et2(s} 1 786(5)
| ag | e28(2)y | e22(2) | |

I i I | )

| | ] | |

] af | 115(2) | 1w30(2) | |

| e2q0(rm/s} i | | 12.3(5) | 12.8(5}
| ag | 1iat2) | 128(2) | {

] | { | |

( f ] | |

[ ar } w.8(2) | 1.a(3) | - | -

| §glmmss) | { I I

{ ag | e2.2(1y | 183 ) - 1 -

| | | | |

l i ! | |

{RE =

Dy refers to

On hydrogenation one observe o large increase of the quadrupole

coupling constant fer the Oy compound whersas it stays almost constant for

the Er compound. The Kl

anisotropy constant is krnown to decrease in the hy-

3 - 2
drides /8, 41/; thus the Bg (and therefore e latm are expacted to decresse

too on hydrogenation, i.e. the total quadrupcle coupling constant should in-

crease., This was indeed observed in the Dy compound. In the Er hydride the

constancy of equ was reasonably assigned to a decreases of the lattice part
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{opposite to the 4 contribution) which would be compensated by a decrease
of the Af contribution wia crystal field admixture. Concomitantly, the de-
crease of H'hf was relatively larger for Er{.. 3 %) than for Dy {~ 1 %) on

hydrogenation.

I111.5. -~ Phase analyesis, properties of the "51.;“431 alloys

The REzFel

chiometric compogitions are, thus, not single phase. The amount of foreign

43 compounds do not melt congruently, the alloys of stoi=-

phases depends somewhat on the annealing treatment. This shows up in the
Missbauer spectra { igure 4) by additional patterns : more often & parama-
gnetic doublet attributed to a new tetragonal phase REucFeaBd faz-a4a/
which probably plays a role in magnetic hardening processes.

All compounds of the REIH:Fe‘BG geries are paramagnetic at RT but
moat of them order ferromagnetically at low temperatures (Tc £ 37 K). Such
low temperaturss are closely related to the absance of magnetic moment on Fe
which was inferred froa magnetization and Missbauer measurements /45-47/.
S?Fe Misgbaver gpectra for all compounds are doublets with quadrupole aplit-
tings in the 0.52-0.60 mm/s range. Line broadenings bhelow Tc. due to the
occurrence of a4 samll magnetic splitting, were observed only in two cases,
namely RE = [y and Sa, Analysis of the =spectra of simyltanecus magnetic and
quad'mpolar interactions revealed the magnetization to be parallel teo the
c-axis for Sm and perpendicular to the c-axis for Dy 747/. These results are

consistent with a 2nd order CEF mechaniam for anisotropy; the negative sign

1
of the A CEF ters being deduced froa '°°Gd /48/ and 'Slny /45/ Wossbaver
nessurements. It is of intersat to notice the giant value of the Ao rerm

2
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(=2450 ¢ 50 K/é%} due to the peculiar structure of the R£1+¢Fe434 alleye

al
{for the REzFelaB phases ag amounts only 660-680 K/aB}.
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SOME BIOLOGICAL APPLICATIONS OF THE MOSSBAUER EFFECT.

E.R. Bauminger, Racah Institute of Physics, Jerusslem, Israel

- Abstract: Two different biological applications of the Mossbauer effect
are described: @) In Mossbaver studies of blood samples obtained irom

patients with thalassemia, ferritin like ironm in large quantities was
observed, Desferral was found to remove excess itron from serum, but not from
red blood cells, b) Mossbauver measurements of myoglobin and ferritin,
showed different dynamical behaviour of the iron in the two proteins.
Measurements as function of iron concentration show a gradual change from
almost myoglobin like dynamics in iron poor ferritin te a [irst order phase
transition in the dynamics of iron rich ferritin,

Among the many works which have been performed, utilizing the Mossbauer
effect in studies of problems in biology and medicine(l), I am going teo
describe as asn example only two different applicetions. The first applicaticn
is in the study of blood disemses and has been performed in Jerusalem several
years ago with my late collegue 5, Ofer, and with E.A, Rachmilewitz from the
Hadassah Medicel School{2), The second application is in the study of protein
dynamics(3). This work was also started seversl yesrs ago with my lare
collegues 5.G. Cohen and S. Ofer, and is continuing with I, Nowik in
Jerusalem, in collaboration 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 investigeting the iron containing compounds of blood
cells, In the Mosgbauer spectra, differept "fingerprints™ are obtained for
each iron component whose concentration is larger than 10x10~6 gfce in
gsmples nonenriched in Fed’, Using the ME the iron content of human blood
cells and blood serum obteined from patients with various hemoglobinopathies,
has b_een investipated,

The main component of blood L1s hemoglobin. Hemoglobin is built around
the heme molecule, Heme is built around an iron atom, which is bound to four
rRicrogen atoms; one additional bond is connected to the protein via an amino
acid and one bond is free to bind and release oxygen. If oxygen is bound to
the sixth position - we have oxy-hemoglobin - if the sixth bond is empty, we
have deoxy-hemoglobin.

L

Normal hemoglobin contains & subunits, 2 alpha-chains and Z beta-chains,

194



The difference between the alpha- and beta-chains is ir 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 adeguate quantities.(43 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 1ife span of the red cells is shortened apd hemolitic anemia results.
Alpha-rthalagsemia (HbH diseasge) 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 bloed, The deficiency of RBECs in the
blood results irn a compenssting over-activity of the bone marrow and in the
presence of 2 large number of reticulocytes (young RBCs) in the blood stresm.
Beta-thalassemia is the most widespread abnormalicy of Hb in the world and is
found in large numbers in the Mediterrsnian area and in China, The life span
of thalassemic patients ic about 20 years and the disease is responsible for
the death of about )00,000 children per year throughout the world, The demth
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 perticularly large in reticulocytes
(young RBCs), Comparison of the amount of ferritin-like iron detected by the
ME in hemolysates and the amount of ferritin detected by immunoradiometric
asgays showed that not all the ferritin-like irom found by the ME can be
accounted for by the present immunoradiometric assays employed. The effect of
medication on the iron content of the erythrocytes and of the serum of these
patients showed that desferral removes iron from the serum, but has oo effect
on the iron content of RBCs,

Materjals apd Methods. - The Mossbauer spectra were obtained by using @
conventional spectrometer, A 100 mCi source of 5760 in rhodium, which vas

maintained at room temperature, was used, The l4.4 keV gamma Tays were
detected using a Harwell proportional counter operating at about sx10%
counts/s, For mwost measurements about | ml of the material investigated was
sealed in lucite containers of about 1.5 cn' croms section and stored im
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ligeid nitrogen before messurement, For measurements. the samples were held
in cryostats enabling absorption meagurements to be made at any temperature
between 4.1 E and 300 K. Most measurements were performed at 85 K. Inm
measurements performed on gserum and hemolysates, where the iron concentrations
vere small, lyophilized (freeze dried) samples were used. Typically, the
lyophilized absorber with & volume of 1.2 cc vas prepared from 10 ml serum or

hemolysate.

Lesst squares computer fits to the experimental spectra were performed,
taking the hyperfine interaction parameters corresponding to each subspectrun
and the relative intensity of the subspectra os free parameters. Lorentzian

line shapes were asaumed,

The disgnosis of the dicease in each csse was mede by commoi medical
techniques. Blood samples from patients getting regulorly blood transfusions
wvere obteined at least 60 days after the last transfusion, For some of the
measurements the RBCE were separnted by differential centrifugaetion into
samplea containing mainly young RBCs (i‘eticulocytes and normoblests), and
samples containing mainly old RBCs, The hemolysates were prepared by lysis of
the RBCs and subsequent centrifugation st 15000 rpm for 20 pin(),

Results: - Normal RBCs: The only compouad in normel RBCs, which contains
iron in & concentration above 10x10~6 g/ce, is hemoglobin (Hb)., Usuvally the
Mossbauer spectra consist of two doublets, one corresponding to deoxy-Hb and
the other to oxy-RBb., Exact computer enalysis of the oxy-Hb subspectres at
various tempetatures, shows that these
cannot be fitted by a doublet
consiating of two Lorentzian lines.
Very good fits to the oxy-Hb
subspectra can be obtained by a

:

- superposition of 2 quadrupole doublets
) o - with different splittings aad

-2 -1 Q i 2 3 different line widths and equal
YELOCKTY  {mm/tec)

RELATIVE COUNTING RATE
o a
£ 2
T T

intenaities, This phenomencological

Fip. 1. Fe57 Mossbauer spectrum procedure for fitting the oxy-Hb

c a2 H
?a) coﬁfi:;ﬁ;:’t:?::;;;:m“ spectrua is required as the lines do
apectrun {b) to oxy-Hb. not have an exact Lorentrian shepe,
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probably due to relaxatrion effects(6). A spectrud obt.ined in normal Hb is
shown in fig, 1 and the parameters obtsined from the computer fits at 85 K are

given in cable 1.

Thalassemic RBCs: In Mossbaver spectra of RBCs obtained from patients with
alpha or beta thalassemia, verying smounts 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 &l
K. The parameters of the third component obtsined from computer fits et all

Table 1. Mossbauer parameters of subspectra corresponding to oxyhemoglobin,
deoxyhemoglobin and ferritin found in RBCs.

T (K} Line Width eqQ/6 Tsomer shift® H
&)

{(mm/sec) {mn/sec) {mm/sec)
Deoxy-Hb 85 0,32(2) 1.15(2) 0.92(1)
Oxy-Hb * site I 85 0.24(2) 1,08(2) 0.27(1)
site II 0.38(2) 0.95(2) 0.27(1)
Ferritin in RBCs 4.} 0.7(1) <0,05 0.48(2) 496(3)
82 0.54(2) 0.33(2) 0.46(1)
200 0,46(2) G.35(2) 0.43(1)
263 0.45(2) 0.34(2) 0.38(1)
Rat Liver Ferritin 4.1 0.5(2) <0.05 0.47(2) 498(3)
a2 0.50(2) 0.35(2) 0.40(1)
200 0.48(2) 0.35(2) 0.42(1)

263 0.46(2) 0.35(2) 0.38(1)

8 relative ro iron metsl at room temperature,

temperatures ere identical toc those obtained in ferritin or henositlerin(""a)
and are given in table 1. Ferritin is the iron storage proteln in memmals,
It consists of a core of FeQOH of abouk 70 ‘ in dismeter, surrounded by 2
protein shell with an outer diameter of about 120 i+ The iron compound in
hemosiderin is identicel to the iron compound in ferritin, but the protein
sheil]l mey be partially or completely absent, The iron core im
antiferromagnetic and displays the phenomena of superparapagnetism due to fta
small size, At 4.1 [ its Moasbauer spectrum consist of a well defined
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Fig, 2 - Fe>’ Mossbaver spectra of
RBCs obtaeined from a patient with beta
thalassemla. Spectra A,B and C were
obrained at 82, 200 and 263 K, respec-
tively, BSubspectrum {a) corresponds
to deoxy-Hb; (b), te oxy-Hb and (c},
to the ferritin-like compound.

megnetic sextet. As seen from fig, 2, the temperacure dependences of the f-
factor of Hb and ferritin are very different. The f factors can be deduced
from the spectral areas and the absolute amount of Fe in ferritin or in normai
RBCs measured by other techniques, The ratioc 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 normel controls, the K values are less than 1%, These
results correapond to an abaolute concentraticon of 3 to 50:10‘153 of ferritin-
iike iron per single thalassemic RBC, as compared with 100x10~15g b iron im
one normal RBC, In 1 grem of packed cells there are about 1010 BBCs; thus
there are between 0.03 gpnd 0.5 mg ferritin-like iron in 1 gm of thalassemic

packed cells,

The peripheral blood of thalasaemic patienta contains a comparitively
large amount of young RBCs (about 10X of reticulocytes), It was known before
that apoferritin synthesis is grearly enhanced in thalassemic

198



reticulocytes(g}. The question arises, whether rhis epc erritin contains iron
already in the reticulocytes or is filled with iron cnly in later stages,
Samples with significantly different concentrations of reticulocytes were
prepared by differentinl centrifupgation. Some samples contsined ss much as
B5% reticulecytes, The R values vere determined for samples containing
significantly different concentration of reticulotytes and mature RBCs, The R
values obtained in the reticulocyte rich fraction were about three times
larger than the R values in the reticulocyte poor fraction., The amouat of
ferritin like iron in reticulocytes wvas between 2.5 and B times that of

ferritin like iron in mature RBCs. The results are summarized in table 2.

Table 2. Ratiov of ferritin-like irop to Hb iron and abscelute amounts of
ferritin~like iron and Hb iron per blood cell in RBCs of 17 patients.

o]

R F Hb irogfcell
10713 lO'ng
Normal RBCs R<O.0L Fq1 100
Thalassemic old RBCs 0,15¢R<0.54 10<F <40 10
Thelessemic retic. 0,40¢R<1.6 20<F¢110 50

:‘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 ferritin-like iron hes been detected in the RBCa. In a few cases 1 ml’
of whole blood contained as much as 250x10~% g ferritin-1ike iron - as
compared to about 2x1070 g in normal blood, This way be a consequence of the
high rate of intracelluler densturation of Hb during the accelerated and

ineffective erythropoesis in these diseases,

The large difference in the amount of ferritin-like iron between
reticulocytes and mature RBCs may be explained by two alternative hypotheses:
1) Appreciable smounts of ferritin-like iron are somehov removed fron the
RBCs during the life span of the RBCs; 2) These reticulocytes which contain
large amounts of ferritin-like iron are destroyed before reaching maturation.
The mature RBCs, a& old surviving cells, contain more stable Hb and less
ferritin-like ironm,
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Hemolysates of Thalassemic RBCs: Hemolysates are soluticns of hemoglobin,
obtained by rupturing RBCs, The amount of ferritin in hemolysates was

determined hitherto by lmmunorgdiometric assay (IRMA), IRMA determines the
amount of a protein by using entibodies reacting with this specific protein.
It cen be performed only on solutions, Two distinct types of ferritin, spleen
type and heart type ferritin, are known. Until recently, the ferritin in
hemolysates was assayed using antibodies to spleen type ferritim only.
Comparison of the amount of ferritin detected by the ME and by IRMA with
antibodies xo spleen type ferrivin, showed that only abour 10% of the
ferritin-like iron detected by ME could be sccounted for by this IRMa
technique, In order to solve this discrepancy - IBMA, with antibodies to
heart and spleen type ferritin, were performed on hemolysates and the ME
measured on the same samples(5). In order to increase the accuracy of the
eutimates of ferritin-like iron by the ME some of the meessurements were
performed on l1yophilized hemolysates. Fig, 4 shows the depepdence of the £
ficror of lyophilized ferritin, oxy- and deory-hemoglobin on temperature, The
f-factor of lyophilized Hb drops off much fagter than the f-factor of
lyophilized ferritin - and therefore in measurements teken at room temperatuyre
on lyophilized samples, the subspectrum corresponding to ferritin sticks out
ocuch 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-Ab before measurement,
This can be sachieved by stirring the semple in a N, atmosphere or by adding
Nawdithionite to the sample., Fig. 5 showa the spectrem obrained in the
lyophilized sample st room tewperature (A) snd in the frozen sample at 80 E,

of the same hemolysate {B). The

. o___;__;#__”___ —~t— lyophilized sample was prepared from
ey inn
= 8 cc hemolysate,
g& Hho’*‘# ¥
-:...2" By IRMA the amount of whole
=
:Q Hb\{\# ferrivin {protein + irom core) is
ool I i 1 1 1 L. determined, whereas, the ME measures

B0 120 W®C 200 40 280 .

TOK!  the amount of ferritin-like iron only.
Fig, & ~ The vemperature depsndence The iron/protein ratio in ferritin
of the f-values of lyophilired oxy-Hb golecules is between O (in

(Eull dote), deoxy-Hb (upen circles)
and ferritin (open dismonds). apoferritin} and 0.56 (in ferritin

completely filled with iron). Im



normal cells the amount of ferritin-
like iron is too small to be detected

1.000
MP by the ME. By IRMa, 0,12x10"15g heart
w type ferritin and 0.026:{10‘153 spleen
: -998 type ferritin per normel cell were
%“ml detected. The spleen type
; I_ concentration in the hemolysates as
‘:':_: .ml measured by IRMA could account for
s m!- only 0.1 of the ferritin-like iron
.mji' detected by the ME, IRMA studies of
. heart type ferritin showed much lerger
R a : ? amounts of heart type ferritin than of
VELORETY s} spleen type ferritin, explaining the
Fig. 5. - Fe57 Mossauer spectra in large discrepancies between the ME and

{A) & lyophilized sample of hemolysate IRMA found earlier. In some cases
at room temperature of a patient with ., .. appreciably greater amount

heta thalassemia and {B) a frozen
sample of hemolysate ot B5 K of the of ferritin-like iron present in the.

:223 E:toi:yr-‘-:l.b asr,.'éb?Efc::afmftﬁ’fs whole erthrocytes than in the

hemol ysates, 1indicating that in these:
cases, some of the ferritin-1like iron is in an is2o0luble or membrane-bounc:.
form (like hemosiderin). In most hemolysates the iron to ferritin ratio i:s.
still 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 showm that ferritin may undergo a
process of polymerisation. This process appears to be associated with Jipes-
tion of the protein wmoiety, resulting in a high iron/procein ratio.uo) A
similer process may occur in grossly iron loaded red cells. It may be that
the ferritin-1ike iron measured, is a combination of iron found in intact
ferritin molecules and iron foupd in denatured soluble ferritin polymers.
2) At the present time two types of ferritin have been identified , one
reacting vith antibodies for spleen ferritin end the other reacting with
antibodies for heart ferritin., It is possible that other immunologicelly
distinct types of ferritin exiat, which do not react with these antibodies and
which could not be detected by the IRMA used heretofere.

Human Blood Serum - It was known previously that blood serum of patieats with
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hemogliobinopathies contalns an increased amount of ferritin. Normal serum
contains less than 0.1):10"6 gfcc of ferritin, ss determined by IRMA - an
amount auch teo small to be detected by ME(2!), 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 1x10-0 g
ferricin-like iron per I c¢cc serum, 4 had more than 2,5x107% g/cc and 7 had an
amount between 1 and 2.5:10'6 g/cc. Repeated tests on the same patients did
not show significent 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 IRHA in thalessemic patilents' blood serum is smaller than %108
ga"cc(”). It rem{ains to be seen if using antibedies to heart iype ferritin,
the amounts of ferritin seen by IRMA will be similar to those detected by the

ME.

o ol L
[
b t)
5 w9
o
4 .
E i ;_'. 230
3 '8 row
3 g
-]
P =
R S R T R
a0}
YELOCITY (m/s) -i 3 - . .
YELOCITY (a5}
Fig. 6, = Fe37 Mossbaver spectra at

85 £ in lyophilized serum of & patient

57
with beta thalassemia; (A) before Fig. 7. - Fe”’ Mossbauer spectra at

treotment with desferral (B) after
treatment with desferral.
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In one case of hemoch. omatosis, a hereditery defect in the regulation of

iron absorption resultirg in toxic accumulations of tissue iron, an especially
large gquancicry, ﬁOxlO'f’ g/ce ferritin-like iron, was detected in the serun,
The spectra obrained in the serum and RBCs of this patient sre shown ipn fig.
7, Alchough the iron concentration in the serum is so large - no ferritin-
lixe iron could be detected in the RBCs. By IRMA che largest concentrations

of ferritin found heretofore in the serum was 7x10~0 g/cc“z).

The Influence of Medication - Some of the thalassemic patients were treated

with desferral, a chelating agent which is known to removeé excess iron from

the body. Mossbeuer spectra performed on RBCs and serum of these patients,
revealed that whereas che desferrsl removes most of the ferritin-like iron
from the serum /fig, 6, A and B), it has no effect on the ferritin-like iron
content of the RBCs., It seems thus chat the ferritin-like iron is well
protected inside the RBCs and is invulnsrable to this medication,

Conclusions: The Mossbauer effect has shown that large amounts of ferrivin
are present in RBCs of patients with various hemoglobinopathies, As & result
of the Mossbaucr studies it beceame clear thot the IRMA technique using spleen
type antibodies cetects only a small fraction of the ferritin present im
hemolysaces and that most of ferritin in hemolysates is heart type, It was
shown that RBCs of thalassemic patients contain up to 50 times more ferricin
like iron thet normal RBCs, There is about 3 times more ferritin iren in
thalassemic reticulocytes than in mature thelassemic RBCs. The serum of some
patients with thalassemia contain 25 times more ferritin iron than norasl
serum, RBCs of one patient with hemochromatosis did not contain more ferritin
like iron than normal, but his serum contained 400 times more ferritin like
iron than normal serum. There is chus no correlation betveen the amowat of
ferritin like iron in the serum end in the RBCs. Medication removes ferriktin
like iron from the serum, but not from the RBCS.

b) Protein Dynamics,
Introduction: - A completely different problem to which the Mossbawer

effect hes been applied is the problem of protein dynanics.(l3‘l7) Proteina
are large macromelecular systems, which contain large amounts {abcut SOX) of wmter,
Many different kinds of proteins exist and they fulfill different functioms.
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 known e.p. that
Hb can release and bind oxygen only due te 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 it in deoxy
Hb. How do these motions occur? Ferritin admits storage iron inteo its core
through the channels in the apoferritin protein _ these channels also must
open up to admit the iron and to release it, Can these motions be studied by

the Mossbaver Effect?

The locky circumstances which enable the use of the Mossbauer Effect in
protein dynamics studies gre: 1) that Fe is such a good Mossbauer nucleus, and
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 charscteristic and peculiar features in thot in addition to the
presence of relatively sharp lines, 1ike in solids, there are also very broad

lines extending to Doppler velocities of several cm/sec,

Ususlly the ME is observed in solids, where it pives sharp absorption
lines with a natural line width of about 0,2 mm/sec in Fe3’, Broad absorption
lines are observed for colloidal particles in a viscous l1iquid, where the
width of the lime is proportional to the diffusion constsnt or the viscosity
of the fluid. The combinatlon of sharp and broad lines corresponds to = state
interoediate between solid and liquid _ a state of "proteinic matter”.
Characteristic spectra are shown in fig. 8. Spectra like this heve been
observed in oxy end met myoglobin, oxy &nd deoxy-HY, Co-Hb and ferritin
crystals. They have also been observed in other polymers and macromolecular

systems, (18)

These spectral shepes can be explained as being due to the motlon of the
iron-atom in a resctricted volume, The iron atom performs bounded diffusion
which ie connected to large scale motions of the protein. The onset of this
motion occurs st & certain temperature T, above which the additional broad
lines appesr in the spectre. Above this temperature rhere is usually aleo a
sharp decreage in the overnll area of the Mossbayer gpectra as function of
temperature.

The spectra cam be explained using a model for bound diffusion based on



the Brownien mot ion of an overdamped

Y g —————
a harmonic oscil ator.1%) The wmodel
ot Aetn deels with a particle of mass m bound
5005 to a center by a harmonic force mzr,
1.000] dampad by a frictional force médr/dt
k- end acted upon by rendom forces F(t),
i vhich follow the equation of motion:
;g o mdzrfdtzh‘nﬂdr {dt+mm2r=F(t). If we
4 denote by u-wzfﬁ. the ratio between
§""°°°h ¢ the harmonic and damping force
% ) Urexy W constants, and Dak,T/mg the

diffusion constent, the msd
(12>s-ka{mﬂi2-Dfa + The spectra are
fit vith 2 free physical parameters:
with D - the diffusion constant and
either with & - vhich is also the

relaxation rate of the ensamble

S o e 1 @ 1 average of x, <x>mx exp{t/r_ ), or with
YO e the msd (12>5-Dfa. Slow collective

Fig. 8, - Typical Fe?! spectrs ob- Dotions are characterized by the value
tained in mer-Mb and Deoxy-Mb below ¢ a.2,5210%, which corresponds to

and above T.. 1o of 4x10~% gec, and <xz>s- 0.0574°2,
Fast collective merions correspond to large values of g (u,)Z:lOgaec'l),lw
damping and tc(SxIO‘lo sec, The lines shapes obtained as function of @ with
fixed D, are shown in fig, 9. For largen (strong binding) e narrov
Lorentzian line of natural width is obtasined, corresponding to the norsal line
in a solid, For very small g, wve obtaln a single wide Lorentzian line of
width ( D+2Rk%D) as expected for free diffusion. At intermediete velues of g,
spectral shapes like those observed in proteins ave obtained, These can be
approximated as the sum of two components, one narrov component of natural
width T, and the other broad component of width T =2tk2D

The area under the Mossbeuer line is alwvays proportionel to the Hoasabaver
efficiency £, which in the hermonic approximation gives the mean square
displacement of the Mossbauver nucleus <x?y, through f-e:p(-kz(12>. vhere k ia
the wave number of the gamma ray, {k = 1/0,) 374" =1 for the 14,4 keV gamma ray
of Fe?), At O K, f ia close to ynity, From the tempereture dependence of rhe
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nigflly bound particles containing

Fe?’ in Brownian motion as a funceion Fig. 10, - Decomposition of <x'>i ..y
of the parameter x = w'/ 8, for a into <!’>81°...<x ’fagt and <x"> local®
fixed valye of the diffusion constant

D=1,4x10"7¢cm’/sec corresponding to e

value of hk'D equal to )10mm/sec in

units of the Doppler velpecity ¢hT was

fixed st 8 value of 0.75 mm/sec).

4

areas of the narrow (elastic) and brosd {quasi-elastic) components, we can

obtain different mean square displacements of the Fe nuclei.

Fig. 10 shows -ln(narrow area)=-1n f(narrow) snd -ln(total area) as
function of tempersture for iron rich ferritin, At low temperatures only the
narrow solid like spectrum is observed. At T, the change in 1n f becomes much
steeper than below it and the spectra are composed of narrov and broad
subspectra, Assuming independent degrees of freedom, we can write the
recoilless fraction at a particular temperature, f(narrow), caculated fromw
the area of the narrow component, as the product of the partial recoil less
fractions fg o\ and f5;,,, that is f(narrow)=fs, o .f o1,y The Mossbauver
fraction essociated with the sum of the elastic and quesielastic resonance
£{total) is equal to fg,.q. fg)ows which is the f-factor of the slow
collective motions, which sre characteristic of the motions within the
protein, is thus given by f(narrow)/f(rotal)efy;, . We get therefore frow -
In l‘(total)-k2<:2>£asr_. from -1n f(narrow)-{-ln f(tot:al))-lczuzhslou and from
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-In f(narrou)-kz(xz)total .

Gelow Tc' <x2> is assoclated with the local thermal vibrations of the
individual iron atoms around their equilibrium positions, like in anv 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) (12>\,
the value obtained by linear extrapolation fram the values of <x?> below Te-
b) ("2>total"<"2>v=<"2>coll gives the msd associated with large scale motions
of parts of the protein, including the iron., These motions can be subdivided
inte rwo parts:(x:z)slo‘_, and <"2)fast collective* <’2>slow' corresponding to
slow collective motiona, responsible for the appearance of the broad lines, is
given by the difference between <"2>total' derived from the area of the narrow
line, and <"2>fast' derived from the taotal area, <"2>fast collective 18 Biven
by the difference between ("2>fast and <x2>\,. The broad lines associated with
the fast collective motions are so broad that they are lost from the spectra.

Resules: - TFig, 11 showa the results obtained in met Mb and in ferritin., A
comparison between the results in met Mb and ferricin shows that whereas in
Met Mb the transition is gradual - in ferritin it is a first order transition
at higher T,, but the msd's in both proteins are very similar - except <x'>, -
vhich polnts to stronger binding of Fe
in ferritin, In order to understand

wer , M . "1 better the simi larity and difference
MetMd Ferritin between the two proteins - we have to

° take a closer look at ferr.:in.

(A" hoacd
008 The ferritin molecule consists of
:'d; r a roughly spherical shell with an
':?'w_ outer diameter of about 125A® and an
inner diameter of about 80A° and 1s
ateb composed of 24 subunits, The cavity
Y might be filled with crystallime
particles, mainly ferrihydrate, FeQOH,
Temgerotwe , *K . with same inorganic phosphate adsorbed
on the iron core crystallites,
Fig. 11. - Values of msds in metMb

Completely fllled it can accommodate
up to 4,500 iron atoms within ome
ferritin aclecule, Two types of

and in ferritin.
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channels lead through the protein shell: 6 hydrophobic channels and &
hydrophilie channels, which can bind metal ions. The inner surface of the

cavity is lined with loose hydrophilic residues.

We first compared the dynamics of the iron which goes in first with the
dynamics of t™ iron that which goes in last. For this purpose we loaded the
ferritin with 56 atoms of Fe®’ and then added 3600 atoms of natural 1iron per
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Fig. 12. - Fe37 Hossbauer spectra of
iron-rich ferritin as the temperature
is increased end as the temperature is
decreased,
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ferritin molecule. Then we loaded ferritin first with 3600 atoms of natural
iron and then added 56 stoms of Fe7 per ferritin molecule. We could not see
any difference between the different samples, Some spectra, around T., 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 270 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 dynesmic behaviour at 271 E as the
temperature is increased and at 264 X as the temperature is decressed. ¥We can
see this in the intensity racio of broad to narrow lines and in che total and
narrow spectral areas as shown in fig. 13. We could not detect any change in
the hyperfine parameters (quadrupole splittings end isomer shifts) at these
temperatures, which shows that ne change in the chemical environment 1is
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Fig. 13. - Hysteresis effects in the
dynemics of iron rich ferritrin.
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6ccuring., In other semples with less than 190 Fe per ferritio molecule,
sigrificant differences in the dynamical behaviour compared to the iron-raich
ferritin were found. As the amount of Fe per ferritin molecule Jecreases the
trangition gets less sharp. In iron poor ferritin (10 Fed’ per iferritisn
molecule) almost mo 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 <x">gy,, for three differenc concenzratior of iron.
In Mb the transition is very smooth - starting st about 220 & - rvet the
overall displacements osbove 270 K are about the seme. (If they were

significantly different - they would nor 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, amooth in myoglobin sterting at 220 K and in

betwaen in "iron poor" ferritip (<190 Fe per molecule) ? b} How is 2t
that two such different proteins - one in which the iron is an integral part
of the protein and the other in which the iron forms an aggregate within the
protein shell - give go similar msds?

The answer to a) lies probably in the state of water. 1) In myoglokin
the water is probably adsorbed in small groups and hes lost the properties of
free water - welting at 220 K and thus freeing sdditional degrees of freedom
at this temp. 2) In irom rich ferritin the bulk of the iron is in the core,
where the water behaves almost as free water with a first order celring phase
transition at 271 K and a supercooled glass transition st 264 K. 3} In iron
poor ferritin & larger part of the iron is attached directly te the protein
skell - and therefore feels more the water attached te the prorein shell which
is similar to the water in Mb end is very different from normal water. The
spectra we observe here are a superposition of spectra due te the iron near
the protein shell and the inner core iron. b) These results indicate that the
iron core is composed of subagpregates which ere not rigidly connected to esch
other, Each subaggregate is bound strongly to e protein subunit and is driven
by its dynamics. The similartty might be explained by the picture of “hinge
motions™ of the helix structures im the proteins, overdamped in the outer
viscous "glycerol-1ike" layer of the protein,

This work shows that via the ME _ which probes the iron dynamics, ome cap
learn about dynamicsl structure and different kinds of water in the proteins.
Different kinds of vater in proteins have been suggested alsc by x-ray
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studies, dialectric constant studies and specific heat studies in lyzosomes.
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LATTICE DYMAMICAL EFFECTS AND TEMPERATURE DEPEMDENCE OF
NOSSBAUBR ISOMER SHIPT IN $72p0e

W. Potzel
Physik-Department E15. Techniache Universitat Munchen,

D-8064 Garching, Fedaral Republic of Germany

Abatract: Using the high-resolution 93.3keV transition in ©77p ue
studied ths temperature dependence of the Lamb-Hossbauer
factor (LMF), the center shift (CS) and the gquadrupole
interaction in In0 single crystala. The temperature range
for this high-energy Nossbauer resonance could be extended
up to liquid nitrogen temperature (77.3K}, The mean-square
atomic displacementa show vary Jittle aniactropy. The results
on the LMF can vel) be deacribed by the Debye modei with
'OB"F~317K. The quadrupole interaction 13 e2gQ/h=
(2.4011:0.004)MHz at «4.2K and it is 1ndependent of tempe-
rature vithin 1%, At 7?7 ,3K the center ahift has changed by
9.0um/n compared to its value at 4.2K. Already at low tem-
peratursa phonon-induced eslectron transfer from zinc te
oxygen is obssrved, The shift caused by charge tranzsfer
shous a T‘-d.pondenc. at Jow temperatures, 1n agreement
with recant theoretical calculatjions.

*This work has been funded by the Garman Federal Minister for
Research and Technology (BKFT) under contract Nr, (3-KAITUM-4 and

by the Kernforschungszentrum Karlaruhe.



1.0 _Introguction

Almoat exactly two years ago, at the XX. Zakopane Schocl on
Physicas | introduced 672n Moasbauer apectroscopy as a highly
aensitive tocl for measuring amall changes in the r-ray energy
/1-3/, In particular, ! diacusped the Cu-In alloy syatem /47, In
the same presentation I also tried to ahow that the 672n re-
sonance ig in addition very suitable for investiqatinq lattice
dynamical effecta, As an example 1 diacuased ZIn metal and pointed
out the enormous anisotropy of the recoil-free fraction /5.6/7,

In the present paper [ want toc employ thia asnajtivity to in-
vestigate a combined effect in In0, the second-order Doppler
effect of lattice dymamical origin and the tamperature dependence
of the isomer shift, cauaed by a variation of charge density at

the 2n atom,

Hoassbauver expsriments wer® performed with aingle cryatals of
Zn0. This material crystallizes in a hexagonal (wurtzite) struc-
ture, Each In atom is surrounded by a tetrahedron of 0 atoma. The
tetrahedron is slightly diatorted, Already sevaral years ago it
was demonatrated that covalency effects play an important reole
in the Zn-0 bond /7.8/, This fact is emphasized by Fi1g, 1, vhere
the i1somer shift 13 plotted versua the electronegativaty (Pauling)
of the ligand for variocus In-compounds, The s-electron density at
the Zn nucleus 13 reduced with increasing electronegativity of the
ligand. This behaviour is easily understood /7.8/ in terms of 43
and 4p electrona of In participating in the bonding, In a simpli-
fying pireture: if the elesctronegativity of the ligand is increased
the probability of finding 4a and 4p electrons at the In site 15
diminished and the a-electron denaity at the In nucleus i1a redured.
Surprisingly. even for INF, covalency effects are by no means
negligible 78/, 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 measauring temperature upwvards to 80K despite the
small Lamb-Moashaver factor caused by the relatively high gamma-ray
energy and lov mass of the rescnant nucleus. Tharefores we could derive
mean-square atomic displacements and mean-square atomic velocities for
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67zn 1n the temperature range hetween 4 and B80K. We observed phonon-
induced charge tranasfer from zinc to oxygen. At low temperatures thig
charge transfer shows a T‘-dependence as predicted theoreticaily by
K. N. Shrivastava /9/. This is the first time that a T*-devendence

of the charge transfer has been observed experimentally. In sdditionmn.
the temperature dependance of the electric field qradient i1n ln0d uas

determined with high precisaion.

2.0 Experimenta) Detojla

Heasurementa were performed 1n atandard transmisslon Qeometly with
a piezoelectric gquart:z spectrometer as descrcibed earlier 'S/, The
drive system which i3 a compact unit contarning both. source srd ar-
sorber, was suspended by 830f: springs 1ngide a gealed stairiess-steel
container filled with He exchange gas at reduced preasure /%, The
temperature of the In0 single crystal source could be i1ncressed by
a amall heating coil. In this manner 1t was possible to keep tie
abaorber tempersturs below 12K even at a pource tempersture of 8CK,

The temperatures of source and absorber vere determined by semi-

conductor devices,

Due to the small recoiliree fraction at higher temperatures
experiments become increasingly difficult, in particular st
liquid nitrogen tesperature. One could argue that 1t would be
advantagecus to heat the abgorber rather than the source snd
compansate the smaller recoilfree fraction at elevated tem-
peratures by increasing the absorber thickness. This. however.
can not be done here, since thée electronic (phoio-electric) ab-
serpticen cross section is the factor limiting absorber thickness
73,10/, The problem can only be overcome by using strong radio-
active sources and fast counting electronica, i. e. by measuring
amal! resonance absorption effects with high statistical accuracy.

. The ¢7Ga (T1,2=78h) activity vas produced 1n gitu by 28mev

proton bombardment of In0 single crystals at the cyclotron of the
Kernforschungazentrum Karlaruvhe. The InD single crystals were disks
of dmmn diameter and of 0.5%mm thickness, They were cut with the c-axis
perpandicular to the cryatal facea, After irradiation the samplea were
annealed in oxygen atmosphere at ~970K for six hours and thereafter
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slowly cooled (SOK/h)} to room temparaturg., Mosabaver spectra wvere
recorded with the c-awis at 0° and 45° witn respect to the direction

of cbaervation of the gamma rays,

The absorber conaisted of 672n0 powder, enriched to 85,.2% 1in
67Zn. The thickness vas 963 nq672nicl2; Details of the absorber

preparation are given elsevhere /10/,

The apectrometer vas calibrated using the known quadrupole splitt-
ings 1in 572n metal /2,117 and in 572n0 72/ at 4,2K. The gaama rays
were detected by an intrinaic Ge diode of 10mm thicknesa and 40ma
diameter coupled to & fast preamnplifier. In order to achieve high
counting speed and simultaneously qgood ensrgy reaclution a fast doubdble
differentiating main amplifier was used /12/. Count rates up to
200 000 s~! in the 93.3kev window wers obtained. The aignail-to-noise
ratio waa determined once a day by recording pulse height apectra at
the actual counting rate via a high spsed analog-to-digitel converter.
Typical values for the signal-to-noise ratio vers 60 -~ 70%,

3.2 Reaults and Discussion
A, Lamb-Nossbaver Factor

Figs. 2 and 3 diaplay Mossbausr abporption spectre recorded at
source temperatures betusen 4.2 and 77_.3K for orientations of the
2n0 single crystal of 320° and 45° of the c-axis with respect to
the diraction of observation of the 93.JkeV gaama rays.

Due to the hexagonal structure of Zn0 an electric field gradient
is present ot the Zn nucleus both, in the source as vell as in tha
absorbar., 1f 0% the quadrupole interaction in the source leads to
relative intenaities of the emitted lines of 0:2:1 713}/, vhereas at
9=245° we have three lines vith reletive intensities of 1.36:1:2
assuming that the anisotropy of tha mean-square atomic displacements
is neqligible. The quadrupols interaction in the In0 powder absorber
leades to thres absorption transitions of equal intenmaties. Thus the
absorption spectra with 3s0° exhibit five pesks with relative in-
tenaities of 1:2:1:3:2 and those with 3245° have meven peaks with
relative intensitiem of 27%1:2:4.36:1:1.36:1.36. The line secarations
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are & direct measure of the main component of the quadrupole tensor
and the saymmetlry parameter n /2/., The spectra were ieast-aguares
fitted to a superposition of five (reap., seven) 1ndependent Gaussiamn

lines.

The Lamb-Mossbauer factor and the mean-square atomic displacements
are derived from the total area under the abaorption lines after
correction for non-reaonant beckground radiatian,

The angular dependence of the reccil-free fraction £(%¥) for an
axially aymmetric lettice 18 gqiven by

f(a)-olp{-f2[<:2>l+(<,2>l-<12>11c0|20}{ (1)

vhere £ 18 the veve vector cof the gamma radietion and <:2;* and
<lz$| denote ths mean-gquare atomic displacements perpendicular

and parsilel to the c-axis, respectively, In Fi14. 4 the mesn-aquare
atomic diaplacemsnts t:zbl and (:2" for ind are plotted verasua
temperature. The solid lines are fitas by the Debye model with effec-
tive Debye temperatures of 0%“’-(319&6)! and (J)15:5)K, respectively.
The Dabye model fits the data points guite vwall indeed. Sti1l)l, the
Debye model reandera itasif to be insufficrent for a description of
the phonen frequancy spectrum in In0 /{d4/, Above ~50K the values

for <Iz’. tend tc be alightly larqger than thoae for &lz>*,

hovever, just outsida our present limits of error. 1f at all., there
is very little anisotropy of the mean-aquare atomic diaplacementcs

st lou temperatures, This iz in perfect accordsnce with the simi-
larity of the Gruneisen paramsters 7y and v, deduced from
thermal-expanaion coefficients and related date 715,167, which
implies that the elastic anisotropy of the crystal must be small. \
This result is in sharp contrast to ths situetion in 2Zn metal. wherse
an snormcusly large snisotropy was found s57/.

B Coenter Shift

L

A change vith temperature of the center shift 1a clearly visible
in Fiqe., 2 and J, At 77,.3K it has incresased to & value of (9,01 2
0.03Yum/a as compared to d4,2K,
216
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The temperature variation of the center shift CS can be
written /17,18/;

(3CS/3T), = (aS5gap/aTIp + (35/2T)y + (3S/21nV)p-(ANVAIT),  (2)

The first term representa thes ascond-order Doppler shift (S0D}. The
gecond term describasa the explicit temperature dependence of the Lsomer
ahift S at constant velume due to changes of the electron densitiy
which may be caused by the electron-phonon intaraction upon the
electronic statez, The third term gives the volume dependence of §
caused by tharmal expansion of the lattice. Although there are no
high pressure Moasbauer data on ZIn0 avajjable at present. the
contribution of the third term to tha center shift can be estimated
to be negligibly amall, The total volume contract.on between 4.2K and
80K 1% smaller than 1-10-4 715,16/, The s-electron densdity o5 1»
calculated for ©72n?* 1n 8 tetrahedra! eavironment of 02" -10ns to
vary proportional to the invarse aeventh power of interatomic
distance R 7197, 1. e, 8p = «{?273)3(8V/¥)p with p ~7.% a.u.
for R ~ 2A 720/, Together with the knoun value of acedy 7217
we eatipate i5~0.08um/a, or only ~0.9% of the center shift cbaserved
betveen 4.2 and 77K, Thus, to a very geod approximation, the center
shift 18 due to the second-order Doppler shift (S0D) and the explicat
temperature dependence of the 1aomer shift (ETS).

The main problem ia the separation of the 50D from the CS /227,
We attempt te achieve this by using specific heat data CP 223-287,
Since the voelume change is rather small up to T~100K the specifirc
heet C, can very vell be approximated by the experisental data C,
in thia temperaturs rangs, Am demonstrated by Fig, % the change in
specific heat C, folious closely the curve calculated vithin the
Debye model if a Debye temparature of BB“:(??S:J}K ia chosen and
the assumption 138 made, that only acouatic phonona play 2 role at
iow temperaturea, When these low-frequency phonons are excited, the
whole ZnO-moleculs moves together., Cptical phomon frequencies appear

to lie wmuch higher indeed.

When the temperature ¢f a harmonic cryatal is increased. the change
of the total energy 18 twice the change of the mean kinetic energy:
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Hz“atv£n> + H°A<vg> = AE (1)

where E is the total energy of the lattice, and th. Mg. (v%n>,

and <Vg> are the gram atomic uweights and mean-sguars atomic
velocities of Zn and O, respectively,

Wa conaider the twe limiting cases of high resp. lov temperaturesa.
At hiqh teaperatures in thermodynamic equilibrium the mean kinetic
energies for 2n and O change by aqual! amounts. Then eq.{J) reduces teo
°‘”§n’ = 1/(2Mq,, )08 )
In InD at high temperatures the second-order Doppler shaft.
SSOD = -a<v2>1(2c), is connectod to the apecific heat by:

ssoo n 'ﬂ?'Cv/(‘Han) (%)

where ¢ is the valocity of light and AT 1s the differencs 1n
temperature. The line shift SSOD can thersfore be predicted

by integrating eq., {5) with known specifi¢ heat. The broken line
labalsd sgoo in Fig. & indacates the temparaturs dependsnce

of the second-order Doppler shift as calculated from the specific
hsat, if the aasumption would be valid that ¢q.(5) also holds at
lov temperatures.

In the second 1imiting camse of low temperatures, the change
of cv?) betvean 0K and temperature T is given by /22/:

o - <Vz’r=o . (3.‘z5>-ru,zn)-ao-(rzao)‘ (6)

At lou temperatures this increass in «v2; is the seme for zinc

and oxygen. It is caused by the very long-wevelength acoustic vi-
brations vhich are the firat to be excited. Sinca in these modes
qroups of atoms move togather, the motion of a particular atom does
nhot depend on its mass. force constants. or local surroundings. but
only on the bulk elastic constants of the crystal, In eq.(6) H 1g
the mass of a In0 molecule. The value of ¥, is obtained by

fitting a Ta-dopcudcncc to the loy-temperature spacific heat

data with the condition that the total number of modes siloved

is three times tha nusber of In0d molecules. The curve labeled
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SEOD in Pig, & is calculated uspina a3 (6) with o°=z7sx.

Up to ~50K SEDD lies considerably below the data points ob-
tained experimantally for CS (8, Pig, 6), This is true also for
the valus at 19.4K, uhere Sl (0.06610.002)um/a and C5=(0.080+
0.003)um/8. The fact that the observed CS ia larger than both,
Sgoo and Sgoo. demonatrates that the explicit temperatura
dependent ipomer shift plays a decisive role already at crye-
genic temperatures,

In order to determing the ETS quantitatively. the derivation of
the 50D for the zinc atoms at intermediata temperatures i3 required,
Thia is a formidable task. It requires modern cluater calculations,
which in particular allow a determination of force constants, At
pregent such calculations are not available. However, we can say
that the ETS has to be within a certain ragion: it has to be at
least as large as the difference bhetwesn the experimental values for
€S and the curve Sty (4. e, ETSIETS,, ) and it hes to be smaller
than the difference betveen CS and the curve Sgoo (i, e,
ETSCETS . ,). Purthermors, ETS has to approach ETS,;, at low
temperatures and ETS ax 2t high temperaturea. To get a more gquan-
titative estimate we took SSOD=3§OD at 19.4K and ssoo=sgOD at
297.9K (the higheat temperature, for which specific heat data ares
available) and used a spline interpolation for the temperature range
in betueen. This spline curve ip alao shown in Fig, 6. The ETS 1is
then given as difference between C3 and the apline curva, In
Fig., 7 the ETS ias plotted varsus temperaturs.

The changs of ETS is auch, that the a-slectron density p(0) at the
In nucleus is Ceduced with increasing temparaturs. Anharmonic
effecta, like lattice contraction, can not explain the obssrved ETS.
As estimated above, the shift causad by Iattice contraction is about
a factor of 50 smaller than ETS., In addition, lattice ceontraction is
expectad to increase 2(0) due to the larger covalency of the Zn-0
bond /7/. Therefore our data clesrly demonstrate the presence of
ETS. Moat likely it is caused by phonon-induced processes which
involve the elsctronic structure.

Changes in the s-slectron denzity at the Nossbauer nucleus as
a result of the electron-phonon interaction have been calculated

' /9,26-28/ and expsrimentally investigated in some conducting /18 ,29-317
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as well aa insulating myatems 732,33/, in all cases, phonon-i1nduced
effecta have been observed only at high temperatures, whare hou-
ever other effects, like thermal expansion, are large. In 2n0 the
electron-pnonon interaction appears to be important already at

cryogenic temperatureaa,

K. N, Shrivsatava has theoretically investigated two types of
phonon-indvced processes for the case of 57Fe: dynamical con-
figuration mixing and dynamical charge transfer /97, In the
case of Zn0, dynamical configuration mixing can Le¢ neglected. since
the 2d-shell of In is completely fi1lled and the 4d-levels )lie ener-
getically too high to be involved in the chemical boend. Dynamical
charge tr;nnfer. hovever, pppears to play the important role¢, As
atated savlier /7.8, the chamica) bond in Tnd 18 partially co-
valent, The dynamical phonon-induced electron transfer from parti-
ally occupied da- and dp-orbitals of zinc to the neaghbouring
oNygen atloxs is mediated by the orbital lattice interaction. Such
an electron tranafer indeed decrsases the s-siectron density o10)
at the zinc nucleus. From our measursd value of ~3.5gms8 (at 77, 3K)
we estimate a chargs tranafer which correaponds to a fraction of

0.01 of a 4s~electron,

The temperature dependence of the dynamical charge transfer was
predicted 79/ to cause ETS to vary according to

ETS = K-T4. (1) 7

whers K iz & constant containing the electronic matrix elements.
in Ref.9 the Debye approximation was used uith

T e(T) = !;3(e'-1>"d: (8)
0
where 8 ia an effective Debye temperature,

From our measurements ve derive K={3.021,0)-10"8,g.5"1.x-¢

and 8={27523)K. The relatively large error in the value for X 1s
mainly due to the uncertainty in the apline interpolation., The full
line in Fig, 7 is calculated with these parameters. Considering the
relatively simpie 3pline interpoletion, the agreement uith cur ex-
perimental data is very good. In addition, the value of ® agrees
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perfectly with the Debye temperature 65P derived from specaific
heat data in this temperature range. At low tempz2ratures &(T) 1is
temperature independent to good mpproximation (if (8/T)>»7, the
deviation of ¢(T) from ©(0)=21/15 js less than 5x), Therefore

ETS = K+ (xd/153.14 (9)

Unfortunately, for 67Zn-lratens calculationa, in particular of
the constant K, are still miasing. From experimental point of view
the high-resolution spectroacopy of the 93,3keV transition makes it
poasible to determine phonon~induced transfer effecta with hiah

preciaion,

C. Quadrupele lnteraction

ks demonatrated by Fig., 8 the electric field gradient tensor
(efqg) is independant of temperature between 4,2 and 77, 3K within
~1:10~2, we get «%q0/h = (2.401 = 0,004)NHz at 4.2X and for the
ratio equ(l.ZK)Iezqn(?7.3KJ = 1,009 ¢ 0,010, Within our experimental
errors the asymmetry parameter is found to be n=0 at all tempera-
turea. Our data on Zn0 are corroberated by time-differentinal
perturbed-angular correlation (TDPAC) measurements using, houever,
the probe 111¢q as an impurity in In0 734,35/, The TDPAC-results
exhibit very little change up to ~70K, a alow decrease of tLhe
quadrupele interaction up to ~300K and an exponential increase
above ~400K. In addition, the TOPAC-data show a reduction of the
quadrupele coupling conatant at low temperatures by =~2% inh In0
single crystals as compared to In0 pouder, With our measurementa
ue find & small but systematic difference between CS for 3I=09 ng
for 3=45%, This is an incication for a slightly smaller efg :in
in0 single crystala as compared to In0 pouder. Houever, 1n order |
to determine this difference more precisely, ve have to 1mprove
the atatistical accurscy of ocur measurements ag ve!l ag the tem-
peratura atability of our axperimental set-up.

Heither the TDPAC nor the Mossbauer rasults are fully urderstood
at present, The electric field gradient can surprisingly well! be
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deacribed vithin a point charge model 736/ assum:ing complete 1onicity
in InG C 1, e, 2n*® and 02'). The point charge model predicts a tem-
perature independent efg if the change caused by a lattice con-
traction parallel to the _-axis 185 compensated by the change due

to the lattice contraction perpendicular teo the c-axia. The
application of the point charge model, however, has to be considered
doubtful, since the chemical bond in In0 is partially covalent. Ae
atated eariier /7,8/, a ¢lear indication of this fact is the much
more negative isomar shift which was foumd for Zan_ In fact, an
inveatigation of the electric quadrupole interaction in Zan
demonstrated, that eaven this compound is not fully 1onic /8/. The
phonen=-induced electron transfer from zinc to oxygen also atresses
the partiaily covalent charactar of the In-0 bond, Although the
slectron transfer decreasss the charge at the 2inc site, the symme-
try of the charge distribution, vhich is reflected i1n the quadrupole
interaction, remaina 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.) Conglusions

The 9J.3ke¥ tranasition in 57zno was used to investigate the
temperaturs dependence of the quadrupole intaraction, the Lamb-
Mossbaver factor, and the center shift., The quadrupole interaction
is indapendent cf temperature within ix betuwesn 4.2 and 77X. The
mesn-pquares atomic displacements vers found to show very little
anisotropy. Most interesting is the variation of the center shift
with temperature. Hossbaver sffect is the only method to measure
mean-gquare atomic velocities in the solid dicectly. Already at
low temperatures (~20K) phonon-induced electron tranasfer from
2in¢ to oxygen causes a significant contribution to tha center
ahift. The shift due to charge tranafar shous a 74-deptndence.

The charge transfar amounts to only ~0.01 of & Am-elactron at
77,.3K and decreasas p(0), the s-slectron density at the 671n
nucleus, Although the change of p{(0) is excesdingly small, the
high enerqgy resclution of the 93.3keV transition makes it possible
to determine such effects with high precision,
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THE USE CF TLUSTER CALCULATIONS FOR THE INTERPRETATION OF
HYPERFINE INTERACTION IN SOLIDS

S. Nagel, Institute of Mineralogy, University of Marburg,
D-3550 Marburg, W-Germany.

ABSTRACT

Wave functions from cluster calculations have been used ¢to
analyze the source of electric field gradiente in solids in
order to provide an understanding of experimentally measured
quadrupole interaction. Contrary to previous assumptions based
on the i~nic model, it turned out that electric field gradients
are wmainly determined by valence =8tatea, especially by those
which are unocccupied in the ideal ionic state.

1. INTRODUCTION

The present contribution will be wmainly concerned with qua-
drupole coupling whioh ia the interaction of the nuclear
quadrupole mnoment Q@ with the wsecond derivative of the elec-
trostatic potential at the nuclear site Vi,,;= :¥Vir}/ x x; (in
the following also denoted as electric fTield gradient EFG) which
is described by the Hamiltonian

I (Vaale # Vaala ¢ Vyely) il)
21(21-1)
The knowledge of the interrelation between the EFG and the
electronic atructure is the essential basie for an exploitation
of experimcntal quadrupole coupling data in order to gsain
information about chemical bonding. Unfortunately the EFG
provides only integral information about the total charge
distribution $(r):
Vi: 3 [Qtr) (3coste-1}/r dir {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 alac conmistent
with Aindependent experimental information such as that from x-
ray diffraction. However, the integrand in eq. 2 has its main
contributions frow regions close to the nucleus and there is
hard]ly an alternate technique wvhich allows to obtein relimbie
information about thie region. Therefore, also wost of the
approaches in solid state theory are not interested in an
accurate description of the small r region.

I1. THE IONIC MODEL

The traditional understanding of field gradients in solids i=a
baged on the antishielding concepti-4i:, Here it iz assumed that
an "external” field gradient originating from the crystal ions
ia awplified through the response of the charge diatribution
around the resonating nucleus:

Var = {1-%a) txtV,, (3)

This aeapproach has motivated a great effort to calculate more
exact antighielding factors a3 well as lattice aums. However,
whielding correcticons turned out to be considerably different
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when calculated for free ions or for ions within a surrounding
charge distribution®-*%}, Furthermore the model completely
neglects covalency and charge transfer,

ITI. ALL-ELECTRON CALCULATIONS
Recently some groups have begun to calculate EFGs in solids from
first principles using band structure?:*! ag well as cluster
approaches®: 1%  the latter of which corsider 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 rescnance data exist. In the presently applied
approach the remainder of the lattice is considercd by exposing
the cluster to an external potentiel °%*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 guarantecs the approximate
cquivalency aof those centers which are equivalent in the
crystal.

The technique for solving Schrédinger’s equation for the cluster
is basgsed on the scattered-wave technique’'! which has been
modified in some points!?},. The method is at the same level of
approximation =as the KKR and APW band structure tethods and is
characterized by a local-density approximation for the exchange
operator and a muffin-tin approximation of the potential . The
latter involves a =apherical average of tho potential in spheres
arcund the nuclei which allowe numericmal integration of the
radial Schrédinger equation and thus e considerable exactness of
the wave functions cloae to the nucleua.

The method has been previously applied to & number of different
crystal structureal?-13%) gnd it has been shown that it is ca-
pable to produce EFG tensors which ere in good agreement with
experimental quadrupole coupling constants. Furthermore, alse
isomer shifts and magnetic hyperfine fields could be success-
fully calculated., One of the most important results of these
studles waa 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 orbitals of Fe?**. In the case of hexagonal
metals the importance of valence p-orbitals has been deduced
from empirical arguments!%: which hes been recently confirmed by
very accurate band structure calculation®?®).

IV. RESULTS

The origin of EFG in ionic systemer will be analyaed in wmere
detail in the following part for the examples of MzAlY+, Gad+,
and Fe?* in the garnets Y;Ma0O;3; as well as for Au* and Au?* in
Cs;AuzCle¢. In all cageethe clusters have been restricted to the
coordination shell. In the case of the garnets, the metal lons
occupy an octahedral position with point symmetry 3 ag uell a5 a
tetrahedral peosition with =aymmetry 4. Both, the octahedra as
well as the tetrahedra are elongated along the symmetry axes.
Thus, in both cases the EFG is axially symmetric and tbe
coordinate aystems may be chosen with 2 along the aymmelry axes.
The contribution from a partioular wave function to Vez is then
Vig = 4/5 <r-3>, (nx=ng) + 4/7 <r- >3 {2hay-Nzs=-Nasz} o4}
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Table 1
Calculated and experimental contributions
to Viy in e/ap? for YAG and YGaG

YAG YGAG
cct., tet. act. tet.
isay,, -0.011 -0.011% =-0.032 -0.016
taty,, -0.049 -0.131 -0.254 -0.376
Ny, -0.060 -0.145% -0.288 -0.392

tvrV:,  $0.018 £0.171 20.148 +0.46B

Taule 2
Atomic orbital populations and V.. -r
41 in YAG and Ga in YCQAG.

aoctahedral pos. tetrahedral pos.

al Ga Al Ga
ny 1,99B6 1.9996 1.9962 1.9989
ne 1.9984 1.9995 1.9948 1.9985
Via 0.0027 0.0031 0.011% 0.0078
Nyy 0.0317 2.0227 0.0159 2.0147%
T 0.0536 2.0398 0.0281 2.0182
Nya 0.0217 2.0181 0.0137 2.02861
Vi -0.0014 -0.051B -0.0027 -0,0500
Na 0.1474 0.1813 0.0753 0.0981
N3 0.1506 0.18€5 0.0B26 0.1093
Vis -0,0505 -0.1328 -0.1389 -0.3170
ng 0.2727 0.4434 0.1483 0.2732
qter 2.04 1.80 2.50 2.30
Vea ~0.048 -0.254 -0.131 -0,376
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where (r"):jR(r)!r d*r with the respective radial function R{r}
of p- or d-crbitals which are occupied by n, or m, electrons,
respectively. The total Vi; may be analyzed by expending the to-
ta! charge distribution into spherical harmonics:

S(r) = Ti.a Ri,uir) Y, alr) (5)
wvhich leads to
Vie = oJ*® Ri,0fr)/r dr (6)

Aall values will be given in atomic units ag=0.5294,
Ve [V/em2 19,7 10? Vi,[e/ag?)]. Table 1 gives the total cal-
culated Vi, in comparison with experimental values for (he Al-
and Ge gnrnets'?.183F, 1ecV,, ig the contribution from the ion
itself +wvherems *3%V:; 1is the lattice contribution. The overall
agreement between experimental and calculated values is reaso-
nable although the calculatien wunderestimates the differcnce
betveen octahedral and tetrahedral gites. Table 2 gives the or-
bital populations and individual contributions to Vix For the
corc p orbitais ti.e. Al 2p and Ge 3p) and for the valence d-
ond p-orbitale. Tt is obvious from the table that in both cases
the dominating contributione arise from the charge transferred
from oxygen to the uppermost p-orbitals which is most grobable
for p.-orhitals because of the elongation of the polyhedra. The
2p of Al ond 3p of Ga contribute to V,: with opposite sign as
in this case it is wmore probable for the p:.-orbitals to loose

charge. The radial parts of representative atomic orbitale as
well as the radial deformation functicn p2{(r) from eq. 6 and its
integral are shown in figure 1-5. They show the dominating role
of the uppermost p-orbitals for Ra(r} which has its maxious
within the first node of this orbital. V,. converges to iL's fi-
nal value within s distance of less than 0.5 ay.

Teble 3 gives similar information for Fe?* at the tetrashedral
position in YIG., Here it may be seen that e significant con-
tributien to V,; arises also from a partial occupation of mi-
nority upin d-orbitals.

CosAusCle contains gold with two different valencies. Au* iB in
a strongly compressed octahedron with two short Au-Cl distanhces
and 4 long ones whereas the opposite situation is fourd feor
Aud* ., MéBbauer measurements have been carried out by Stanek:®?
st different pressures who assigned a large gquadrupole splitting
off 5.02 mm/s to Au* and a small one of 1.17 mm/5 to Au?* and
uho postulated considereble influence of 5d-~6s hybridization
from the preseure dependence of the guadrupole splitting. The
results of a cluster calculation with the positional paraneters
at zZero pregsure are given in table 4. In fact a considerable
amount of 5d::~-58 hybridizgation has been found for Au* lerding
to a positive Vy; from the depletion of the d:y;-orbital. This
is, however, overcompensated by the atrong negative contributjon
of the 6p orbitals leiding finally to a negative ¥;:. The aitua-
tion 1is reversed for Au'*. However, here it is the large nega-
tive contribution to V,: from the depleted d-orkital which de-~
termineg the negative sign of the total V,;. The relative sagni-
tudes of the EFG for Au* and Au?’ are opposite compared to the
experimental assignments slthough the order of magnitude ia cor-
rect. From the calculetion this may be due to the limited clua-
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Table 3

Atomic orbitsl populations and V,: for
Fe?+ at tetrahedral position in YIG

epin spin suw
ha 0.9965 0.9958
Na 0.9951 0.9940 ip
Viz 0.0229 0.0301 0.0531
iy 1.04%2 0.1625
Nis 1.0196 0.2599 3d
Nas 1.0601 0.1156
vez -0.032% -0.1058 -5.1387
Nz 0.0264 0.0155
nz 0.03C3 a,0198 4p
Vs -0.1001 -0.1102 -0.2103
Ns 0.0649 0.0597
qt e 1.62

Veater -0,.434
Vast3t -0.01]
Vzztet -0.445

Vigtt? -0.53% (Q(**Fe)=0.18)

Table 4

Atomic orbital populations
and Ve, for Au* and Aud*
in CeyAuzCla

Au* Aud+
N 1.9999 1 9957
Na 1.9945 1.89989 5p

Via 0. 3769 -0.2968
Nay 1. 9567 1.0307
Nax-rr 1.9717 2.1658
Nzy 2.0544 2.1493 5d
hza 1.8851 2.0049
Vez 1.3833 -8.0668

T ———

ne 0.0274 0,1103
ne 0.1069 0.0283 Gp
Vie -3.9061  3.6726

ne 0.2308  0.2076

q'** 0.68 0.88

Vi -2.19 -4.72

- A
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Table 5

Atomic orbital populations and

Vie for Zn. ZningZns cluster

in comparison with bandstructure
results from Ref., B

cluster bandstructure

Veg€oft —ven- =-0.,003
N » 2.0414

Ny 2.033

LIE 2.026

dna 0.028 -0.010
Vee -0.013 ~-0.099
T 0.333

Ny 0.221

Any 0.112 ¢.041
Vis 0.548 0.546
ne 1.4u2

Vaafer  -0.089 -0.039
Vit 0.476 G.386
Via®r¥ G.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.

Finnlly, the applicability of the <cluster approach to metallic
systems shall be considered. Table 5§ gives the resulte for a
cluster with 13 Zn atoms in comparison with a recent band struc-
ture result®). Again the ipoportance of the asymmetric 1p occupa-
tion may bee seen and the 4p contribution to V;: is almost the
same a8 the tend structure result.

V. CONCLUSIONS

It may be concluded that the interpretstion of qusdrupole coup-
l1ing based on the cluster calculations is considerably different
from that based on the ionic aocdel. The dominsting contributions
were found to arise From the uppermost valence orbitals which
sre Jloosely bound to allow easy adjusiment to a deformation of
the surrounding. Nevertheless the dominating contributions come
from regions very close to the nucleus. The reasaon for this ia
the orthogonality of the valence p-orbital to the core p-orbi-
tals with nodes and large oscillstiona close to the nucleus. Vo
converges to its final value alwmost within n distance from the
nucleus which is smailer than the first node of the valence p-
orbital. This showe that any theory used for the cealculstion of
EFG tensors must be capable to accurately describe the wave
functions in this region.
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Nuclear Polarization Induced by Tilted Multi-foils and
Application to Quadrupole Interaction Studies in Solids

E. Dafni*
Department of Nuclear Physics
The Weizmann Institute of Scienca
76100 Rehovot, Israel

Abstract

The quadrupole interaction of high spin isomers in non-cubic metals is usuatly 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 polarize 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

Quadrupols interaction studies of high spin isomers in non-cubic metals are upually
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 ¢2qQ/h is determined where eq is the electric field gradieot in the
solid and Q is the nuclear quadrupole moment, i Q is known, then the EFG can be de-
termined. There are several reasons to perform solid state orienied experiments in-beam:

i Large choice of nuclear probes with suitable mean-lives in the range 10-%-10-5

sec.

i Recoil implantation of the probe (impurity) into any desired host.

iii Extremely dilute inpurity-host systems or pure systems.

However, a3 shown below, in a conventional experiment on eligned nuclei, one can-
not measure the sign of the interaction; sign determination requires nuclear polarization.
The present work considers & procedure for polariting high spin isomers prior to the im-
plantation into the non-cubic host and measuring the sign of the quadrupale interaction,
along with its magnitude. Specific examples for applications are discussed.

* Incumbent of the Arye Dissentahik Career Development Chair
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2. TDPAD for Aligned and Polarised Nuclei

In & “conventional” TDPAD experiment, isamers are populated in a spin aligned
state. As a result, the angular distribution of decay ¥-ray is anisotropic:

W(6,9) =3 0y' 49 Dg
where pf: are the statistical tensore constructued from the density matrix:

e = 2 (=1)1*™ < [ - mIm'IAg >< migm’ >
mm
A} are the v-ray angular distribution coefficients and Dg; are the rotation matrices. For
aligned ouclei, g3 # 0. Since for y-radiation A: = 0 for odd X, one obeerves 4 anisotropy
only for even values of A (i.e. alignment}). If we pow introduce quadrupole interaction
during the nuclear lifetime,

’ —
K(Q) = 3—"‘;—(%11}‘—%%0

{axial symumetry ia assumed), spin rotation is induced and the stativtical teasors develop
in time:
bty =Y G0l = 0)
Ay

where for A 4 Vm=even, ,
G0 = 3 S costrmont)

Thene functions are oheerved by time differential measurements of the y-anisotropy
and the value of jwy| o egQ is deduced. It is apparent that for A + A'=even there is no
senaitivity to the sign of wy,.

On the other hand, for vector polarited muclei g, 3 0. We now consider the case of
A + X'=0dd and the observed funclions are:

GTh(6) = =i 3 53 sinfret)

which are sensitive to the sign of . The physical picture is that we start from polar
ized nuclei and induce spin rotation in & preferred sense (depending on the sign if w,)
thereby producing alignment which was not there before. Fig. 1 shows the TDPAD «ig-
nals for aligned and polarized 1*Gd{10") isomers implanted into Gd single crystal. Fig.
2 shows how many nuclear quadrupole moments are known as & function of the spin®)
and demonstrate the difficulty to measure the sign at high spins.
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Fig. 1: TDPAD signals for aligned (sclid line) and polarised (dasbed Line) nu-
clei. The curve for polarisation depends on the sign of w, while the curve for
alignment does not.
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Fig. 2: A compilation of known Q-moments (from data of ref. 1 updated at
1983). The dotted areas represent signs determined by the MTF/TDPAD tech-
nique and discrmsed in the present treatise.



3. Tiited Foil Polarization

‘We consider jons which emerge from che surface of » foil with their velocity vector
at an oblique angle with the normal to the foil. It is known that an efectronic epin po-
larization is produced by an interactiop at the exit surfacre which polarizes the orbital
momentum of the atomic states?). Such atomic polarization can, in turn, interact with
the nucjeus via magnetic hyperfine coupling and thus provide a technique for polarizing
nucjear high-spin levels. / large improvement in the experimental sensitivity is ackieved
by allowing the excited nuclear levels to interact with many polarizing foils (MTF inter-
action).

Two distinct types of nuclear spin manipuiations can be obtained with the multi-
foil interaction. For wpt<1 and N> 1, where wy is the average Larmor frequency during
flight in vacuum, t is the flight time between two successive foils and N ia the aumber
of foila, the angular distribution of decay +-ray undergoes n precession similar to that in
an external magnetic field. This precession (in an effective M Gauss field) hus been used
to measure g-{actars of high-spin short-lived levels in 3 Fe, 85r and %80, For wytpl,
a pet nuclesr polarisulion is induced. Briefly, the polarization process is as follows: un-
der the condition of wgt>1 there is a transfer of polarization from the aloric 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 (6g. 3). The introduction of an array of parallel car-
bon foils results in & regeneration of the electronic polarization at the exit from each foil;
the electronic polarization is transferred successively to the micled after each foil, result-
ing in an appreciable cumulative nuclear polarization.

The mathematical formalism which describes the huild-up of nuclear polarization
Py in the tilted-multifoil geometry is described in detail in ref. 3. The values of Py can
be caleuloted either in & classical vector-coupling scheme or with the formalist of sta-
tistical tensors evolving in titne due to a polarized hyperfine interaction. #; depends on
the atamic polarization Py, on the nureber of foils N and on the ratic £/J. Under the
asymptotic condition wip1 the two calculations result in very similar vahues for Py,
Fig. 4 presents such results for typical cases of I=10, 49/2.

The basic feature aof the nuclear polarization build-up is clearly seen fram figs. 3,4:
the value of Py increases as [ increases provided enough polariring foils are ueed. The
nuclear polarization can considerably exceed the atomic polaritation — an effect under
stood in terms of more effective Lransfer of Py to Pr (if > J).

in the following we present measurements of signs of quadrupole moments of high-
spin nuclear levels - one of the important applications of the MTF method. These men-
surements alsc simultaneosuly determine the induced polarization, Py. Nuciea: polarisa-
tion induced by tilted foils in low epin long-lived light ions was obeerved by other groups
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Fig. 3; Muilistep tranafer of polarization to the nuclear ensemble by & mul-
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I o o e T L EMER A )
[ ===, me000 -
@3 —anJeB, Py 4008 '__’,_::

PR s NP |

20 0 20

Fig. 4: Nuclear polarization Py induced by passage through N tilted foils. The
_ flight time between successive [oils i assumed to obey the condition wgt >

1 (oee text). The arrows indicate the number of loils actually used in exper-

iments.

via optical spectroscopy?), 5~-NMR®) and Coulomb excitation®) measurements.
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4. Signs of quadrupole interactions

The conventional techniques availatl: to deteomine the sign of the quadrupole split-
ting in non-cubic metals: the Mdesbauer effect, nuclear orientation at low temperatures,
B — 4 correlations, asymmetric Coulomb excitation and polarized neutron capture, are
not suitable for short-lived high-apin isomers and till recently no signs of quadrupole mo-
ments of high epin states were measured (fig. 1). On the other hand, the nuclear polar-
ization discussed above can now be used Lo determine signs as well as the magnitudes of

Q.

144Gd (10°)Gd

Fig. 5: Experimental set-up used in the 14Gd experiment.

We consider, as an example, the measurement for the H4Gd(10%) and the
H1G4(13/2%,27/2~ and 48/2%) isomers”). The Gd isomers were populated by fusion
evaporation reactions with pulsed ##5i beams and 600-ug/cm? isotopically enriched $n
targets, tilted with the normal at 60° Lo the beam (fig. 5). The recoiling reaction prod-
ucts passed through arrays of equally spaced 4-8ug/cin? carbon foils and stopped in »
single crystal of Gd, ariented with the & axis along the beam direction. The total Hight
time through the multi-foil stack, during which the palarization is built up was a few
nanosecands. In a secand stage, after stopping in the hexegonal Gd host, the polarised
nuclear spins experience s 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 (so0 that wzt 33 1) and to minimize the stopping in the
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Fig. 6: Upper part: Ratio function R{t) (see text) for polarized 144Gd(10%)
nuclei. The amplitude of the observed modulation is proportional to the in-
dueed polarization Py 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 p?a.rt: R(t) for aligned 1 Gd{10%) nuclei.

LY

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 coaxial Ge{Li) detectars were used to acoumulate time spectra of decay 4 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 ftted to the expression

Rt} = —gP;F& Z SHsin(nuw,t),

where Py =< Ir > /{I{I + 1)}]}/2 is ihe nuclear polarization induced by the multifoil
array and Fy is the y-ray angular distribution coeffivent; S,l,f are geometrical coefficients
and w, is proportional to the quadrupole moment Q times the external EFG. The data
for 147Gd(49/27) are ehown in Fig. 6. The magnitude of the induced polarization is
delermined from the amplitude of the observed quadrupole cecillation and was found to
be P; = 0.10(3) and Py=0.16(3) for 4 Gd(10%} and M Gd(49/2%), respectively.

Table 1

Q-moment measurements: the values of T ;q, g and [Qf are from previous experiments;
sign of Q determinations and Py values are from the measurements diecussed heve,

State Ty/2ine} 4 Py Qlebm?)
#Fe10) 357 +0.728 0.18(5) +29.7(4)
8Bz:(81) 1700 -0.18 0.06(2) +51(3)
Wzr(8t) 120 +1.36 0.05(1) -51(3)
1M0e(101) 308 0.1 0.12(3) +13%(12)
H25m(7") 170~ -0.06 - +112(27)
:::Gd(1o+)+ 130 +1.276 0.10(3) -148(8)
Gd(13/2%) 22.2 -0.037 - -T3(7)
M1G4(27/27) 268  +0.840 0.11(2) -126(8)
M7Ga(ag/2t) 510 +0.446 0.16(3) -324(18)

A similar procedure, in both the experiment and analyeia, has been performed for sev-
eral other measuremenis which are summarized in table 1. From the values of the in-
duced polarization Py one can obtain information regarding the atomic ensemble, & g.
the average atomic polarization (Pj) and the average atomic spin (7)), The nuclear
siructure relevance of these studies is discussed elsewhere, here we give only ane illue-
trative example, the 8+ isomers in #:9Z;, The 8+ level in #2r is described in terms of
a two-neutron holes (vgg/3)"? configuration while the 8+ level in %Zr is presumed to
be a two-protans, (gg/2)? state (supported by g-factor measuremnents). The respective
magaitudes {Q] of both quadrupole moments have been measured®) to be the same, indi-
cating similar effective charges for gg/; protons and neutron holes around 4 = 90. With
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the present determination® of positive Q for the 8% state in 887r and negative Q for the
8% state in 99Z¢, the shell model picture of particles and boles 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 systema?), so far there is o convenient model to predict the magnitude
or sign of the EFG for any given system. There are, however, systematics related tc
specific groups of systems. Considering the transition metal hosts, including Gd which
hes a (spherical) half-filled 4/ electronic shell, we find that for any sp or d metal impu-
rity where the aign of the EFG is known, it depends only on the host*111) (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 systematics to rare earth impurity ious
where the EFG is strongly influenced by the 4 electrons.

Table 2
Sign of the EFG in Treansition Metal Hosta

Bost Ti Co Ir Gd Lu Bf Re O
impurity
Fe -~ - - -
Co -
Cd + + +
Gd +
Lu + -
Bf + + + + -
Ta + -
w +
Re + -
Os + - -
Ir + - -
Av - + + -
Hg -

We have measured the quadrupole interaction of polarized 13*Ce(10%) nuclei in Gd,
&cmtiheﬁtinl’ig. 7 we derive a positive value foc wy. 33Ce{10%) bas a predominant
"’"uf; puclear structure which is certain to have a positive quadrupole moment. There-
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Fig. 7: Ratio function R(t) for ¥ Ce(10%} isomers implanted in Gd single
crystal. In this case, the sign of Q iz known from nuclear physics arguments
acd 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 jons in Gd.

6. Conclusions

A novel technique to polarize high spin isomers by arrays of tilied foils was pre-
sented. lmplantation of the polarized isomers into non-cubic metallic environments en-
ables the messurement of the quadrupole coupling constants, including the sign of the
interaction. Examples were given to specific cases of interest to nuclear or salid state

phyaics.
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ABSTRACT
A diverse program in atomic and applied physice using x rays produced at
che X-26 beam line at the Brookhaver National Synchrotron light Source is in
progrens., The atomic physics progran studies che propertiea of
multiply-ionized atoma uaing the x rays for photo—excitation and ionization of
neutral atoms and ion beams. The applied physiecs program builds on the
techniques and results of the atomic physics work to develop nev amslytical
techniques for elemeantal and chemical charscterization of materiale. The
results are then used for a general experimental progras in blomsdical
sclences, geo— and cosmochemistry, and matarials sciences. The present statup
of the program 1s illustrated by describing selected axperiments. Prospects
for development of new experimental capabilities are discussed in terms of a
heavy lon storage ring for stomic phyzice experiments and cthe fessibility of

photoelectron alcroscopy for high spatial resolution analytical work,
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Introduction

The Nacional Synchrotron Light Source (RSLS) at Brookhaven National
Laboratory (BNL) 1s a high intensity source of x rays that gives new
opportunities for research in atomic and applied physice. This paper
describes work in both areas that has been done with x ray beams at Lhe NSLS
X-26 beam line that show how new types of experiments are made possible by the
use of synchrotron radiatioan. In atomlc physice it is sh-wu that measuresents
of fluorescent radiation on dilute gas l:arger:s can now be done so that it is
possible to study the light emictted by atoms in an isolated environment. lo
applied bhysics work it is eshown cthat it is oow possible to detect Cthe
presence of au few as 107 atoms in a volume of 1077 ca? by the use of
synchrotron cadiation induced x-ray emission (SRIXE) methods. An example of
the application of the SRIXE sethod 1n given.

The equipment that is now used can be laproved in wmany different ways in
the future, In atomic phyaics it may be possible to add a cooled heavy ion
atorage ting (CHISR) 1in close proximity to the NSLS so that it will be
posglble to study photoexcitation and lonizetion of multiply-charged iona with
high precision. For applied phyaics it mey now be timely to consider the use
of photoelectron alcroscopy as a cowplemant to the detection of fluorescent x
rays, Consideration of the use of such an approach te aub-microm resolution
imagipng is given.

The combination of descriptions of present experioental rcesults with
plans for future developments ia intended to show the acope and vitalicy of
the research beded on the use of NSLS x ray beams in a succluct manner. A

full description of the topic goas beyond the scope of this paper.
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{Some references to papers and abetracts on cructal aspectas of the work are
given in References 1-1B).

The entire program chat {s described here represents the work of
scilentists from the BNL Department of Applied Science Division of Atomic and
Applied Physlcs: B. M. Johnson, M. Meron, B. M, Gordon, A. L. Hanson, and
Je. G. Pounds, and from The University of Chicago Department of the Geoaphysical
Sciences: J, V. Seith, M. L. Rivers, and 5. R. Sutton, We have also had many
collaborators from many different Lnstitutions who have left a strong {mprint
on the program.

It is appropriate to mention gpecifically a long-term interaction between
the Instftute of Nucjear Phyeics at Cracow, the Department of Applied Scieace
Division of Atomic and Applied Physics st Brookhaven, and the Kosclustko
foundation of New York in cthis contribucion to the Proceedings of che XXI
Zakopane Winter School. This interaction has made it possible for visitors
from Cracow to apend extended periode of time at Brookhaven. The experiments
described here have benefited in wmany wvays from invaluable contributions by
A. Z. Hrynkiewicz, J. Kanjfomsz, M, Cholewa, W, M. Kwiatek, and B, Rajchel
during ctheir visits. We hope to see our joint ventures continue and to be

able to report further reaunlts at aubsequent meetings in Zakopane!

Characteristics of the NSLS X-26 Beam Line

The NSLS 1s an electron atorage ring that ren et 1.5 GeV wich npxioum
stored electrom currents of - 200 mA and average bheam lifetimes of around
~ B8 hours. The photon flux produced at the experimental ststion 20 m from
the electron orbit is given in Figure |. The low—eaergy cutoff is produced by

windows and £iltera used in the path of the beam.
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The actual mechanical layout of the bean line iy ehown in Figute 2.
Berylifum wisdows are used to separate the beaa lipe vacoun system from che
machime vacuum for greater ease In doing experiments. The apparacus in the
enperimental enclosure (hutch} was arranged so chat atomic and applied phyaics
could be done simultaneously. A photograph of the hutch interior is shown to
the left in Figure 3. The magnet system et the left sideof the hutch is a
Penning-type fon trap for aromic physics work and on the right slde 1s the

x-tay fluorescence microprobe system used for trace element measuremente.

Meanurement of Fluorescent Radfation from

Argon Following X~Shell Ionieation

Measurements of fluorescent radistion from dilute atomic targets are
ugseful for obtaining atoalc dats that cen be used to provide benchmarks dats
for imptoving theoretical atomic structure models and for determining cross
gsections or rate coefficients for wery lov egergy 1ioa-atom collielon
processes. Wich synchroteron tadiacfon from the NSLS the photon flux at the
sample position is high enough to make such -eandtelenl:a with target densities
corresponding to carger pressures in the ragion of 10'm torr or approximately
I x l('!6 ar.onsfc-z. Paventhetically, wmwbte cthat Che determination of
fluorescent radiacion 1s the basis of the SRIXE wethod, with detection Llimita
now runnlag around 1057 total stows. Velues quoted for terget densities
aepem; on the assvaptions wade for detection system afficliencies, duca
accusulation timea, and backgrounds. The sbove values are, therefore, to be
considered as epproximamte.

The firec experiment that was done at the X-26 bemm line ok fluorescant

radiation for atomic physice purpomes wes the study of the radiation produced
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following the K-shell photoionization of argom (13). This could be done with
filtered white radiation since the contribution from the L-ghell ionization
cross section s less than 101 of the K-shell croes section &t the energies
conaidered. The produceion rate of K vacancles in argon can be eanily
caleculated by calcularing the integral of the product of photon flux and cross
section over the photon energy distribution. The value obtailned is roughly
6 x 103 K vacancles/s for a target densi.; of lO? atonafcns. wvhich is adequate
for experimental work even though low.

The fluorescent photone produced in the wave length reglon from 50 to
150 nm were analyzed with a 0.2-o0 norsal incidence epectrometer wit., a
600 g/mm toroidal grating. Thias inetrusent vas opetated with a resolution of
0.2 na. A typlcal spectrum that was obtained for a pressure of 50 atorr is
shown at the bottow of Figure 4. The upper spectTa indicate the predicted
appeatance of lines from individual donication sctages {Ar I to Ar VIII).

Analygis of the data showed that the latensities of the apectral lines
were strongly affected by collisions with neutral argon ions. Measurements of
the relative intensities of the spectral lines as a function of prassure thus
give values for the rate coefficients for charge neutralitation 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 resulte
in the further lonlzation of the atom. For argon s distribution of charge
states is produced with values as high as 6 or 7 and & saxdmum at 4. It is
therafore possible to axsmine a wide range of ions in the course of s single

experiment, Figures 5 and & show the resvlte of rwo meawuresents (16) of U
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charge-state distribution using a Penning ion trap and a recoll-~time—of-flight
apparatus cn the X-26 beam line.

The results of the first experinents show the fessibility of atowmic
photolonization studiee. Improvements are under way. The photon flux
delivered to the ctarget will be increased by several orders of magnitude by
the addition of focusaing mirrors in the bean line., Thia will increase the
signal/background and make possible messuresente at lowver target densitles.
The use of time-resolved epectroscopy to take advantage of the nastural
bunehing of the synchrotron beaa will iaprove the accuracy of the rate

coefficient neasurements.,

K=-Ray Microsoce SRIXE) Measuresents

The use of x-ray fluoresceace for analytical oeasurements has been an
established wmethod for wmany years. The synchrotron light source has
catapulted it into & nev era becavee of the high polarization and high
brilliance (photons/ecurce area/solid angle/energy interval/e), brightness
{photons/eolid angle/energy interval/n) and Elux (photons/mrad
horizoutal/energy interval/s) of the x Tays emitted. The introductory wvork
described here relies only on the high flux. Further developments of the beam
line using wmirrors will utilize the high brightness and brilliance of the
soutce.

The SRIXE system that we have uaed is siaple, albeit very powerful. The
oeasureaente are carriad out after the x-ray besm passes through s window and
into the laboratory. Beam intensity i1s monitored with an lon chamber.
Fluoresceat x rays are datacted at 90 degrees to the incident beam, & position

which sioleizes the background of Comptoo—scattered photons. Our Beasursments
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used a 30-mn? S1(Li) detector with & resolution of around 155 eV for 5.9-keV
Mn K-x rays. Sample positions were changed using stepping-motor-driven x-y-8
translaters. Beam positions could be set t‘o about 1 wmicrometer. The beanm
size was defined by tantalum slits with a spacing that could be adjusted using
atepper wocor driven adcrometers. Minioun bean size was 10 aicrometera, A
computer was uped to control the systen so chat maps could be easily nade of
the spatial distribution of specific elemente. Thus, what we have ia a very
versatile systea for high energy x-ray microscopy mesasurementa. A photograph
of the arrsngement is shown in Figure 3. The present system in & 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 Currie criterion {(ref)
ware determined by oeasuring the spectra of various stsndard refarence
materiale. The resulte obtained for a home brew of various elemeats ar the 10
perts per million {wet weight) leval disperved in a 20-micromater slice of
gelatin is shown in Figure 3. The conditions for the irradistion are showm in
the figure. The minigum detection limits extracted From thie deta are showm
in Figure 7.

The xz-ray alcroscope (XRM) hes been used for wany invastigstions i the
biomedical xpd aarth sciences. A speciiic axample to illustrate how it can be
uaed is the work on trace slewsent diacributions in the rat brain by Ewiatek
ot al. (19) 1In chis lavestigation msesursmmnts wvers nade of trace elameanta in
the brain for control animals and for snissly that had ingested varying
amounts of lead, 1t is koown that lesad iz = tozic elessnt and that it changes
the function of the brain. Changaa and interactions in the trace slement

distcibucions can thus be axpected to occur. It 1i» ispossible to make
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WA temenLs AT very 1w Toncentration levels witr poac resojution by oTaer

teortaaues thar TETYY - seaion-induces x-=rav etiguron 0 BI¥YY go inat Tne  (EW

L

Merad bBE o3 TELYC gustmlitative tmprovement in thne toois avallable Tt oing
*e copcentratioan of iTon in the Tafb cerebellar coriex can De taken A% &
voutde example from fhe above wore on the rat srain. Figure * snowe =«
mewentional photomicragrapr of a coronal section of the erebellar cortex.
structures Iin the cortex cailed the mclecwlar and granule ced. lavers and e
wt o tra:t  are  indi-ated. Figure 9 {5 a photograph laken at higher
resalation that shows more éntails of the three regions. Figure 10 shows a
rartion of & ¥t x 40 pixel map of the iron Adistrihution found im ctne sanmt
tegion shaw {y Flgure Y, Fach pixel was 100 micrometers on o Side. White
e tHearnts highest iram ~oncentraticons and black represents the lowest. The
three oronged TeRIina ir walte, (iron concentra:zlen is high), entresponds Lo
b imer trac! region. Thiy experiment will e cart of cpe PL.D, thesls to
Soosubmitted to the Institute of Nuclear Phvsics in Cracow by W, M, Kwiatek.

Future Direction in Atomic P-esics

s@cantiy LRere has wen much interest in building storage rings Ior heaw
ions, The advantage of the storage cing is that the effective inn current is
envinced because of the high characteristic revolutins frequency of the ions
ir t.":-cv ring, Jt seems to be feasiple to fill a ring with around 190 1ons and
= et effective currents close to 108/5, The interaction rates that are
praduced will ther be msuy orders of magnitude greater than if experiments
wete dJdone with ordinary typee of ifon sources. Rings to date have been

proposed for study of electron~ low or ion-ion {or atom) collisions,
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We have proposed (11,14} building a storage ring at the NSLS go that ic
would be possible to do precigion photon excitetion and fonization experiments
using synchrotron radiation. Experiments uaing electron and ion beams as
probes would alsc be done.

The science that could Ye - ne at this facility would cover many crucial
areas of atomic physics. A firet discussion of the topic has been publighed
{14). Perhaps the most import: : polnt to make at this time 15 to establish
the luminosities that are achlieved in wvarious types of beam experiments. A
tabulation is given in Table 1 taken from Ref. l4. This shows that the
astorage ring will subetantially extend the range of feasible experiments that
can be done in investigating the properties of wultiply-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 50% stripped at lead or gold,

The geographical layvout of the proposed ring at BNL 1s shown in Figure 11
to show how the existing photoo and ilon facilities can be used to feed the

storage ting. A detailed design study for the ring is now in progress.

Future Direction in Applied Physics

A great meed in the Applied Physics Program is the development of new
methods for characterizing materials at spatial resclutions around

1 micrometer or less. Prospects for doing this by x-ray imaging scem to be

limited by the difficulty encountered in the productionm of focussing x-ray
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optics of high quality. Thus, it 1s necessary to consider other types of
approach to the problem.

A possible approasch seems to be to adopt the wmethoads of electrom
microscopy to the problem, In this case the x rays would be focussed as
tightly as possible so that s spot with as high an x ray flux is formed.
Rather thanm raster a target past thie x ray beam in order to form an image it
is possible to image the electrons produced in the irrediated area by using
electron microscopy techniques. Focussing and imaging of elecirons is a well
studied problem that c¢an easily be used at sub-micrometer resolutions. The
field of photoelectron microscopy hae been reviewed by Griffith {20}, The
high flux of eynchrotron photons may now mske it fessible to use electron
spectroscopy/microscopy methads with high spatial resolution.

Professor A. 2. Hrynkiewicz has worked wicth the BNL group during several
visite on the development of some of these ideas. What we propose to do is
adapt (21) a Siemens ELMISCOP [A transmiseion electron microscope for use at
the synchrotron. 1In order to do this we discard the first aections of the
machine that are used to form the electron beam. The synchrotron beam 1s then
uged to irradiate a sample at approxtmately the normal postition. Electrona
that are emitted are focussed with an immerafon type lena and that produces an
object for the remainder of the microecope. The lmaged électrons can then be
detected with & positfon aensitive wmicrochsnnel plate array and the image
stored in a computer for final enhancement and analysis.

Additional aualysie of the electron optics will be done before going
further with the project. The addition of electron energy analysis ia
desirable and a more refined analyeie of vhe production rates and backgrounds

would alac be helpful. The tesults of our firsc asgesspent are vary
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encouraging and we have hopes rhat we will be able to make ilmages at the 100

nm resolution level with this instrument sometime in the future.

Conclusions
It 1s hoped that the material presentad here will give some idea of the
scope of work that the BNL Division of Atomle and Applied Physics is carrying
out In atomic and applied physics usaing synchrorroem radiation. Momc
{mportantly, we hope that the reader will feel the zsclentific centent of rhe

field 1 large and the questions te be answered lamportant.

261



References
A. L. Hanson, H. W. Kraner, K. W. Jones, B. M. Gordon, R. E. Mille, and
J. R. Chen. Trace ¢lement measurements with synchrotron radiatioc. I1EEE
Trans. Nucl. Sic. NS-30, 1339-1342 {1983),
8. M. Gordon. VUses of synchrotron radiation. HNeuroToxicology 4, 13-22
(1982).
J. R. Chen, N, Martys, E. C. T. Chao, J. A. Minkin, C. L. Thompson,
A. L. Hanson, H. W, Kraner, ¥. W. Jones, B. M. Gordon, and R. E. Mills.
Synchrotron radiastfon determination of elemental concentrations in coal.
Kucl. 1-strum. Methods 32, 241-24% (1984).
B. M. Gordon and K. W. Jones. Design criteria and aensitivity
calcularions for multlelemental trace analysie at the NSLS x-ray
microptobe. Nucl. Instrum. Methods B, 241-245 (1984).
A, L. Hanson, K. W. Jones, B. M. Gotrdon, J. G. Pounds, W. M. Kwiatek,
G. J. Long, M. L. Rivers, and 5. R. Sutton. Trace clement measureaeats
using white synchrotron radiacion. Nucl. Imstrum. Mechods B24/25,
400-404 (1987).
P, Spanpe sand M. L. Rivers. Computerized microtomography using
synchrotren x rars. MNucl. Instrum. Methods B24/25, 1063-1067 (1987).
5. R. Sutton, M. L. Rivers, aad J. V. Smith. Applications of =x-ray
fluorencence to extraterrestrial oaterials. Nucl., [natcen. HMethods
B24/25, 405-409 (1987).
R. W. Jones, B. M. Gordon, A. L. Hanson, W, M, Kwiatek, and J. G. Pounds.
i-ray fluvorescence with synchrotron rcadiation. Uleramicroscopy, 1in

press.

262

L]

._..—.A.



i0.

Ll

14.

15.

R. D. Glauque, A. C. Thompson, J. H. Underwood, Y. Wu, K., W, Jones, and
M, L. Rivers. Maasurement of femtogram quantirles of trace elemeats
using an x-ray microprobe. Proc. 36th Ann. Denver Conf. on Applications
of %~Ray Anelysis, Denver, Aug. 1987, to be published.

J. B, Chen, E. C, T, Chao, J. A. Minkin, J. H. Back, ¥W. C. Bagby,
4, L. Rilvers, S. R. Sutton, B. M. Gordon, A. L. Hanson, and ¥. W. Jones.
Determinacion of the occurrence of gold in an unoxidized Carlin-Type ore
sample using synchrotron radiatfon. Nucl. Instrum. Methods B22, 394-40D
1,987},

K. #4, lones, B. M, Johnaon, and M. Meron. Design considerations for a
comhié;d svnchrotron-1ight source and heavy-fon storsge ring atomico
shysics taciliey, Nucl. Instrum. Methode B24/25, 381-390 (1987},

K+ W. Jones, B. H. Johnson, J. B. Hastings, M. Meron, ¥. 0. Kpstrouon,
an T, ", ¥ruse. Studies of ion beam photon {nteractions at the National
Senchrntron Light Source. IEEE Trans., on RWucl. Sei. NS-30, 1026-1029
119831,

B. M. Johnson, M. Meron, A. Agagu, and K. W. Jonmes. Atomic physics and
svichrotron radiation: the production and accumulation of highly-charged
ions. HNucl. Instrum. Methods B24/25, 391~-396 (1987).

K. W. Jones, B, M. Johnson, M. Meron, B. Crasemann, Y. Hahn,
Y. 0, Kostroun, S. T. Manson, and S. M. Younger. Science with
synchrotron radlation and a heavy=-ion storege ring. Comm. AL. Mol.
Phys. 20{1), 1-1B (1987).

K. W. Jones, B. M., Johnson, and M. Meron . PHOBIS, A PHOton Beam lon

Source for production of wultiply-charged atoms. Phiys, Lett. 94A,

377-380 (198Y).

263



l6.

14,

19.

20.

il.

0. A. Church, S. D. Kravis, 1. A, Sellin, €. 5. @, J. <. Levin,
R. T. Short, M. Merom, B. M. Johnson, and R, W. Jones. Studies of
confined thermal wulti-charged ions produced by aynchrotros radiation.
Phys. Rev, Lett,, submitted.

R. T. Short, C. S. 0, J. C. Levin, I. A, Sellin, B. M. JSohneon, M. Meron,
K. W, Jones, and D. &. Church. Synchrotron radistinrn inner—shell
photoionization of atomic and aclecular gages. HWucl, Instrum. Methods
B24/25, 417-419 (1987),

M. Meron, B, M. Johnson, K. W. Jonea, and D. A. Church. Prospects for
experiments with trapped multi-charged ions produced by YUV syachrotron
radiatfon. Proc. Symposiun on Atomic Spectroscopy and Highly-lonized
Atoms (SASHIA), Rickory Ridge, Illinols, Aug. 1987, to be published.

W. M. Xwiatek, G. J. Long, K. R. Revhl, A. L. Hanson, K. W. Jones, and
J. G. Pounds. Distribution of Fe, Cu, In, and Hg 1ian the wouse
cerebellun. Toxicologise 7()), 302a (1987).

0. Baves Griffith and Gertrude F. Reapfer. Imaging: photoelectron

sicroscopy and telated techniques, 1o Advances in Optical and Electron

Microscopy, Vol. 10, R. Parer and V. E. Coalett, eds. (Acadenic Press,

lﬂndoﬂ) -

W. Engel, Proc. 6th Intern. Congress Electron Nicroscopy, Xyoto, 1968,

pp. 217-21B,

264



Table II. Luainosities of photon-ion/atom iateractions us};g 0.1X bandwidth synchrotron
cadiation with a photon cutrent at the target of about 5.10°° photonsfs, which 15 based on

design parameters of the NSLS for s 5-pole superconducting wiggler, assuming 5 nor
horizontal acceptance and Full wvertical acceptance.

System Luninosicty {(cn~2 g1y

Gas target {pressure = 10~® torr) 1.76.10%5/(cm lengeh}

1.4+10%Y (For crossed heans of 1 mm height)

Singly-charged ion source I.ﬁ-lozaf(cn mecging length}(0.l en? heam area)
{10 weV energy, 10 pa current) 2

l.&-lozzftcm merging lemgceh)(l ca® beam area)

Kingdon Ion Trap (PHOBIS, see Ref. 22)  5+102%/(cw length)

2.2+10%® (for crossed beams of 1 pa height)

ECRIS and EBIS 2.2-102°I(c- serging length}(0.1 cn? besnm area)

{100 pnd, 10 keV/amu, for actl?)
2.2+10'%/(ca merging length)(l ca® beam area)

CHISR (10 MeV/nucleon)

Fotr (%2) = 1072 (Ne point in bunching because space charge limit is exceedad)

2

N= 1.2.101° (Ar*lT) Z.IOZZICIZ (] o= werging length, 1 ca® ares)

For (%E) = 241077

N = (8.10%) 1.Jow:’ unbunched
1.6+1022 bunched
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. Figure 1.

Figute 2.

Figure 3.

Figure 4,

Figure §.
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Figure Captions

NSL5 photon flux at the experimental position 20 o from the
electron aorbit. VUnits for the flux are shown at the top of the
figure and are in photons/sfmfe\ffuz. The electton energy 1s 2,52
GeV, The curves show tha effect of beryllium windows that are
incorporated in the beam line and of addirionsl aluminue filtera
that are used .o harden the beam for specific experiments.

Plan and elevation views of the beam lina showing the simplicity of
the design and the in-lipe arrangement rhot wmakes it posaible to do
two experiments simultaneously.

Composite figure showing photographs of the experimental area. At
the top left an overall view ia given of an atoml: physice
experiment {a Penning fon trap in this case) and the x-ray
fluoreacence apparatus at the right. The photograph at the lower
left whows a view of the detalls of the x-ray fluorescence
AppATALUE, The figures at the right show x-ray fluorescence
spectta oblained for a gelatin standard contalining elements at the
10 parts~per-million (wet weight) level and from a thin sectilom of
kidney. Addirional detalls are given for each spectrum in the
figure.

Fluoreecence spectrum recorded in the wave length region from 500
toe 1500 A. The radiation wvas emitted following K-shell ionizatiom
using filterad synchrotron radiation (see Figure 1}, (Ref. L3).
Dietribution of charge states in argon following F-shell ionieation
using filtered synchrotron radiation. The ions were obssrved in a

Peoning ion trap (Ref. 16).



Flgure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 0.

Figure 11.

Distribution of charge states io argon following K-shell ionizstion
uning filtered synchrotron rldllti;ﬂ. The ions were observed using
a time-of-flight technique {Ref. 16).

Miniomum detection limics determined for trace elements in &
20-micrometer thick gelatin standard. Values are normalized to an

electron current of 77 mA, carget area of 2,5 x 10~5 cnz, and

counting time of 300 s.

Photomicrograph of a coronal section of the rat cerebellar cocrtex.
Features of interest and a scale are indicated i{n the photograph.
Photouicrograph of s small nmection of the ceronals ection of rat
cerebellar cortex shown in Figure B, The size snd features are
shown on the figure,

Metcibutton of iren in the cerebellar corcex in the region
approximately the same as that shown in the photomicrograph of
Figure 9. The light pixels showv a higher concentration in the
reglon of the fiber tract,

Map of Brookhaven NHational Laboratory showing the location of the
National Synchrotron Light Source, [andem Accelerstor Laboratory,
and the p;;posedqheavy-ian storage ring. The length of the rumnel

f(rom the Tandem Laborstory to the storage ring is abour 140 m.
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Magneloslatio amd Mossbauer Invesligation of Magnetio
Properties of r':l-x'x” u)lloyrs wilh N:' Trpe Structars.

E. Popielj #H. TuomzyhAski) W. Zarsk
inztitute of Physics-Silesrian Universily Kalowice

The ternary res_“v;‘n alloys were prepared by arc welting of
stoichionetric quantities of Fe,¥ and Al in an argon atsosphere. After
melting and powdering of the ingots, & wpecial, long-time thersal
treatasnt was uswd for obtaining a PO, type structure of the sample.

X=-ray studiss {or esch sample wers done and showsed that this
&tructure was obtained Jor samplime with © 4§ x § 1.1 oniy.
Samples with 1,1 < » § 2.8 exhibjted .8 typs structure while the.
samples with = > 1.8 wenhibited Au type structure.

In further part of thi:. seminar I want to show the results from
magnetostatic and Mossbauer asssurasents for samples with ¢ § x 5§ 0. ®H
only.

Tha ideai DO, type structure for binary alioy of Fe,Al s shown 4
Fig.l, where 4s and Bc sites arw occupied by Fr atoms only when 4h si -

tes ars occupiwd solely by Al ttoss.
This coaplicated structurw can be
described as a composition of four

indepandant, oo suvblattices with
() -¢p the same lattice constant. In thim
idea)l) structure each Fa atom has
wight othar atoas as nearsst neighbo-
2 -8 wses {(wnd). Fe atoa Jrom 4a wnitea
hal.clght other e atoas as wm ($roe

Bo sites), while Fe atos $from Be wite

has four others Fs atoms (from 4a
sites) and fouw Al atoss {(froa 4

Figs 1 siten ) as mn 01,2

The substitution of some Fe atoas in such structure by other MW
metal , nonmagnetic atoms can bhreak sagnetic interaction and change the
magnwtic structure of such substitutional ternary alloys. In owr ssap-
les, ¥ atoms were such nonmagnetic substitutes.

From pracise w—-ray studiea, when the intensitiee of Bragg reflec-
tions were asasured, the degrae of N, structuras order and probabili-
tien of occupation by Fe, ¥ and Al atoms of sublattices 4a,4h,bw wire

DOy type structure

- -ka




detarmined for sach sample. When these probabilities are known, the
distributions of the ' Fe atowms with different magnetic surroundings in
nn aheil can b calculated for each sanple {(23. In the Fig.2Z the pro~

' babllities for a few samples are

L LT T T LT Ty g ey ) y

o | Y - N T | given in the table. T7The distribu-
se i v oo w | fe v fe g v | M tions of the nunber of Fe atoas
O [l O pancjaivs) O pangoesz| o jeoc with different numbers of ather Fe
D10 Fuislool)f 3 [riso R0 pass passeporuion, atoms in nn shell, calculated froa
615 Jot ouspuspres} 0 prahmwmbotisoost} 4 incmial  forauta f3} are shown on
X-rey data the left sida of Fig.2,
and mramial (armols The aagnetic properties of le atom
% in the alloys strongly depend on
! ;.3 the onusbers of other magnotic a-—
- ! toas in its wn shell.
" ,{ Magnetastatic and Mossbauer inves-
. tigations of the magnetic proper-
' X ] ties of Fe, ¥V Al alloys (0:ix:0.6)
3 ol 5 showad that V¥ atoms play an io-
: i 3 portant role in the discrdering
- i of the msagnetic structure of thone
- alkloys.
. 'J
:l e+ 015 T
N R Te
. i 0 - .
: 1 , ToaTetx=Ol-box
X X : hh"“--...,___‘
avmioht o By g i

ADD

I ferro- | lerro-
| magnetic, | » -
This sample Qroup can be divided 200 ir..: ::;:::
into the two subgroups, if the sag- . N o R R L
netic bahaviouwr of these alloys ls 0 2 & & X
studiad. Those alloys with low ¥
concantration (x < 0. 8) hahave as Fig. 3

typical ferromagnetic bodies. The Curie tesparature ('l'c) of these al~
loys decreases linsarly with the incresse of = (laft side of Fig.3 }
which suggests that V¥ atoss do rot have a local sagnetic sosent and
are diluted am paramagnetic atoms in thaas alloys.

The Mossbausr absorption spectra, seasursd at room temperature(RT)
for low ¥ concentration samsplas, are shown in Fig.%. Each of thase
aspactra is the supsrposition of several Zeasan smxtets. The distri-
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bution of these sextets is drawn schematically above each spectrum.
On the right side of Fig.2 are shown ths contributions of sach lTeeman
sertet to the spectra. It is s@en that with increasing of x the con-
tribution of the seso-called ” 7-0 nn sexlel " decreases, suqgesting
that V atoes have a slight site-preference for Bao sites, normally
occupied by Fe atoms. in Fig.93,

¥ T T 'l T T T L i
g&«#“_,____,_*a¥=QQO' the N, intensities, corresponding
] R e f '4 to each sextet, ax (he §$unction
;E‘ 95 ArR of ¥ concentration, are shown.
~lggo ., Tzt ! d The values of these N suggest
s e he
P ooty which number of Fe atons in an
96 5 L I
p ey shell of '71‘- are responsible for
g . . SR ' wach leeman sextel [+).
‘h?‘l"--'ﬁ,_ o ——— Jg','-_'.&“.j;, H .
w A YT———— N
Flggg - rm—o f ] hoe) |
d H PR S of Ce et 7-8
g: PRI . A ) R
Zlags ALERARE | ‘
’—M r——'—'—-ll—"—r s h Y |
< R 20} e .+ 5
- L e .
w9ss ' i |
o W o e
990 l‘ LIRS 1 . (
IR .
985 TE b I .
8 -4 0 4 8 I T
VELOCITY tmm/s) i .
Fig. 4 1s0} - .
For alloys with higher ¥ concentra- K 3
tions (6.8 Sxf 0. ¥} the magnatic be- { )
haviour of the sampies is much sore I Y, e
cosplicated. The T, for these alloys ferro- | ferroe .
decreases nonlinearly with the incre- | Magnetic superptaru-
ase of x (right side of Fig.3). "“ane‘c
Aw an axample of asagnetostatic Y ;2 2 6 0% W
resul ts for this group of samples, (2T %]

aagnetization {for Feg gV¥q 4A alloys, as a functions of tesperature
and aagnetic field intensity {insert) are given in Fig.&. The rather
high esagnetization for taaperaturas abaove 'l'c indicates that in thess
sanples “particlen” with large sagnetic mosent exist, Moreovar — for
these tesparatures the variation of sagnetization with an external,
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e b ot A

P e TEF

nagnetic field intensity (insert}) is strongly pnonlinear, which indica-
tea too, on the existence of “"particles" with large, magnetic moments
in the sample. In Fig.7 the evalution
of Hossbauer spectra, measured at RT

wWith the intrease of ¥ concentration ){ 02{1 o )(zom "
. iy 8y A
is shown. Shapes of these SsSpectra 945 ; / 83 3
indicate that two phascs cooxist in 990 i “ g‘? ‘:‘ ‘j' ]
these alloys. ',___. &".025 ot ! .
FEZBVIJ Al by, o '
6 & I3 _ Q9 \' ’I. I o . ~ .
", f =13 N
e b ! = '|
“ =% sl
A f"""TVV\
20k . 20 2 99 \ﬂ :‘. rJ _}'9 _‘
’ ud ) 9 B
" 0 = =N .
. Y02 ¢ 6 60 Hikoel =% , ':; :

wr e -4 035, - 08D
A TN
. e Wi fs
0 - % H -
0 200 w0 &00 B0 1K) - ¥ :
Fig. & &’93 i i A ]
Previcus results suggest that one 59 ' les t
phase |s ferromagnetic, where disor- : )
der grows with the increasing of ) E 1
- the second jis superparasagnetic, Ty TR 8
which contains the “particles” with VELOCITY (mmys)
targe, magnetic moments in the teape— Fig:.?

ratures above 'l‘c. The ferromagnetic phase #for these spectra is pre-
sented by & multiline subspectrus. It can be resolved for the same
nunber of lesman sextets, as the spectra for the samples with low ¥
concentrations. Tha intenaities of Ny fields, corresponding to each
sextet ,are shown on the right part of Fig.4. The changes of .hl‘ fields

with x' are unusual for sextets, corresponding to B?l‘t probes with
3 and 4 other Fe atoms in the ma shell.

The superparamagqnetic phase is preaanted at these spactra by a sin-—
glw broad, central line., The width of this linse dacreases with the
increass of x, but the contribution of this line to the spectrus in—
crease with increasing V¥ concentration.

The contributions of the ferro- and supearperasagnetic phases, ob-
tained from the Mossbauer spectra, are shown in Fig.8. In magnetoata-
tic acasursments the alloy — 0.8 is considered as & pure superpara-
sagnetic phane, whils in Mossbausr seasurssents, the fervosagnetic
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%! ferro ~
100} * o+ =" magnehic
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terro-and superparomagnetic phose
contributions
8 3
L]
-
»

Fig.D
phase is visible in the samples where % is up to 0.8,

For the sample whare »x0.8, one Mossbaver measurament at T with
perpendicul ar magnetic fiald ( H=2.5 ke )} was taken. The multiline
subspectrum — representing the ferrosagnetic phase - changes a littie
but normally, like leeman sextet in perpendicular sagnetic field.

The central, single line-representing the superparamagnetic phase
decreasesa in the external field. From detailed calculation it follows
that in this measuresent, the contrihution of superparamagnetic phase
decreases from BAY. {without field) tp %1 . This may suggeat that in
this aagnetic field the greatest clusters, whose large magnetic ao—-
mants flip slowly, are satabilized, giving the contribution to the
ferromagnatic phase.

“he vork was partly supported by the Institute of Phiysies, Polish

Academy of Sclencos,
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TONVERS I1ON ELECTRON MOSSBAUER SPECTROSCOPIC STYDY
ON PHOSPHORUS [MPLANTED 1RON

H. hReutner
Jentrat Institute of Nucifear Research Rossengort
of the Acacemy O Sciences or the oDR
Fost Borx 15, [resoen, 8251, GOR

Ir recent vears \on i1ooiantaticn has been established as a3 methed
Of Surtace imorovement Of metals.

imoiantation of phogsphorus in steei resulits Iin an impproved
COrrosion oehaviawr Aattributer te the ({ormation of an amorphous
or micrecrystailine laver as » conseauence of the high energy
aepasition during impianwation Ll1l. Bv the aild of the conversion
elextren MBssbauer spectroscopy Lt is  possivle to get infor-
mations on the structure of the implanted iavers., First results
wer s presented in (Z) and this peper is the progress report.
impiantation of phesphorus in jronm  can result gitner in the
amosdment Of the impiantedg (dn on intecgtitim| sites gf in the
amcrohization of the disturbed range of in tne formation of iron
EhosSphides.

The maximum solubillty ot phosphorus in  iron ls &.52 K.
Imeiantation doses oF 1 to 5 &« 1P7 cem phosphorus ions lat
tnc:ease the photphorus content in the implanted region up to 33
atom %, Therefore the iron phosphides Fe, P, FesF, snd FaP, single
or together. are expected to form, FeyP is ferromagnetic, Fe, P
and Fef are paramagnetic at room temperature {3). FeP posswsres
one, Fe:F two and Fe,P tnree identical iron sites (&), Tharetore
the MOssbauer specirs of iroh phosphides should coneist of one
quasdrupole doublet for FeP., twe quadrupois doubiets for Fez;P, and
theee six-iine-pattern for Fe,P.

laplantation was cartried out on a research implanter, implan-
tation conditiaons are gtven in Table 1. The MHBssbauer seasure-
ments were described in (21,

Table 1: Parsmsters for Phosphorus teplantation in jron

Sampin Dose Enecgy Current Vacuun
in ea? in keV¥ density in Pa
in uAsom?
P1 1 &« f@*? 5¢ 6 Tl
P2 5 n j0'? S0, o T 19t
F3 i i@ 1ee a < 1o~
Pa S5 » 10*? 1909 L <l
PS5 1w 10? 200 5 < 10
PG &5 » 1047 209 s < 1@

Fig. 1 shows the MOssbsuws: spectits Of tha phosphortus implanted
iron samples. All spectra contain the six-line-pattern of alph»-
iran, its porticon lies betvesn 1VY % pr sampie PI and a7 % tor
sampie Fa, and the line width are remarkabie greater than that
optained at standard alpha~iron,
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In samepie FZ FeaP couid
—ym w-Fy be detected whereas the
highlv impiantea
samples P2, Fu, ana FB
&f contain Fe,P. The |ines
frr— e P of the twd Quadrupoie
doubiets are very
R Lroaa. in the spectrum
ot samole PS5 a  further
magretic component with
. a magnetic field of
40 A about 20,2 Tesia wvas
; w\* found. .
To study the crvstalli-
zation effects all
samples were annealeo
in a vacuum rufnace for
1 h at subscausntly
. - increasing temperatures
T T M foliowed by 8 quick
PI v "-\..._..-u;.f"\.-—' N Nl cooling end the MHose-
- bauer measurement. The
, pPressure during
' Poow e snnepling wae 1 & L3
D SR Fs ana ilower.
Po o her e b Af an example tor Lhe
Hriwp™~ . Hignly implanted samp-
: - ies Fig. 2 shows the
) results obtained at
sample P2. Up to a9 *C
2 - T there is no genecs
Eansl o change in the compo-
: «f“ i : nents of the spectra.
P o ,..-“w-.-"; b S At 35 *C tne |ines ot
- ittty Fe:P get narrower and
T i at 468 *C the spectruam
. is compietely trang-
nlu_d_yh_n/ﬁ__ formed. The portion of
Fe: P isg vanished.
instead of it Fe;P is
Fig. 1: m8scbauer spactra of formed. At 7900 »C its
phosphorus implanted iromn portion begins to
Jecrenne.
Amorphous iron-phosphorus alloves are ferromagnetic, their Mdsg-
baver spectra ares zextets with very broad linea whose intensity
proparties strongly deverge tfrom that of aipha-iron. The short
range order of the metallic giasses 19 similar to the structure
of FesP [5}. Such pertions oniy couid be detected in the spectra
of gemples Fl. P3, and PS. Sample3s {mpianted with S & 16:? cm-s
phosphorus jicons Dbpehave total ctherwise, Besides the alpha-iron
portion no further magnetic component, that is. no Fe:P couid be
detected but inatead of it amorchous portions whose structure by
reasor of their hvperfine parametery aust be similar to rFeyP.
Annealing the csmpies & precicitation of Fey;P takes place,
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Fig. 2: MBssbausr spectra of the annealed sampis P2

Between «d® +*C and S0 *C the FeyP is converted into Fe:P. The
transtiormation is all at once without anv coexistence between the
two phosphioes.
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LOCAL STRUCTURE IR MELT-SFINNING Cu-Fe ALLOYS

T.J.PaneX and G.Barton#¥#

institute of FhRysics & Chemistry of Metals, Sllestan Univer-
Fity, 40-007 Katowlice, FankKowa (2, Poland
t*t Adam Ope: AG, ROsselsheim, FRG

The Cu-Fe alloys have been extensively investigated and the iron
atems 1n selld solution Cu-Fe, Fe 1n coherent f.c.c. precipitate
and on 1ts surface, Fe 1n the ferromagnetic b.c.c. phase have been
detectéd by the use of the Héssbauer 5SpectrToscopy {1). The cluste-
ring of iron atoms, early stage of vy-Fe precipitation and Its
magnetlc propertles continue to be of interest to studies.

Fast quenching technigues have proved effective in extendilng the
range of supersaturated solutions of Fe i1n Cu matrix as well as Cu
itn Fe matrix. One from the among of these methods - the ribbon
spinning techniques (rst) - enable the preparation of alieys 1in
amorphous phase or i1n <rystalline one with ultrafine grains and
new metastable phases in comparison to the alloys produced by the
convenctional method. Although single b.c.c. phase orr slngie f.c.c.
phase are not extended by rst (2] as much as 1n Sputtered Fe-Cu
aileys but 1t 15 found that samples Cu-Fe up t& iSatX of iron con-
taining s1gnificant fractlon of Fe 1n y-Fe c¢an be obtained
readlly on gquenching from liguid phase [3} for the magnetic pro-
perties 1nvestigation of y-Fe. The character of spin-glass of
rapidly gquenched Cu-Fe alloys 18 responsible for both 1isolated Fe
atoms and the magnetic <lusters of 1ron as was shown 1n (&) up to
gaty of Fe 1n these alloys.

The main reason for the present interest in the splat cooling Cu-
Fe 15 concentrated on the study of iron atom states in these
alloys with wide range of Fe concentratlon.

Cu-fe alloys containing iron fram twti to J100Y with natural
abundance ¢of Fe were prepared by melt-spihining method 1n the Tech-
nical University of Clausthal-Zellerfeld (FRG) wiih the rate of
cooling about 107K/s. Thne ribbons of alloys are & mm widthk and
about 35 um thicK. X-ray diffraction measurements confirmed
that the samples are polycrystallic materials. The standard Hess-
bauer spectrometer was useéd to examine these sampies at room tem-

perature (RT).
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For rst CTu-Fe alioys of 3mai. Fe content {(1¢ BSatll the spedtira are
simliar to thiese one for the Samples supersalurated in 2 se¢lic
state and the Cowley's parameters of short-rénge asomic ordering
are civse we the vajues of thesé paramelers for the alloys super-
saturated beiow the melting polnt ({5]. This suggest that si1rong
ciustering ¢f 1ron atoms already taKes place in a ligquld phase.
Irn alioys rich 1n iron (c»0.09) there 1s a clearly the three phase
syYstem : <Cu-base - Fe solid se¢lution, a-Fe phase and y-Fe
phase: a5 was visible on RT Méssbayer specira of Cuy..Fe,
where ¢ - 01 to 0.6, These spectra showed similar behavicur wiih
A) nen-magnetic subspectrum due to combinatlons of Fe in Ju-Fe so-
114 soiution, 1ron atoms c¢lusters, y-Fe and 1ty surface states
and E) magnetic subspectrum due to a-Fe phase formation. For
¢::0.9 only magnetic components (B) wereé observed,

3 ;'_‘ .o e
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The measured specira were fitted using: - a slngle Lorentzian 1line
to represent the y-Fe and the other one t¢ represent Fe atoms
in Cu-Fe solid solution (Fe monomers), - a doublet to modei Fe 1n
iron clusters and vy-Fe surface states [1,%), - a +two Zeeman’s
sextet with Lntensity Tattos Iyeilp, 513 4 : 3z Lo

fit the magnetlc pattern (B) of theste spectra. The two Zeemans are
the smallest number of components which Treasonabdly well describe
the B subspectra of all Cu-Fe Méssbauer spectra. On the other hand
1t 18 adequate to the 1nterpretation of the czncentrated Au-Fe
alloy spectra introduced by Gonser et al. [6]), aszumes the spectra
to be a superposition of two magnetic hyperiine spsctra. This mo-
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del was developed recently Dy WViolet et al. [7] and 1t 15 based on
assumptions: 1) The Fe atoms reside in wo well-defined and dis-
Linct c¢hemical states or environments. Orne envirenment wiil be en-
riched and other depleted relative to ¢ c-average bulk concentra-
tion of the atloy. There 1315 a distributien of chemical states
within each of the two eanvirenments. 11) The observed magnetic
hyperfine field (H) depends only on the temperature and the local
Fe concentration. 111} The variable of the recollies fractien for
the above range of Fe concentration 1is negligivle.

The optalned maghetic hyperflne fleld data 1s presented on Fig !
The values of first compohent (Hy) slightly dependence on iron
concentration (¢} agree o relation H:32.5(1+0.01%T) whiie
the second component (Hp) 1s almost constant up to c:0.6 (Hp
equal about 30.7T) and increase to the value Hp:NHT for o
more than 0.7. This i1mplies that in the Cu rich regton the &nvi-
ronment of the iron atom 1ln a-Fe depends on (rop concentration
in allo¥s and the local copper atoms concentration 15 greater than
sojubllity limits of Cu in a-Fe near the melting point.

Acknowledgements: Thiz workX was suppprted by the Polish Mini-
stry of Science and Higher Education with:n FProject CFPEP 0106
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THE LOCALISATION OF DISPLACED ATOMS BY BACKSCATTERING
OF PLANAR CHANNELED IONS FOR SHALL DEFTH

Jerzy Czerbniak, Marek Monsta, Bogdan Pawlowski

Instytute of Physics, University of Lodz
MNowotki 149/15%, 90-2346 Lodgz

The backscattering technics (RBS}) under chsnneling condivions
is often applied for position localisation and svaluation of the
numsber pf atoms introduced from cutside into the crystal lattice
(1. In the case of planar chnannaling characteristic macima at
the beginning part of shergy spectra are observed, dus to the
oscylatory motion of an ion in the interplanar continous
potential viy) [2,3).The ion beam density across the channal
changes with penetretion depth = and tenda to staltistical
equilibrium for depth greater than about 100 nm. There are such
places in the planar’ channel, where atoms introduced from
gutside 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
inczdent 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 iy even possible, that atoms placed at the sane
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 af the RBS-energy
spectrum. In order to investigate such phenomena, the dyramic
equation of sotion of channeled ion was solved taking into
account the local electron deasity across the channel! and the
loss of enargy along the ion trajectory. Having the set of
traectories y-ytx,yo, 903 varsus depth or y-y(E,yo,,ol VT LS
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enargy loss f’o.yo - the angle and position of i1ncidence of ion

between the planes/, the 10on flux density across the channel was
found and the scattering perobability for 10ons approaching
crystal atoms was calculated [(4].]In order to evaluate the
influence coaing from atoms shifted relatively to the plane,
computations were pertormed assuming SAURE] AN type of
distr -ution 1n the region of 10-80 na from the surface.Typical

results are presented below.
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The shape of caliculated depth spectra differs from the shape of
energy loss spectra. This 1s the result of the fact, that local
electron dencity across the channel! 1s not constant., The great
deal of 1nterpretation of experimental RES data have beer done
up tc now, assuaing constant electron density tlinear
transformation between depth and energy scalel).As 1is seer 1n
Fig3.1 such transformation for smail depth 1s not scsatisfactory.
The RBS measurements of planar channeled 1ons can be perforaed
for different crystal planes. The analvsis of such cats
accompanied by the method presented above allows one te obtain
the relative density of shafted atoms of the order of 1-S¥. and
position with the &ccuracy of the order of thermal vibration

amplit . de. This work was supported 1n part under contract CZFPERF

1,09,
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SYRCHROTRON TARTATICH A0 118 APPLICATICH,
V.I.:ai%o
Institute of “wlecular Genetics, USSE Acadey of [cicites

Synchrotron Radiation (SR} emitteu by nlgn coergy eleciron or
positron storage rings is becoming a ropular tool {ur scicnce
an¢ industryv. This radistion has unicue propertics, na lyv:
ihigh brightness, spectral coninuitv, collimation and ouised
emissian. I is increasingly applied in N-rav ~icrosconpv, ghe-
mistry, medicine, uiclany, materlal analvsis, ctc.

Irn nuclear specrroscopy SR malkes it possible (o rincinlce co
excicte anv single level. Witk all this one caw siuav not solcl
nuclear scattering but the whole cascaue of disintegration [r -
the excited state and rietastable levels. It is »essible to cor-
duct ‘loessbauer’s experiments on SR beam with any nuelei nos-
gessing levels suited by the enerpy and the width. Here stuuy
/1/ is known where SR diffraction on Moessbauer's nuclei .as
observed at the storage ring "VEPP-3" in Novosibirsk, anc Cae
temporal distribution of the diffracted radiation was :.casurcc.
In a recent study /2/ a similar experiment was perforred zng
the spectral distribution of scattered quanta was measurcd on
the storage ring “DORIS" in Hamburg. In J-ray topegrapuy of
cristals SR is used in studies devoted to the intcractiior bet-
ween radiation and atoms, molecules and condensed matter. The
wide range of SR energies make it possible to cover tiw whole
region of typical atomic energies above the lascr region.

A growing oart 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 {n 1973. In 1979 the
mulcti-channel (16,000) X-ray diffractometer on the basis of a
multi-wire proportional cshamber was put Into operation on stc=-
rage ring "VEPP-3" /3/. In the early B0s in i.G developed ins-
trumentation for X-ray protein cristallography and for circu-
lar dichroism and fluorescence studies in the region of vacuum
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INELUENCE OF HIGH FRESSURE ON THE HYPERFINE INTERACTION
PARAMETERS IN LAVEER FHASE COMFOUNDE ! (YO.O"rO,l)FE2
AND (Zro QHFO,I)FE2'

The nl'luence of préessure on the hvperfine nLeracvion
friramet-rs has been studied for some vears but it still s latele
Known. For soume vears the intensive and comprehensive  studies
ot Lasos phase compounds RI-'e2 twhere K 1S Lhe rare earth oelement?
Loaves boon pertormed, Hyperfaine nteractions in  these compounds
foave b ahvestigated. including Lhe dependence of jpleracLion
parameters oh the distance bebtween ions  and  so-called "lantanic
squeezing” 11},

The samples of (YD.OHrD.i)Fez and (Zru_QHrD_l)Fe2 were
obtained by melting the stoichiometric quaniLities of initial
cumponconis 1n Lhe induction or arc furnace in tithe inert gas
atmosxphare. The annealing of samples 1in - vacuum 10" % at

tempet ature 12950K for 200 hours has been carrted oul to Lhcrease or
t.o0o reconstrucl Lheir homogenily. After thev had been exposed for
100 hours Lo a neutron flux # -7-1013n/cnzsec they were annealed
once again to remove the radiation d=lecus.

High pressure was produced in Bridgman’s anvil pressure

chamber. The anvils were made from sintered capbide alloy. The
pPrressyre was measured by means of a tensometer stuck into Lhe
ipLerior wall of Lhe chamber.

TOFPAC measurements have been porforeed for (133-482)keV

Biry cafter the 4 decay of Blur). A grandard

cascade in
specLrometer bkas been used, with Ban and NE 111 scintillators
working with XP 2D20 @ photoauyltiplier. The time resolution

was equal Lo 2T« 0.9 ~ 1.9 n=. Neasuremenis were perforsed fur
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pivarysiailine samples. without thre external m znetic Uield.
It has becn assuded that the muisured hvperfine magnetic

fi00d s the sum ol the fields originaling t'roum  cure polarization

. . 4l
.2 and cunduction wleclLrnns polarizavion (H:E}):

_uCP L. CEP
BneT8hr *Byr

The hyvperfines Celd BE? connected with the core

“
Ly

¢i

b 34

pelarizatinen 18 of exchange 1ntleraction oragin. It 15 autiparallel
Lo Lhe marnelic momenht ucLing on the atom. The Ug?rconLrabuLaon s
propertionasl Lo the magpnetic momenlt  localized near the nuclear
sampler. Taking into account Lhe resulis af {2.3) one can  esLimale
Lthe contribution nof boLh componcnLs Lo Bhr on Lhe Ta nuele: aL roocm

temperature: Bﬁ? % +1.8 T and Bﬁ%p & -168.2 T 1in ‘Foz and BEF =

“11.3 T and BSEY = ~17.9 T in 2cFe,.

Because of lantanic squeezing (1. experienced bv
atoms occupying the R positions, the external pressure leads mainly
to Lhe decrease of the value of the megnetic wmoment localized in
Lhis position and consequently to the decrease of Bﬁ?. Because of
CppOsiLle SsiZns Bﬁ? and Bgﬁpand reciprocai relation between Lhem,
it leads to Lhe increase of whe amplitude of maghetic field
observed on Ta nuclei (see Lable I1). In the above considerations
we assumed that Bﬁ?P does noil change wilh ULhe pressure, or Iits
decrease with the pressure growth is considerably ssaller tLham in
the case of BE?.The decrease of Fe magnetic moment does not
necessarily lead “o the reduction of [Fields induced on Ta
(transferred hyperfine fields). It is true, ir this field is
compensated by the decrease of overlapping of the wavelfunctions of
Fe(3d> - TacCos), like in Lthe case ol YFez £11.

On the contrary, the decrease of the localized momentis of
Fe nuclei connected with the increase of the pressure, causes bLhe
magnetic fieid reduction € 61thr/dp <03, because the Bﬁ?
contribution is very small in this case.

The difference between values & 1In B, .9 wmeasured in R
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positions ol 1¢2r? and Ta 15 Catsced probalds b the falt Lhat  uhe
coplributions from the core polatizataen ol Ed inns are ihe
Zicuatest 1n Lhe whole periodic  table tand are equal wo 737
sunBalred spLn.s? Certatniyv. Lhe nduced localized maghetitC  Momernt
on Ta tmpurits atoms will be differesl from the inlrinsic moment of

ILZr) atoms 1n YFe, ar 2Z2rbte. compounds. as far a5 1ts  valug

I1n» Cconcorned.,

Table 11
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] .- - 1 i
i Ve re -21.3C12 -3.2(2> 1.2 (41
lzrg oMrg | OFe,| 181Ta -6.5¢1> | 22.3¢3> | 200 -

l ZcFe, 89ar ~12.6C1) 11.1C3> 4.2 t4)
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1 2cte, Tre | -22.201> -7, 31) 1.2 (43
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THE ROGLE OF pIXF ANL PIGL LI AoURELUENTS
1N GEULUGICAL =TULILS

S5.5zywezyi, Jut)fosz, E.lutliexicz
Institute of Nuclzar ehysics, J1-34C hrakow, Peoland

INTRODUCTIUN

The PlXE and PLGi ,Proton Inguced X-ray and Saumu-ray “mission/
nethocs are now fairly well developed and the range of their applicatious
is still inercaring, In the Institute of Juclear slvsics fINP/ in Cracow
these tecaniques dave for eleven years been widely appliod inm medicine,
ngriculture anga environmental protection., In these ficlds the poseibility
of analyzing a large number of elenents accurotely and simult. ncously hy
PIXFE teclinique is fully exploited. Mowever, in tue lust three years Llae
geol-pical applicotions increase in number und in Lhe apprecialion of their
value, e foasibility of FIXE ond PIGL anplysis in geological malariul was
proposed seven yoars ago oh the 2nd FIXE Conflerence in Lund by Curlsson and
Aksclsson [ 1], 1n this paper we want to demonstrate the great usefulness
of these retaods in geclogical studies, on a aumber of practical anplirations,
Une ¢an stress, tiat now an explosion of geological studies is ohserved;
the old geologicol concoptions are revised on the basis of newly available

oxperimental results forong others PIXE/ . {2 3

LXr o RMLGATAL AKJANGELDINT

I'ie determination of clenmental couposition was mudo using PIXT
tecimique, A proton beam of 2.6 eV encrgy from & small C-hi cyclotron at IND
wus fogursed to o diaceter of 6 mma on the analysed thick taryets which have
been pressed into pellets / # 10m/, In the PIXE ussoubly in LNl e use
a cihapracteristic technique: the targotechamber with an interocdiate air
pres.ure, This improvenent of P1XL annlyticel technique wos described in
ref. } and the nethod prov: 1 satisfactory and espocislly useful for the
analysie of insulnting targets ae most of the geolecical msamples,

The I'IXL analyse, which are inapplicable to light elsments with Z
lower tham 12, we~ supplapented by the PIGE metliod with higa semsitivity
for By, I', Li and wedium sensitivity for so, lg, and Al elements,

Jos



P10 OF CCLLABunaATION AN BSUMITCFS GF S.U0Y

Tour yeare ago we staried in collaboration with .. Przybylowiez,

a zeophysicist (roo the Acaccay of 'imiug wne retallurgy systematic studice
of ceolegical materiuls of the serpentinite rocks from Lower Silesia,
Interesting results presented ot cenferences [4,5) and in journule{#—sz
stimulated seveial laborutories from tie Geologicel and Lineralogical
Lepartaoeats to extend their investipations by PIXL and rIGL weibtinds. Thon
we have received the dolomitee frow Lpper Silesia delivered by S.8liwifsxi,
the Lacllng froc Lower Silesfa Ly P,lyszowirski, the saaupies of nitural
salt by A,5wiatek, granities apc pnelsses from the Sudclenm aad Laver Silesia
by venlinmas=Aduzust J.roctav University/, zinc ores by a Geologpical Tirs in
wCak v, ALl these ftuedies znd their results will Le olsenssec in special
tuhlications anu reporls an tepical literature, lere some jllustrative
ev aples will be presentec nnu some metiodelogitul gquestions of ianterest
in geolopgicul studies discussed,

The runge of concentration valuce obtoined in PIXL awolysir is ehown
in jable I : column 2 for 34 representinite rocﬁs in tle Sudeten forclond
by ..Przybylowicz fAQL hraliow/; columm 3 for 27 Zronities and gneisses,
collected §n the Lovar Silesio by L.ilimas-August /University in “.roclaw/,

Eloi.ond tange of contents /ppw/ Llement] lange of contents /pjun/
serpeatinities arapites 1 SerpenLinities Granites
and and
gneisses neisses
i 2 7 1 5 3
5i w| 13,1-22,0 Ga Sing.aet.+6  H7det4,1-450
5 170=2700 AS " Sing.cet 2,2
cl VO-L20 Se 4 det,1,6-2.3 3 cet.l,3=
344
. 50~135 br 1,2-9,7 0,5=150
Ca Y1 00=11900 109=54000 itb 1,2=77 2, 6=d 300
Sc 0-.90 Sr 2,2=22,4 H=5900
Ti 87-730 0, 2«180 0 Y 3,326 ,4 1,3=63
Cr »30-2(20 62500 r 440 IB-10100
n 30=21n0 6=17000 Xb Sing.oet A7 -
Fe | 2,6«14,% 0,014-21 AL - Cdet .cal300
Ni 1200=5100 19dal . 10=300 Cs - sinp.ael 100
Cu |2 det.7,5;320 0,9=1350 Ce - " 20000
in 12=420 1,1-900 b 1, 7=300 4, 7-200




Aa X-rays spectrum from PIXE epalysis of kaolimo samprle f3 chown in Fig.l,
It is g typical swectrum but with on unexpectsd contont of ele..ents such as
Au /40,9 ppie/ and Ga /1%, ppm/.

r'his 15 a gooed illustration of the findinga thnt can be ofiered to the
geologist. It answers the question why the PLIXE analyses arc intaras*irg
Iron geolovicanl neini of view, The FIXE analy=is gives a tlear pielure of
macro= and micro=elewents present in the sample with wany of Lhen not
easily detected by other methods, Indeed our PIXE data ocbdtcined [or elements
kb, Sry Y, 2ry Pb, Dr gave the [irst geochowicnl infoermation od their
obundance in Lower Silesian serpentinities and thus centribute to our kticw=

ledge of geochomistry of ulirabasic rocks.
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ihe advuntage that no chemical pretreatment is nceded increases the verse-
tility of PIXE reeults as compared with other methods,

Of course we don’t limit the studies to ¢IXE analysis; we only stress how
uwselul this Lechnicue enn be when included to a conplete set of reochenical
methous, Yuluable conclusions can alwzo be drawn froc the deieriined fahonio-
pencity of the cistribution of individual elements in the investigated
seological wmaterial,

At the Jrd Conf, on PIND, ileidelberg 1943 we presented r ginnle method

for Ly -2termiantion of sanple inhomogeheity [71.

lite idea is the follovipg: According to the Gaussian low ef error propo-
gation the resultant standard uevistion ({5 can be reparced as compatced

af two con‘ributions from different indepcndent error sources accerding to

66 - &)

In order to stiuy tie inhomogenecity problnm we can consider the Sample

the [orqula

inhocozeneity to be one of the independent error sourcee centributing

to 4 ot tharaclcerised by 6’1, whereas ‘a characterises the total conlri=-
bution frow oll other error sources active im the analysis. The quantity
65 can be deteprmined from a series of independent measuremente of the
elcmontal concentrotion carried cut with different targets mede of the snme
somple, wmhereas 6'° con be determined frem 8 sceriez of independedt measure-
ients of Lhe some comcentration carried out with the same target of the
sample, In this way an estimate of (:1 has been obtained from two such
series of measerements for ssrpentinite sanpie [rom Grochowe /see Table IL/.

TABLE 1I. Inhomogemeity of the distribution of 7 elemants in merpentinite
from Grochowa,

Element Fe Nl in Br Eb Sr b
d. ot (/] 2=3 13=1% 0 15 G 4

Leficitely higher inbomogeneity of the Zp and gb distributjon iz probably
connectec with the fact that toose slemconts arecomponsbts of mioerals of
higher hardness.
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Io the INP tho metiod of light clements analysis .y /p,p ¥y reaction
f1as been develeped a5 a tool conplementary to PLXE, The so-called PIGL
metiod was successfully testod ond aypliod in some biclopical and wmedical
rescarch problemsi in particular tue fluorino contenis iit bolunic samples
could be estimated even ou 2«3 pnu lovel, The sensitivitics fdctection
limits/ for geolegical matrices were found to be worse because of higher
background levels, Neveriheless the estimations of F, Li and B by PIGE
witis tiwit of detccliion on Lhe level of ea 30 ppa proved to be better than
in muny others wethods,

Up till now a lorge divergence of results published for fluoriune con=
centrctions in serpentjinities rocks wne observed, From our PIGE analysis
the 11ean  value for studied serpentinities wns 2041 18 ppm, Thu ampliibol
rock {rom Grocliowa contains 150 ppm of fluorino and the rodiginite rocka
from Jordnndew clearly m~ro = 500 ppm. The obtained F concentrotions in kn=
olins are from 130 ppm to 3000 ppmj in 4 samples the traces of £ nnd Li elew
ments were found on the level ol the detection 1imit /20-30 ppm/.

e think that this outline zives souc idea ol wow useful tho PIXE
method can be tor geological applications, ospecially when suppleucnted

by PIGE measuremcnts,
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¥ SPFCTEIM - an Inelligent Terwinal For a Mossbauer
2331 Speclrowcler in a CAMMAC Spysiem.

3. Holeczek; C. Popiel
Inutetute of Phygvies, Sitesvon Uriversity FKatowsce.

The auteamitic, miilti-input Mossbauer spectrometer -Lype 2331,
opur at i ng fn the CAMAL systoem, 15 decigneed principally +or working
10 conjunctiaon with comaercially available sinicomputers SM-3,5H-4
Hera etc. This spectrometer can work in system of constant accale-
ration «r constank valocity, making it possible o conduct four
simul tanpous Mossbauer sxperiments on two alectrodynamic vibrators
{ G2 } used on both sides. Nfter an expariment lasting sany howrs
or aany days, ensuring adequate statistics, the appropriate MHoss-
bauer spectra are rescorded in the fore of files in the mesory of
the ainicosputer operating in conjunction with the spectroseter.
After completing the experiment theoe files can be procecsed nuae-
rically on this same ainicomputer or transferred to another comspu-
ter for processing.

The operational systea +or controlling the axperissnt that is
supplied together with the spectrosster has, however, one very se—
rious drawback, during the tisse of experisent the operational sys-—
tem of ainicomputer is suspended, in this way saking it impoaxible
for other usars to work with the sinicomputer during the
auparisent ( this is particular importance when using in this set
the SH-4 minicosputer with a broad configuration ).

Hence it became necessary to develop the sat described below
since during prolonged experiments no other person could sake use
af the large SN-4 configurstion, and conversely, during calcula-
tions it was ismpossible to porfora Housbauer seasuresents.

Modification to the original set was aimed at providing for
the msicrocomputer X SFECTRUN to talie over the performing of all
the possible tasks which were snvisaged for the SN-4 esinicomsputer
in the original set ( Fig.1 }). For this purpose an interface was
desighes by saans of which the IX SPECTRUN comacnicates with the
Mossbausr uwpectrometer. In such set this communication is achievad
via a standard 6858/9 Multiscaler Adaptor , Dut the 2IX SPLCTRUN
has no communication with the sasin line of the CAMAC systes.
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IX-SPECTRUM
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ZX-SPECTRUM,
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LML

Fig. 1
Bitock dregram of LX SPCCTRRRM -Roxchamer ppeciromrler dale
squitition system, &Lt conhneclions fer Vransmisevon of datla
from/Lo mewory of wmicrecompuler Lo/ from diffevrent perophereis
are gqiven on Lhie diagrom P

Apart from the systems ensuring comasunication between the
ZX SPCCTRUM and tha spactrometer the interface is additionally
equipped with an B-bit, parallel IN/OUT port for troncmission with
acknowl edgement.

When modified in this way the Mossbauer spectromelier sebt, simi-
larly as the sat with a minicomputer, has the option of simultane-
ous parforsance of a saxieus of four MHossbauer mwperisents in four
paths ( Al, A2, BY, B2 ) each with 254 or 512 channels. The capa-

city of mach channel is 232--1 and the firet channel in paths Al
and Bl is used to count the number of cycles of the vibrataors du-
ring ssasurssgnt.

When the G63/1 Waveleorm Gemeraler with four different working
freguencies is used, then selecting the two highest frequencies
and nuaber of channals in tha path as 312, it ise possible to car-
ry out siaultangously only two expsriments, which is governed by
the tier of duration of one work cycle of the sicraprocessor in
the IX SPECTRUM. For other combinations of vibrator frequency and
nusber of channels,four Mossbsuer experiments can be perforeasd si-
sultanecusly.

The prograass controlling the IX SPRCTEVM operatiun during the
expariasnt wan written in asseabler and partly in IX Basic:. Due to
this prograssme, during the course of the experisent,after the spa-
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cific number of cycles of Lthe vibrator, as selected by the opera-
tor, dala coilection is discontinued and in a short time the col-
lected spectra are displayed graphically on the TV-monitor, after
which data collection is restarted. The spectra obtained in this
way on the TV-ponitor persist unti] the new display cyclie. Thanks
to this prograsme, after the end of ewperiment the spectra stored
in ZX SPLCTRPUM memory can to be traneferred to & standard, peri-
pheral eqguipment item, i.e. to & 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 TW-an 1tor, obtained on
small printer GP-30, aftter twop differant exper) ents are presented
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Fig. Ba Tig: 2b

Copies of Lhe TP-mont taer acreacn ofler Lwo Mossbhauer experiments.
9.-Lwoe sowrcer, Lwo vibratovre wilh difterent velocilbics
two diftfoerent sbhoorkere
b.-one sovrce, ont vibrater end one sbnorbar.

Due to this additional 8-bit IN/OUT pwrt, spectra stored in
the meaory can ba transferred to additional output squipment,
€.9. & papar tape parforator. Thare in also the option of two—-way
toamunication with the Hungarian HTA-1084 analyzer, making it pos-
sible to display the spectra in graphical form on its A¥Y-plotter
and other analyrer's paviphwrisl eguipmenta. -

In Fig.3 the picture,ocbtained by XY¥-plotter f{for the spectra
transferrad from IX SPECTRUM to NTA-10B4 analyxer, is presented.
When using suitable software tha additional IN/OUT port msay siso
be used as a "Cantronica” typw connectiodn.

The Mocsbauer spactrossier with this IX SPECTEUN microcomputer
has bean in uas for more than six sonth and ta date only one draw—
back hap bean cbserved. As the IX Fowar Supply is highly senmiti-
ve Lo nekwork wvoltage #'-ctuations it cean happen that microcoms—
puter opsration isc susp' od and thus thy spectra stored in the
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memory upy Lo §hee atet wanerir uf -

Fe3'¥ v!l A'_ terruption are lost., This rep-

- resents, however , only a saall

percentage of experiments, per-

foreed in our laboratory by
last seven months.

RELATIVE INTENSITY (%)

ﬁ‘na

The pichure of o few specira,
chlbained wilh X SPECTRER-LFII
Hosabhauer sgrcirometior sl ond
transtevred Yy 1WzOWT porl Lo

wra-1otd emalyrey. Thig pictes

o
VELOCITY [w‘] te wen chlained on TP plotier

ef this analyzer in one “draw-
Lag run™,
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