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ELECTRON PARAMAGNETIC RESONANCE STUDIES OF DEFECTS
IN DILUTE MAGNETIC ALLOYS

J.T., Suss and A. Raizman

ABSTRACT

An electron paramagnetic resonance (EPR) study of the effects
of cold-working (rolling and mechanical polishing) and ion bombard-
ment (by argon and gold ions) on the EPR gpectrum of Er in Au is
reported. Pellets of dilute alloys of Au doped with Er were prepared
in an arc furnace. From the pellets, samples in the form of thin
folls and plates were made by rolling at room temperature. The re~
sonance experiments were performed at X-band and st temperatures be-
tween 1.65 and 4.2 K. Heating of the rolled samples reduced the EPR
linewidth and intensity, and increased the value of the asymmetry
parameter (the A/B) ratio). Ilon bombardment produced partial recovery,
gradurl deformation by successive rolling yielded almost complete re-
covery and mechanical polishing resulted in complete recovery of the
linewidth, intensity and A/B ratio to values observed before heating.
No appreciable variations were 1letected in the g-factor, hyperfine
structure constant or the Korringa relaxation rate. The extremely nar-
row ebsorption line of Er obtained after the heat treatment is narrower
than any other value previously reported for a magnetic impurity in
polycrystalline metals at X-band, and thus makes it a more sensitive
probe for the study of defects in metals and alloys. Most of our re-
sults can be explained in terms of segregation of erbium ions to sub~—
grain boundaries (dislocations) in a surface layer of a few thousand .
L theoretical treatment is presented for the behavior of the linewidth.
Theoretical estimates for the upper and lower limits of the number of
Er ions contributing to the absorption line after the heat treatment
are found to be in good agreement with the experimental results. Our
results also show that Er produces much less local stress in Au than in
Ag. The EPR of magnetic impurities in metals appears to be a promising
technique for the study of interactions between magnetic impurities and
defects produced in metals by 'cold-working and irradiation.



I. INTRODUCTION

Thz original objective of the present research was to determine
to what extent the electron paramagnetic resonance (EPR) technique
can be used to investigate irradiation effects in dilute magnetic
alloys. In the majority of the studies of radiation damige in metals
and alloys the bulk properties of the metals were investigated, using
methods such as resistivity measurements, susceptibility, measurement
of various mechanical properties of the metals, etc.(l). All these
methods yielded information on the macroscoplc properties of the

damage.

EPR has been found a powerful tool for the investigation of the
electronic properties of magnetic impurities in metals, of interactioms
between couduction electrons and magnetic impurities, and of the
interactions between the magnetic impurities themselves(z). Therefore

the EPR technique seemed & very promising tool for the study of the

microscopic propertizs of radiation damage in metals.

During the course of this study an unforeszen difficulty arose,
the electron accelerator at the Hebrew University which was intended
to be the main irradiation source for this research suddenly became
unavailable to~ us and we had to turn to another suitable radiation
source for our experimentsca). Ion bombardment was found to be a
suitable as well asan avallable irradiation source. Permission was

obtained to carry out the irradiations at the ilon implantation

laboratory at the Technion. In parallel we also decided to follow
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up a new and promising avenue of research: the study of defects

3

produced in metals by cold-work. The BSF was advised accordingly

By studying the behavior of the EPR spectrum of Er in Au, in
cold-worked (rolled and pol;shed), heat treated and ion bombarded
(with argon and gold ions) samples we were able to show that EPR
1s a powerful technique for the study of the behavior of the defects
and for the study of the interactions between the defects and the
magnetic impurities in dilute gold-erbium alloys. The exteusion

of this work to other metal - magnetic impurity systems is obvious.
I I. EXPERIMENTAL TECHNIQUES

Sample preparation and treatments: The allcys used in this study were
prepared by melting 99.9997 pure Au (supplied by Leico Industries Inc.,
N.Y., USA) with Er added as an impurity. To achieve high accuracy

in the doping levels, first an alloy of Au98.4%Erl.6Z was prepared,
which was further diluted to the required doping levels of Er. An

atrc furnace with a water-cooled copper hearth was used to prepare

the alloys., The samples obtained were in the form of small pellets,
with nominal concentrations of 100, 300, 600, 1000, 1500 and 2000 ppm

of Er. The pellets were cleaned by etching in aqua regia and washed

in distilled water. After cleaning, they were rolled at room
temperature into plates and foils. Most experiments were performed

with foils 0.lmm thick. The samples were passed through a manually
operated roller at an average speed of approximately 2em/sec. To

prevent contamination of the samples with iron from the rollers, the

rolling was performed between 0O.lmm thick tantalum sheets. Samples
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were cut from the foils into a size usually 8x12mm suitable for

mounting in the cavity of the EPR spectrometer.

Thermal treatment of the samples consisted of heating in a
quartz tube for 1 hour at 400C (half the absolute melting temperature
of Au) in either (a) a dynamic vacuum of 10_6 torr followed by slow
cooling (cooling times between 1 and 3 minutes), or (b) hydrogen
followed by slow cooling, or (c) an argon atmosphere followed by
quenching to OC; quenching time was approximately 1 second, or
(d) air followed by slow cooling. Some heat treatments at 400C in

air were also done for 4 and 8 hours.

The EPR spectrometer: A VARIAN Type EC-365 X-band EPR spectrometer
with a standard liquid helium dewar and an immersed rectangular TE012
cavity was used. The samples (in the form of thin foils) were pasted
on the narrow side of the cavity. In the series of measurements

always the same face of the foll (i.e. the side not pasted to the

cavity wall) was exposed to the microwave radio frequency fileld.

Computer: An IBM 370/165 computer at the Weizmann Institute,

through the Soreq PDP 1134A computer terminal, was used for lineshape

calculations and fittings.

Ion implantation: The lon implantation was performed at the Technion,

Israel Institufe of Technology, ion implantation laboratory, headed
by Prof. R. Kalisch. Our samples were bombarded with argon iomns,

which were implanted with energies up to 340keV and with doses up to

6

2.5x10l ions/cmz. Gold ions were implanted with energies up to



-12 -

340 keV, and a dose of 2x101610ns/cm2. The i1on implantation was
carried out at 77 K, to prevent heating of the sample during the
bombardment. Therecafter the samples were heated back to room tempera~-

ture.
I1I1. RESULTS

We have studied dilute gold-erbium alloys prepared as described
in Section II., In the following we shall refer to samples cold-worked
by rolling at room temperature, which did not receive any other
treatment, as "rolled" samples, and to those samples which underwent a
thermal treatment for 1 hour at 400C as "heated" samples. Any other
treatment will be pointed out separately. Typical EPR spectra at
1.65K of a “'rolled" and a “heated" sample of Au doped with 1000 ppm
Er are shown in Figs. la and 1lb, respectively. The EPR linewidths
AH were determined according to a procedure outlined in Ref. 4.

The EPR linewidth of a paramagnetic ion in a metal host, as a
function of temperature T, can be expressed as AH = a + bT, where
a represents the residual linewidth and b the thermal broadening
of the linewldth (the Korringa relaxation rate). To dotermine a
and b, EPR spectra were recorded at several temperatures between
1.65 to 4.2K. The results were plotted as in Fig. 2. The solld
lines are least square best fits to the experimental points. The
intercept of the sollid line with the y axis (extrapolation to O K)

defines a and the slope of the solid line defines b.

The residual linewidths of "rolled" samples of Au with Er
are shown as a function of Er concentration (c) in fig. 3. From this

figure we obtain a_ = (8+16x10_3c) Gauss.
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¥rom the recorded spectra we also determined the asymmetry
parameter A/B (the ratio between the maximum and minimum of the first
ﬁerivativa of the FPR alsorption line, for a definition see Fig. la).
The A/B ratlo of "rolled" samples of Au with Er as a function of Er
concentrarion is shown in Fig. 4. The A/R ratios of "rolled" samples
are seen to fall between 2 and 3, which is rlose to the theoretical
Value(s) of 2.7 for an impurity with a Lorentzian line shape in a
thick sample in the diffusionless limit (TD/T2 +» =, where TD is the time

it takes the magnetization to diffuse through the skin depth § and

T, 1s the electron spin relaxation time). The slight concentration

2

dependence of the A/B ratio in "rolled" samples can be expressed as

A/B = 2 + 0.6x10 3c.

The thermal treatments described, namely heating the samples
for 1 hour at 400C in vacuum, air, argon, or hydrogen, cause drastic
changes in residual linewidths, as well as in lineshapes (A/B ratios),
as can be seen In Fig. 1 for a typical sample of Au with 1000 ppm Er.
The thermal treatment decreases the residual linewidth, increases the
A/B ratio and also decreases the intensity of the EPR line, where
the intensity 1 1is expressed as I = (A + B)(AH)Z. The residual
linewidth of the "heated" samples, plotted as a functiom of concentratior
in Fig. 3, shows the strong reduction in the residual linewidth. We
obtained a value of 3.5 Gauss for the residual linewidth of "heated"
samples, extrapolated to zero concentration. This, to the hest of

our knowledge, is the narrowest residual linewidth reported for an
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It should bhe

impurity in a pelycrystaline metal at X-band frequency.
pointed out that this reduction In linewidth is accompanied by a decrease
(of 50-90%) in the intensity of the KPR 1ine. A conclusion which can

be drawn from this result is that the number of Fr lons contributing
to the EPR line is less than hefore heating the samples. The residual
linewidth of Er in Au as a function of concentration for "heated"

samples can be written as 8, = (3.5 + 10x10_3c)GausB.

The effect of heat treatment on the A/B ratio is shown in
Fig. 4. The A/B ratios plotied were extracted from the same EPR
recordings for the respective concentrations of Er as the residual
linewidths. A slight inconsistency in the A/B values was also observed
as a function of temperature 1n the range of our measurements between
1.65 and 4.2K. Therefore in Fig. 4 an average of the A/B ratio for
each concentration was plotted in the above temperature range. A
strong increase in the A/B ratio as a function of concentraticn is
observed in the heated samples compared with the "rolled" samples,
e.g. for a sample with a nominal concentration of 2000 ppm, we
obtained an increase in A/B from 3 in the '"rolled" samples to 8
in the "heated" samples. The concentration dependence of the A/B
parameter in "heated" samples can be written, from Fig. 4, as

A/B = 2.7 + 2.5x10 e,

We studied the possibility of reversing the effects obtained
by heat treatment and found the following four ways in which the
residual linewldths, the A/B ratios and the intensities of the
"heated" samples can be fully or partially recovered to the values
observed in the "rolled" samples before the heat treatment: mechanical

polishing, deformation by rolling, etching and ion implantation.
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yeghgnicgl~pglisgiggi A few microns were removed from the surface

of a "heated" sample by polishing the side pasted to the cavity
dvering the measurements. Care was taker to protect against direct
mechanical damage to the other side of the sammle, which is measured
by EPR. A 600 grit special silicon carbide wet grinding paper was
used for the polishing. This treatment resulted in recovery of the
residual linewidths, A/B ratlos and intensitles to values observed

in the sample before the heat treatment. An increase in the linewidch

after mechanical polishing has to be expected, since similar to

rolling or filing it also introduces dislocations in metals.

Deformation by _rolling: A sample of Au with a nominal concentration
of Er of 1000 ppm and a thickness of 0.75mm was prepared by rolling.
The EPR spectrum exhibited the regular features of the ''rolled"
samples reported above. Then the sample was heated in vacuum

(1 hour at 400C). The EPR spectrum after the heat treatment again
exhibited the regular features of the "heated" samples. Thereafter
the sample was successively rolled down to thicknesses of 0.53,
0.25 and 0.15mm. The EPR spectrum was recorded after each rolling.

. The residual linewidths and the A/B ratios are plotted in Fig. 5 as
a function ot the cold-work Ah/ho. Here Ah = ho-hi, ho = (,75mm, is
the thickness of the sample before the successive rolling, and hi

is the thickness of the sample after the i-th rolling step.

Successive recovery of the linewidth and of the A/B ratio are

clearly demonstrated in this figuie. The residual linewidth and



the A/B ratio of the 0,75mm thick "rolled" sample were 26.4G and

2.6 respectively. Thus one can see from Fig, 5 that for th/h = 0.8
most of the linewildth and A/B ratio were recovered. The iIntensity

of the resonaunce line (1) and the concentration of Fr ions (¢) in

the skin depth increased as a function of cold-work. The behavior

of 1 and ¢ as a function of Ah/ho is summarized in Table 1.

Etching: The etching experiments were carried out to determine
whether or not the heat treatments are surface effects. An Au sample
with a nominal Er concentration of 2000 ppm was etched successively

in dilute aqua regia (HCl:HNU3:H20 = 3:1:2). ‘the thickness of the
etched-off layer was determined by accurate weighing of the sample.
The results are plotted in Figs. 6 and 7 showing the recovery of the
linewidth and A/B ratio respectively, as a function of the thickness
c¢f the etched-off layer. The linewidth and A/B ratio at 1.65K of the
"rolled" sample before heating and etching were 52G and 3 respectively.
Thus one can see from Fig. 6 that etching-off 5000 2 of the surface
of the sample recovers about 80% of the linewidth and no appreciable
recovery 1s obtained by increasing the etched-off layer to 2 microns.
On the other hand Fig. 7 demonstrates full recovery of the A/B ratio
after erching-off 5000 g. After etching, most of the intensity was

recovered.

Ion Implantation: Three types of 1ion implantation experiments were

carried out: (a) implantation of Ar fons in rolled samples with

doses of = 1015 and = 1016 ions/cm2 at room temperature, No effect
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was observed after this implantation; (b) implantation of Ar ions

6 Ar 1ons/cm2; (c) implantation

in heated samples with a dose of Z.leﬂl
of Au ions in heated samples with a dose of 2x]016 Au 1ons/cm2.
During (b) and (c) samples were kept at 77K and after implantation
were heated to and kept a: room temperature untll the EPR experiment.
In both cases partial recovery of the linewidth, intensity and A/B
ratlo was observed as compared with values recorded before heating.
The results are summarized in Table I1. It should be pointed out,
that the maximum penetration depth of the Ar and Au ione in Au at

340 keV(the maximum enerpy used for the implantation) 1s 900 and

300 Angstroms, respectively.

Computer best fits and calculations of the EPR lineshapes were
performed. We fcund that the lineshapes of the rolled as w:lil as
heated samples can be fitted quite well by using a Lorentzian line-
shape, with the following four fitting parameters: linewidth AH,
percent dispersion (determines the A/B ratio (% dispersion +
% absorption = 100%), the resonance field H0 (determines the g-
factor), and the intensity. A computer fitted first derivative of
the central absorption line of 1500 ppm Er in Au in a rolled sample
ig shown in Fig. 8. The fit also includes the hyperfine structure
contribution. The experimental points used for the fitting were
extracted manually from the recorded EPR spectrum. The fitted
parameters obtained are given in Table III. In the upper part of
Fig. 9 the whole computer calculated spectrum of Er is shown. The
fittad parameters of Fig. 8 were used for this calculation and the

experimental points are plotted as open circles. In the lower curve
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of Fig. 9, a whole experimental spectrum is shown for comparison.

The fit seems very good. In Fig. 10 we show a computer fitted first
derivative of the central absorption line of 1500 ppm Er in Au in a
heated sample. The spectra of the same sample rolled are shown in
Figs. 8 and 9. The fitted parameters for this spectrum are also given
in Table III. The upper curve of Fig. 1l is a computer calculated
whole spectrum (including the hyperfime structure) of the heated
sample of Fig. 10, using the same data points and the same fitted
parameters. The lower curve is an experimentally recovrded EPR

spectrum of the same heated sample. One can see here too that the
fit is very pgood.

During this study it proved useful to have a graph of the A/B
ratio as a function of the admixture of the absorption and dispersion.
We calculated this relationship for a Lorentzian lineshape (which
gives a very good fit with our experimental results), for a single
EPR line without a hyperfine structure, and we show the relationship
in Fig. 12, The extreme cases, A/B = 1 and A/B = 8 for 100%
absorption and 100% dispersion respectively, were mentioned pre-

6)

viously in the literature

The A/B ratio observed experimentally in a recorded EPR
spectrum which also has a hyperfine structure can deviate considerably
from the A/B ratio for the same admixture of absorption and dispersion,
when there 18 no hyperfine structure present. This effect is
especlally pronounced for large linewidths and large A/B ratios. We

have calculated the deviations of the A/B i=tios due to the hyperfine
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structure, as a function of the linewidth AH for the case of Er
with a Lorentzian lineshape. The results are shown in Fig, 13. To
the best of our knowledge, thils point has never been treated in the
literature. It turned out that for most cases the deviations were
within the experimental accuracy of the determination of the A/B
ratio, since for large A/B values (heated samples), the ]fanewldths
were narrow, There ate,however, other real physical cases (e.g. Yb)

where this effect can be of importance,

In the course of rhis work, we found it useful to know the skin
depth as a function of Fr concentration in Au. For a general case the
skin depth §, defined as that distance below the surface of a conductor
where the current density has diminished to l/e of its value at the
surface, is given as(7)

1,
4§ = (Aop/nuoco)1 meters
where A is the wavelength of the radio frequency microwave radiation
(in our case, £ = 9.4 GHz, thus Ay = 3.1894x10—2m)-
is, in a general case, the resistivity of the conductor. In
our case, since the experiments were carried out at 4.2K or
below, p 1s the residual resistivity (in Q m).
U 1is the premeability, oy = 4ﬂ10_7 urhenry/m
n is the relative permeability of the conductor (for non-
magnetic materials B = 1).

c 1s the velocity of light (2.998x108 m/sec).

Our resonance experiments were all carried out at approximately the

same resonance frequency ( f= 9.4 GHz), and at temperatures between
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1.65 and 4.2K. Thus the skin depth is determined by the residual

resistivity of the sample. The dominant contribution to the residual
resistivity is due to the Er doping. We have used the value

p = 7ufiem/at. % Er(s) for our calculations. The contribution of the
residual resisitivity of pure Au is very small compared with the
resistivity at our Er doping levels (pAu(pure) v 1,2 nQem, see

e.g. Ref. 9). The skin depth 6 and the residual resistivity p iIn

Au doped with Er, as a function of the concentration of Er, were cal-

culated and are presented in Fig. 14,

We also tried to check the nossibility of affecting the spin
lattice relaxation time TSl by codoping with a spin scatterer.
Sb was chosen as the codopant, which was found to be very effective
in the Ag:Mn system(lo). Samples of Au + 300 ppm Er + 160 ppm Sb,
Au + 1000 ppm Er + 300 ppm Sb, and Au + 1000 ppm Er + 1000 ppm Sb were
prepared. However no significant changes 1in the linewidth or line-
shape in these samples, either rolled or heated, were observed.
Dahlberg(ll) studied the Ag:Er system using In,Sn,Y,Lu and Sb as
codopants and found that Y and Lu increased the linewidth sipg-
nificantly. He attributed this broadening as being due to Kohn-Vosko

type oscillations in (4e charge density.

As mentioned above, the heating of the samples produced a
decrease in the Integrated intensity of the resonance line and thus
1

also a decrease in the number of spins (the "effective concentration'

of Er3+ in the skin depth) contributing to the resonance line. We
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found that this decrease is almost independent of the doping level.

For doping levels between 300 and 2000 ppm the "effective concentra-
tion" of Er3+ in the samples heated for 1 hour is (25+l3)7% of its

value before hearing. Preliminary investigatiouns indicate that this
decrea~e seems to reach a minimum, since no appreciable difference in
the concentration was observed between samples heated for 4 hours and

8 hours, the concentration being (8-+4)% of its value before heating.

IV. THEORTYW

A, Introduction

In order to interpret the experimental results we need an
understanding of the behavior of the EPR linewidth AH after heat
treatment and of the changes in the lineshape (the asymmecrry parameter
A/B) after hea: rtreatment; as well as of a slight concentracion
dependence of A/B before heat treatment.

In principle the dynamic equations of the Bloch—Hasegawa(ls)
type héve to be solved for our specific case. This approach is
restricted by a large number of parameters which enter the equations,
some of which are not well known (e.g. the T;i before and after
heating; Tsl is the spin lattice relaxation time of the conduction
electrons due to mechanisms other than the s-d exchange). However,
these equations are also restricted by thelr nature:

a) They do not take into account the real Fermi surface, which may
deviate very signifi.cantly from a simple sphere. (In other words,

these equations do not take into account the spread of the g-factors
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of conduction clectrons over the K—space on the Fermi surface)
Effects of this spread may be significant if there are large enough

> 3+
regions where the g(k) factors are near the 6.8 value of Er and
when there is intensive electron-electron scattering between electrons
with very different g-values. We will return to this question in the
following discussion, but is seems that for Au there are no electrons
with g(X)=6.8, or electrons with ]g(f)—6.8|<<|AxsgB+ A%| (all the

electron g-values are near 2).

b) The other restriction of the Bloch-Hasegawa type equations is due

to the existence of a residual linewidth at zero Er concentration.

This "single ion" residual linewidth cannot be attributed to the

phonon broadening. It can be understood by considering local deforma-
tion due to random stress present in the metal because of dislocatioms.

In this case the real lineshape is a convolution of the "intrinsic"
lineshape and of the stress distribution. AH follows the equation AH=atbl,
which suggests the existence of a Lorentzian - Lorentzian convolution.

This type of convolution gives a sum of the widths. 1t Is included in a.
The spin-spin width is included in the Bloch-Hasegawa equations

1

in the phenomenological way. The parameter T;l in the Bloch-Hasegawa

cquations is used to describe a chanmnel, independent of relaxation of
(14,15)

Instead of T-i, which does not have

the conduction electrons d

a theoretical basis in the case of metals, we use another parameter,

Tai, which describes the concentration dependent part of the linewidth
AH.

Another complication is caused by the experimental results which
show that heating seems to affect a surface layet of the order of

(o]
6000 A, which is also the skin depth for a 2000 ppm sample. Hence our
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signal comes from a layer on the surface of the metal, which is
different from the rest of the hulk (after heating). This may also

be a cause of the deformation of the lineshape.

Finally, the deformation of the FPR line from the (x"+x') form
(A/B%2.7) is attributed traditionally to the influence of the
conduction electrons. OUne may check if some (new) mechanism exists
which may provide effective diffusion of the Er3+ transversal magnetiza-

tion (after heating). One hypothesis will be described below.

The question is whether one or more of the following three
mechanisms can be responsible for the changes 1in the A/B ratlo afterv
heating: the conduction electron influence, an inhomogeneous structure
of the upper region cof the mecal, the diffusion of the Er3+ magnetiza-

tion (which may he induced by electrons).

1t was proposed that the following experiment might clarify the
first point mentioned above. Sb is known to be an efficient scattering
center<10), i.e. the effect of Sb doping 1s to increase the spin-flip
relaxation rate of the conduction electrons via spin-orbit scattering.
lt was expected that codoping of Au:Er samples with 100-1000 ppm Sb
should not affect the lineshape in the rolled samples (before heating).
This would prove that the influence of T;i on the Er3+ resonance
before heating is negligible. If,after heating,the lineshape of the
Sb doped samples does not differ from the shape of heated samples
without Sb, then our case 1s not a '"combined" resonance case (hybrid-
resonance, strong coupling case). As described in section 1II,
no significant changes were detected in rolled or heated samples of

Er doped Au, codoped with Sb. This,together with the fact that g, << Eppt

indicates that the model of a combined resonance must be rejected.
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B. The linewidth and g-shift

The linewidth can be expressed as

AH = DH° + DHC + DHK
wheve DHK is the Korringa contribution to the linewidth (DHK = bT).
Our experimental results indicate that DHK does not depend oun the
heat treatment. DH 2.5T 6/°K., DH,, the Er concentration dependence
of the linewidth, is a limnear function of the concentration. This

(16) to be a spin-spin and a Kohn—Vosko(]7)

contribution is belileved
contribution to the linewidth. This part also gives information on
the nimber of Er spins contributing to the resomance line. DH° is

the true residual linewldth due to random stresses.

1) DHK
Since the lineshape before heating is of the simple locali.cd
moment form (A/B ~ 2.7) and the hyperfine structure is well resolved,

we conclude that DHK is of the non-bottleneck type, so that

-1 2. 2
- — <> 1
DHKT < T kB ( )

and for nuKr'l - 2.5 6/%
/3
<J“ n = 0,019 . (2)
2
10,18) _z2, _ 3(q) R

where 7
A - vlg)x(a))

9
Introducing v<J“> = Jeff' we obtain for th. exchange parameter

for n = 0.15 eV_l per atom per spin

I = 0.13 eV. (3)
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U(q} is the electron-electron Coulomb interaction respousible for
the exchange enhancement of the conduction-electron susceptibility.
J(q) 1is the q-dependent exchange interaction; J(0) 1s the q = O

component; X(g) is the q-dependent static susceptibility; x(0) is
the q = O component. The symbol < > means the normalized sum from

Oslal22kp-

The other estimation of the related parameter 1s obtained
from the g-shift Ag. We know that in the non-bottleneck regime the

shift of the gd~factor 1s equal to

o]
1+ Ay
o o0 ~ 1 . - 1 . sd
84 gdkxs ?Z-gs']effp( Egs‘]effp 2.0 o) 4
1-2 xsxd

Xg is the conduction electron spin susceptibility,

where v . _ _JCO) .
Jeff 1= U(0IX(0) ~ J(0) (see ref. 18.)

(This equation 18 a good enough approximation for estimation

purposes.)

For the effective field J = J(0), A is

by '_—J'-"ﬁr (A
gBBduB-—
o o
) 1 o Lt Axg " .0 1+ dxg and
Xg s 2 00 = Xg 200

= X
1- 00 ° 1 -] 1= A%
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1
xz = %gguﬁn%— is the Pauli susceptibility, where N' 1is the

number of atoms per unit cell and V 1s the volume of the unit cell,

N' 4 Q N’ 22 -3
v :3 for Au, &, = 4.07 A, thus v - 5.93x10""cm .
[
2 2 2
nGupS(S+l) LT
o d"B N dB N 3+
Xy ™ C—————— o5 = C =— 18 the susceptibility of the Er~ .
d 3kBT \Y AkBT \Y
T
In general Jeff ¥ Jeff’ but for estimation purposes one may

ignore this difference (up to a factor of 2).

To estimate Axs = Ax:, the parameter which enters the Bloch-

Hasegawa equations, we use Eq. 4.

A
Axs o
Eq
gg = 6,80 assuming Russel-Sounders coupling and 6.77 if deviations

from Russel-Sounders coupling are taken into accountlg. If we take

(somewhat arbitrarily) Ag < 6.80 - 6.77 = 0.03, we ohtain

3 3

0.0 -
2 ———— + .
Axs 68 4.4x10 (5)
: =0 .q1n"0 -1
Fox Xg “Xg =10 (for n = 0.15 eV 7), using Eq. 4, we obtain
) 3
A S 4,4%10 (6)

Jé £ 0.1ev, JS 0.1 eV €))]
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The values in Eqs. 7 arc in good agreement with Eq. 3. From this

estimation we can see that (1 - Ax:xg) = 1, and

- Oy _ 11 A const.,
bgy = L1+ dxy) =l nl 4 de—p—) (8)

2 2
where c 1s the Fr concentration and const. = z%—%-— = 0.427 per

PPl Er = 4,27x]0-4 per 1000 ppm Er.

There are no accurate measurements available for g = £(c,T) for
Er®" in Au. At T = 1.65K, it seems that for between 100 and 600 pym
Er the g-factor does not change (g = 6.74) while it increases
slightly in the range from 600 to 2000 ppm Er (31000 = 6,75,

81500 = 6+77» By000 = 6+78)-

From Eq. 8 we obtain

482000 ~ 81000 . s 3xlO -4

2 - 321072,
1000

Using the above value, we obtain for A

A o= 3=y 10 = 10 9)

However, from Fq. 6 we have A < bx]03. The difference between

Eqs. 6 and 9 is too large, prohahly because some of theé data are not accu-
rate enough. Either AgZOOO_Aglooo is larger than 0.03, or the Ag taken

in Eq. 5 i8 too large, or Xg 18 much larger than x:. In any case,

the difference between J and Jéff (see Eqs. 1, 2 and 4) 18 of the

eff
order of 2. Hence Eq. 3 gives a good estimate of A which is in

agreement with Eq. 6.
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2) DH,

Tha concentration dependent contribution to the linewidth DHc
(16)

was discussed by Dahlberg for the case of Ag:Er.

= +
DR, = DH . + DHy

DHSS is the spin~spin part of DHC. This is the homogeneous contribu-

tion. If c << lO4 ppm, the DI—Idd contribution to the linewidth for

the random location of the impurity can be estimated from Kittel and

Abrahams paper(zo). For S = 1/2 only the dipole-dipole part contributes

(the isotropic exchange does not contribute for the S = 1/2 case when

c 1s small enough).

Using the second and fourth moments of the EPR spectrum one can

write

. <Av2>3/2 1 (109

DE,, = —— —
55 2/3 <172 Bgiy
(Eq. 10 is not exact, because one would have to define the width for
some configuration of Er and after this to average the lineshape for
the random case. This is a difficult procedure.)

(21)

Behringer calculated the averages of the second and fourth

moment <Av2> and <Av4> respectively. Using his calculation one

obtains

c
DHSS 1000 ppm 12.5 G [@ND)]

Here c¢ 1s in ppm.
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The other concentration dependent part is the Kohn-Vosko

contribution
DHKV « cf (12)

where f is the frequency.

(16)

Foxr Ag:Er Dahlberg obtained the following experimental

resulrs at a frequency of 9.4 GHz:

= S
D, = Tgop (197 + 7.5)C
(13)
= —C
Digs = Tong (S £3) ©

Our results indicate that DHKv for Au:Er must be much smaller than

in Ag:Er. From Fig. 3 we obtain for rolled samples
v e
& =l G
DHc 1600 16 (14)

If we take the theoretical value for the dipole~-dipole part, we

estimated % c
obtain DHKV = 1000 4G

DHSS in Au must be the same as in Ag. If we adopt Dahlberg‘s(l6)

value of ~ 8 G/1000 ppm glven in Eq. 13 above, we obtain:
estimated

%
DH Ag) = =&
v Aw) = 7505 8 ©

This value 1s also much smaller than that obtained by Dahlberg(ls)

for Ag (given in Eq. 13 above). This indicates that Er3+ produces
much less distortions in Au than in Ag. The same conclusion can also
be drawn from the residual linewidth extrapolated to zero concentra-
tion, which is 8 G for Er in Au (rolled samples, see Fig. 3) and

14.5 6 for Er in Ag(16) (samples were prepared by filing of the

arc melted pellet.)
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Now we will make a crude estimation of the number of Er ions
(number of spins in %) contributing to the resonance line after

heating. From our experimental results we have:

4
ch(rolled) = 16 7800 G
o (16)
DH _(heated) = 10 3566 ©
Here ey is the initial concentration of Er3+ in the rolled samples

before heating. If we neglect the contribution to the DHc(heated)

of the Er 1ons trapped on dislocations, we have

10 ey = 16 o (17}
(because in our model the EPR signal is due to randomly distributed

Er3+ ions which do not sit on dislocations). From this it follows that:

ce ™ %f Cys (18)

thus cp = 0.62 c,. Cf is the final concentration of Er3+ contributing
to the resonance line after heating. This means that only 62% of the
spins would coatribute to the EPR signal if the influence of the
trapped Er3+(on the dislocations) on the width DHc is negligible.

But apparently this is not the case. We suppose, that the valence
state of Er on the dislocations is also 3+, so that they produce

dipolar and exchange fields on the randomly distributed Er3+.

It is difficult to estimate this effect because 1if there is
+
clustering of Er3 at the dislocations, the ground state of a

cluster may be non-magnetic (for the antiferromagnetic type of exchange).
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Without a concrete model of the clusters, we can not say anythiag
about the values of the dipolar and exchange fields which the

trapped Er produces on the sites of the randomly distributed Er.
If we assume that all Er lons effective in the Kohn-Vosko
mechanism produce roughly the same width (4 + 8 G per 1000 ppm) as
before heating, then half or more of thel0 G per 1000 ppm width is
due to the Kohn-Vosko mechanism. In this case we have instead of

Eq. 18 either (10 - 4) ey " 12 cg

= - =
¢ = T S O 0.5 ¢ (19)
or
(10-8) c; =8¢,y cg=0.25¢. (20)

Thus 25% to 50Z of the Er?" aze not trapped on dislocations

after heating. The lower value (25%) is in good agreement with the

experimental results.

Another model, opposed to the above mentioned one, would be

to assume a sharp increase in the concentration of Er in a surface
layer after heating, with ¢ > 10,000 ppm. This would resuit in
i) a decrease in the linewidth due to the effect of Van Vleck
narrowing and 11i) diffusion of the Er magnetization, occurring
because of the interaction between the Er ions., The lineshape
would be Dysonian with A/B > 2.7, and also the A/B ratio would
increase with increasing concentration of Er. In this model it is

expected that with the x of the exchange narrowed form, the shape

of the resonance line (P = x' + x") would be mainly Lorentzlan and
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Gaussian 1In the wings. We do not elaborate on this model here because
it is not comsistent with the experimental results obtained after
polishing the samples, where full recovery of the lineshape, line-
width and intensity was obtained, which opposes the assumption of

a surface layer with a sharp increase 1in Er3+ concentration,

3) DHo

This contribution to the residual linewidth is a function of
the random stresses, which originate from the non-Er impurities and
from diglocations., Since the purity of the Au used in our experiments
is 99.999%, the concentration of all the other impurities is
approximately 10 ppm. Thus they would represent only a relatively
small part of DHo. Assuming that the dislocations are responsible
for most of DHo' we can understand why DHo decreases after heating
(from =8 to =3.5 Gauss, see Fig. 3). It 1s well known, that dis-
locations move through the metal during heating, dislocation lines
also move during this process and the graln size increases, and

therefore the number of dislocations near Er ions also decreases.

C. The A/B ratio (the lineshape).

1) In the rolled samples the A/B ratio changes slowly from A/B=2
for ¢ + 0 to A/B=3 for c = 2000 ppm (see Fig. 4). The theorc:ical
value ©Of the A/B ratio for an impurity in a metal in the diffusion-
leas 1limit is 2,7, There may be several reasons for this emall
deviation from the theoretical value. After heating the A/B ratio

increases (see Fig. 4.). This effect is especially pronounced for
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la- ze concentrations of Er (c = 1000 + 2000 ppm). One must explain
both the smal) concentration dependence of A/B in the rolled samplea,

as well as the increase inthe A/B ratio after heating.

2) We discuss the ssibility that the A/B ratio after heating is
caused by the random ensemble of the Er3+ resonances with enisotropic
g~factors. If after heating the g~factor became anisotropic with

a random distribution of Ag, a broadening of the resonance
line would result. However experimentally we observe a narrowing

of the resonance line after heating.

3) In this discussion we dismiss the straight forward

influence of the conduction electrone, for the following reasoms:

a) Since
AH
leg - 84l>I2xge, + 5 (21)

we cannot expect that the resonance is a sort of combined

d-electron-conduction-electron resonance.

b) We do not expect that an enhancement of the Hl field via the
AMB term will change the lineshape drastically due to Eq. 21
(see ref. 15.). The experimental results indicate that there
is no difference hetween the high-field and low-field hyperfine
components, If AMS were essential, the Ligh-field and low-

field enhancements would not be expected to be the game.

c) If 77l = 77l 4 bottleneck in the relaxation may result. It

‘sl sd’
is hard to imsgine that this could occur for concentrations of
c % 1000 ppm. After heating,T;i,may only be smaller, because

the number of the dislocations decreasea. But also T;i - which



- 34 -

is proportional to the concentration - becomes smaller (Tsd may
be shorter than Tsl)'

d) TIf the concentration Increases then the resistance l/o also
increases, The diffusion coefficient of the conduction electrons
is D= (1/3)V§T, where 1 18 the collision time which determines
the conductivity and VF is the electron velocity at the Fermi
surface. The diffusion coefficient De decreases with the increase
of concentration. The conduction electron lineshape becomes more
symmetric with smaller De(larger ¢). We cunnot explain how the
more symmetric conduction electron line can cause the asymmetry

of the Er resonance.

From the qualitative and semiquantitative arguments we can
assume that there 1s no direct dynamic influence of the conduction
electrons on the Er3+ resonance. The conduction electrons serve
mainly as a thermal bath and cannot change the A/B ratio of the Er

resonance with increasing concentration of Er.
D. Diffusion due to the spin-spin interaction.

If there is diffuesion of the magnetization due to the spin-

spin interaction, we have to add to the Bloch equation the diffusion

term
DAM (22)

This term, 1f it exists, leads to the same A/B ratio as in the case

of the conduction electrons, because A/B = f (R), wherz R = 5/V5T2
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18 the parameter of the Dysonian lineshape. In the case of the con-
duction electrons the A/B ratio as a function of R assumes values

between 2,7 and 18,

In nuclear magnetic resonance (NMR) treatises the diffusion of

the nuclear population via the spin-spin interaction 18 discussed.

-2/3
<
-1

c

VA (1f c << 10000 ppm)  (23)

where a, is the distance between adjacent spins and T;l is the half
width., This diffusion is caused simply by flip-flop (see Ref. 22).

The T, is the time of the loss of the coherence of two adjacent spins.

"2
If the interaction passes the spin-population from spin to spin, the
same interaction (dipole-dipole) may cause the diffusion of the MZ
component of the magnetization. We have to include in Eq. 23 only

the spin-spin interaction

-1 ~1 -1,,
T2 ('r2 )dd + ('1‘2 ) (24)
N |
where (T2 ) (T2 )Korringa + other sources of broadening. Thus
we aobtain

T, %
- %, 27 o a2/, %
8y = (D T,) (D.T d) (a;/30) (T?_/Td)2

d’'d T
(25)
1/3 -1 -1 -1
(Eo//sa ¢ /(Td) /(Td +T Korringa)
-1, -1/3F°T  1/6 -1 -1
Since Ty cy ¢ T c + 0 1f ¢ » 0 (in the case that T, <<T Korringa)'

For c=103 ppm and T = 1.65K:

-1

Korringa) = 12/17 = 0.7, V0.7 = 0,83,

-1 -1
ap et v

a =4.18%
o]
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6M=5oﬁ<<5-/.3002

d/dM =80 »> 1, and A/B = 2,7

Thus there is no influence on the lineshape for this case.

-1

-1 -1
For ¢ »> 10,000 PPm’“éTD) /(TD +T Korringa

) =1 and
SM +a . Here, there is also no influence on the lineshape. There-

fore for all c, GM/G << 1 and there is no influence on the lineshape.
E. Diffusion due to other mechanisms

We now consider whether or not there are other mechanisms of
the spin~diffusion of Er which do not depend upon the Er-Er inter-
action. It seems that the electron diffusion must also lead to the
diffusion of the Mx magnetization, although a detailed calculation is not
available. (This diffusion term may arise from the interference
term between the electron diffusion term and the electron - local

spin interaction term in the density matrix formalism of the linear

response. The qualitative arguments are as followsz.

a

AN '7
22 52 B Electrons take the M component

7,

2? ég from the local spin at the point
¢ 7

A%: i/// A (relaxation of the x component

£ z
f th
¥ (D) Mx(z') o e magnetization) and because

of the diffusion of the electrons
return part of the magnetization

at the point B,
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The effective diffusion coefficient for the Mx of Er will be of the order of

-1
T 2
D —s8d x(loss of the magnetization to the lattice for the time ao/De),

e_-1 -1
Tad + Tsl 1.2
where De is the diffusion coefficient of the electrons,De = 3 VFI .
-1
n 1n-13 -
61000ppm =10 sec, T = 10 14 sec/at.% Er and —_TB—dTl-
T + T
sd sl
is the probability of returning the magnetization to the Er. If
%
the o time for the adjacent Er is much smzller than Tsl’ we ignore
e

this correction to the losses. For 1000 ppm:

2 .16 2/3
az/De = (AR) x10 (1000) = 10_16 sec << 10_10 sec. It follows that

6x102
1
induced " sd
Er ~ Ve, -1 -1
Tsd + Tsl
induced (T;i)o ¢ 1
Per =Dy (L/e) —— T 0D =
Tsd o © + Tal ¢+ (Tsl)/(Tsd)o
1
because D =1 = —
e c
8 L *
and a|p —————————T (26)
M o -1 -1 2
c+ (Tsl)/(Tsd)o
Since T2 = 1/c, it follows that
. L
R e ety
c+ (Tsl)/(Tsd)o

If T_l « ¢, § decreases with the increase of the Er concentration.

sl M
~_C-_ 3/2
This means that the parameter R = G/GM e "¢ increases with
c and the A/B ratio must decrease, which contradicts the experi-

mental results. Hence this mechanism cannot explain the increase of
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the A/B ratio with the increasing concentration of Er. In addition

one also has to explain why 6M increases after heating.

-1
T
If (for ¢ = 10000 ppm) —:IEQ——:T = 1/3
sd * TSl
= (L %
8y = (3neT2)
o, B, Uy oH 3
pola 8 PB T 6.8x9.27x107" x10 8
2 4 -27
10
. -9
T2 =0.7 x 10
- - o
6y = (5.6 x 2% 107%% = 107 em = 10° A
4
§ap LDuamiot o
10
(5

The corresponding A/B from Feher and Kip is approximately 7.
This value seems to be satisfactory, but the decrease of R with the
increase of the concentration cannot be explained on the basis of

Eq. 26,
F. The surface impedance in the case of an inhomogeneous Er distribution

The A/B ratio may depend on the degree of homogeneity of the
distribution of the Er ions in the sample. The resuts of the etching
experiment suggest the following model. We consider a surface
layer with a thickness d, conductivity al and Er concentration

¢;» and the bulk of the sample with a conductivity 9 and Er
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concentration Cy» If d ¢ 6, the

ATV I
t EPR will be a superposition of the

signal from the layer d and from the
bulk. In additfion, a reflection may

take place on the interface between

the layer d and the bulk.

Upon solving Blach-like equations(ls) for the two media (d-layer
and bulk), the power absorbed by the metal sample can be written in

the form

2

P = H
m surface

Rl xgl[cl_ Xy W) + €y xy (w)J +

° ' " 9
6m “a, ¥a, [Cz-- Xp (@) + Cop Xz“”’J}

H is the rf magnetic fleld on the surface of the sample.
surface

wy and wy are the resonance frequencies for the d-layer and bulk
1 2

respectively, xgl and xgz are the static susceptibilities for the

d-layer and bulk fespectively. The C's are coefficients which depend
on the ratios of d/§ and 01/02. x'(w) and x"(w) are the dispersion
and absorption parts of the complex susceptibility, the indexes 1 and

2 refer to the d-layer and bulk, respectively.

Further computations are necessary to develop this model. It

is possible that this idea of a combined resonance from two layers of
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different concentrations of Er may provide an explanation for the

behavior of the A/B ratio.

V. DISCUSSION

We have used the EPR technique to study defects produced in
dilute Au:Er alloys by cold-working and ion bombardment. Most of
our results,as reported in Section III, concern defects produced by
cold-working of the metals. The results ohtained on the effects of ion
bombardment are preliminary and constituvte a small fraction of this
work, however they indicate the possibility of a promising opening
of an area of research to which the EPR technique could be applied.
Our research was concentrated mainly on the study and interpretation
of the behavior of the characteristic features of the EPR spectrum.
Cold-working and heating of our samples produced changes in the EPR
linewidth AH, the integrated intensity of the resonance line I(which
is proportional to the number of spins contributing to the resonance

line) and the lineshape (the asymmetry parameter A/B).

The EPR linewidth AH in the temperature range of our experiments
is a linear function of temperature and can be written AH = a + bT,
The Korringa relaxation rate, represented by b, was found to be
independent of the Er concentration and of the various treatments.
This shows that we have an unbottlenecked system. All changes in
the linewidth are contained in the residual linrewidth a. In the
range of the Er concentrations covered by our experiments, the
raesidual linewidth was a linear function of the conceatration for

rolled and heated samples aB well. The residual linewidth can be
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expressed as a = DHc + DHO. The concentration dependent part DHc

is composed of the spin-spin contribution DHSS and the Kohn-Vosko
contribution DHKV' The values obtained for DHc from our experiments
(see Fig. 3) are 16 G/1000 ppm Er and 10 G/1000 ppm Er, for rolled
and heated samples respectively. Assuming the same value

S5 1000 (16). we obtain DHKv = 5565 8 G

for rolled samples. Using the calculated value DHSS = 1000 12 G

DH, 8 G obtained for Er in Ag

- &
(see Eq. ll), we obtain DHKV 1650 4 G. A more accurate value of

DHKV could be obtained by making & series of experiments at a lower

1
microwave frequency, e.g. 1.7 GHz as was done by Dahlberg( 6). Both of the

L
above values of DHKv are much smaller than the value of DHKV obtained( 6)
for Er in Ag (1000 20 G). This indicates that Er produces less dis-
tortions in Au than in Ag. The same conclusicn can be drawn also from
the residual linewldth extrapolated to zero concentration, which 1is

8 G for Er in Au (rolled samples, see Fig. 3) and 1l4.5 G for Er in

Ag(le) (samples prepared by filing).

The residual linewidth extrapolated to zero concentration which
wa obtained for heated samples is approximately 4 ¢ (see Fig. .3). This is the
narrowest zero concentration residual iinewidth ever reported for a

localized impurity in a polycrystalline metal at X-band frequency.

A rough estimate of a lower and upper limit for the concentra-
tion of Er ions contributing to the resonance line after heating (for
1 hour) was calculated to be 25 and 50% of the value before heating
respectively. Most of our experimental results are in good agreement

with the value obtained as the lower limit. A comparison of the
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linewidth in rolled samples with those ohtained for filed samples
in some of our experiments,6as well as with values obtained for filed
samples by other authors(za). shows that there is no appreciable

difference in the linewidth of Er in Au in samples prepared by these

two types of cold-working.

DHO is the contribution to the residual linewidth due to
random stresses. In our case the main source of the stresses are
dislocations. The values of DH° (for c=0) are 8 and 4 G for rolled
and heated samples,respectively. The decrease in DHO after heating
demonstrates clearly a reduction in the stress around the Er impurities,
which 1s consistent with a model of mobile dislocations and immobile

(24). We have assumed in our

impurities in the metal during heating
analysis of the linewidth that DHo does not change with tha concentra-
tion of Er. A more precise treatment should also take into account
the effect ©f enhanced stabilization of dislocations by  Er
impurities(ZA). We propose a model based on the segregation of Er
lons to dislocations (subgrain boundaries) during heating, to explain
the decrease in the linewidth and in the Integrated intensity of the
EPR line after heating. The simplest physically significant model(zs)

for subgrain boundary segregation predicts that the concentration at

the subgrain boundary (cb) is given by

< exp(Ga/kT)
%y " T - cm) +e, exp(Ga/kT)

vhere € is the matrix solute concentration, Ga is the Gibbs free

energy of binding to the subgrain boundary and kT has 1ts usual
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significance., If c, << 1l and G, s kT, then e, ™ S exp(Ga/kT).
The retio cb/cm should according to this model,be independent of
the initial concentration (doping level). From our results we have

obtained Ga = 0,1 eV,

The process of segrepatlion of impurities to dislocatlons causes
a decrease in the linewidth due to two effects acting in parallel,
one 1s a decrease in the number of Er ions contributing to the
resonance line, and causing a decrease in the integrated intensity,

the other is a decrease in the stress field,

The asymmetry parameter A/B was found to increase linearly with the
concentration of Er (see Fig. 4), This concentration dependence of
the A/B ratio is 2.0 + 0.6x10 >c and 2.7 + 2,5x10 > in the rolled
and heated samples,respectively. Several models were considered to
explain this drastic increase in the A/B ratio after heating. At
this stage we have no rigorous explanation for this behavior and

more theoretical and probably also experimental work has to be

performed.

We have examined the possibility of whether the changes in the
features of the EPR line, caused by heating, might be due to oxidation,
or clustering, or diffusion to the surface (causing a change in the
concentration of Er in a surface layer), or changes in the valence
gtate of Er3+. Heating 1n air, hydrogen, and argon had
approximately the same effect on the EPR line as heating in
vacuum. This excludes the possibility of appreciable oxygen

diffusion into the samples. This result is consistent with the
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(26) who has studied the internal oxidation of impuri-

work of Svoboda
ties in gold, and showed that heating in air ov in a low pressure
oxygen atmosphere results 1in  extremely low solubility of oxygen
in gold. 1t should be pointed out here that the solutility of Er
in Au is very good. It was shown(27) that at 400C the solubility

of Er in Au 18 about 0.5 at.%.

The recovery of all three characteristic features of the EPR
line (AH, I, A/B) after polishing the heated samples also confirms
our model of dislocation movement. Mechanical polishing introduces
dislocations and causes dislocations to move through a metal. Thus

dislocations can move away from the Er ifons, and these Er ioms,"freed
from dislocations", can again contribute to the resonance line.
Further, the.polishing experiments also prove that heating of our
samples (for 1 hour at 400C), did not cause elther oxidatiom, or
clustering, or diffusion, or valency changes of Er3+ in gold.
Additional support for our model was obtained from the
successive rolling experiment. Linear recovery of the linewidth
as function of percent of cold-work strongly suggests direct
dependence of the linewidth on the production and movement of dis-

locations during cold-work.

The recovery of the linewidth and A/B ratio after etching
indicater preferred segregation in a surface layer. We have not
investigated the possible changes in the surface inpedance due to our
treatments, however it seems quite acceptable that such changes might

have an effect on the lineshape through a variation of the percent of
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diepersion and absorption. Measurementa of d.c. resistivity did
not exhibit any appreciable changes between the rolled and heated

samples, which also indicates that we are dealing with a surface

effect.

A computer reconstruction of the resonance lines using a
Lorentzian lineshape (see Figs. 8 to 11) and with the linewidth, A/B
ratio, resonance fleld and intensity as fitted parameters, was in
good agreement with the experimentally recorded EPR spectrum of
rolled and heated samples as well. Stress fields cause inhomogeneous
broadening cf the resonance line, which should be reflectea in a
Gaussian lineshape. The gord fit to a Lorentzian suggests that there
are no dominant long range stress flield effects due to dislocations
in our samples and this 1s another supporting factor for our model
proposing that the majority of the observeu effects reported here
are due to either stabilization of dislocations in the vicinity

of Er lons, or movement of dislocations away from the Er ilons.

The effects of cold-work on the conduction electron spin
resonance linewidth 1in pure Al, Cu and Ag metals was Investigated
by Beuneu and Monodczs). The research reported here i1s the first
demonstration of the application of the EPR of magnetic impurities

to the study of defects produced in metals by cold-working.
v I. SUMMARY AND CONCLUSIONS

We have shown in this work that the EPR technique can be used

to study defects in metals. A detalled investigation of the features

of the resonance lines of the dilute magnetic impurity Er3+ in Au,
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in samples cold-worked (rolled and polished), heat treated in vacuum,
air or hydrogen and ion bhombarded (by argon and gold ions), provided
information on the segregation of Er3+ ions to subgrain houndaries,

on the local stress around the magnetic impurities and on the influence
of the difierent treatments on the effective concentration of the
magnetic impurities. Heating of the rolled samples reduced the EPR
linewldth and Intensity, and increased the value of the asymmetry
parameter (the A/B ratio). Ion bombardment produced partial recovery,
gradual deformation by successive rolling yielded almost complete
recovery and mechanical polishing resulted in complete recovery of

the linewidth, intensity and A/B ratio to values observed before
heating. No appreciable variations were detected in the g-factor,

hyperfine structure constant or the Korringa relaxation rate.

The extremely narrow absorption line of Er3+ obtained after the
heat treatment 1s narrower than any other value reported previously
for a magnetic impurity in polycrystalline metals at X~band, and thus makes
it a sensitive probe for the study of defects in metals and alloys. A
theoretical treatment 1s presented for the hehavior of the linewidth.
Theoretical estimates of the upper and lawer limits of the number
of Er ions contributing to the absorption line after the heat treat-
ment are found to be in good agreement with the experimental results.
Our results shcw that the EPR of magnetic impurities in metals 1s a
promising technique for the study of interactlons between magnetic im-—
puritias and defects produced in r.:tals by cold working and ion
bombardment. The extention of this work to other alloy systems,

other treatments and other types of irradiation seems very challenging.
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TABLE I

Increase in the Intensity T of the resonance line and Er concentration

(concentration of the Er ions contributing to the resonance line) as a

function of cold-working in a Au sample doped with 1000 ppm Er.

The intensity of the 0.75mm thick rolled sample was taken as 1,

rolled |heated |[heated sample successively
rolled at room temperature
Sample thickness d(mm) n.75 0.75 0.53 0.25 0.15
Ah/ho - 0 0.29 0.67 0.8
18 1 0.05 0.05 0.17 0.37
¢ (ppm) 1000 | 130 | 130 310 515

2
(a) I was calculated as (A+B) (AH) Corrections were made for

spectrometer gain and sensitivity.

(b) 1In the estimation of the concentration ¢ of the Er ions

contributing to the resonance line, compensation was also made

for the changes in the skin depth due to the change in effective

concentration. (If cl and <, are the concentrations befgre

and after a treatment respectively, and N1 and NZ are the number

of spins in the skin depth before and after the treatment

ragpectively, we obtain ¢, = (N2/Nl)2/3 ¢ Since

Necé« c(c)a - c3/2).



Results of ion implantation into heated samples of Au doped with

1500 ppm Er.
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TABLE I

I

Samples were kept at 77K during implantation.

rolled heated after implanting
2.5x1016 ar ions/cm
AH (Gauss) 28.6 13.4 20,9
A/B 2.62 6.4 4,2
Intensicy 1% 1 0.14 n.26
Er concentration
<P (opm) 1500 400 600 |
rolled heated after implanting
2x106 Au ions/cm
H (Gauss) 31.0 12.3 17.7
A/B 2.58 6.56 4.7
Intensity 1¢®) 1 0.1 0.2
Er concentration
(b) |
c (ppm) 1500 320 510 !

For notes (a) and (b) see Table I.
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TABLE ITITI
Computer fitted EPR parameters of a rolled and heated sample of Au

doped with 1500 ppm Er.

rolled heated

AH (Gauss) | (37.31L + 0.30) (18.68 + 0.20)
Dispersion| (50.3 + 0-7)%,(A/B ~ 2.6) [(82.8 + 1.4)%,(A/B ~ 5.7)
H (994.19 + 0.28) Gauss (992.68 + 0.20) Gauss

1ée) 2,05 + 0.01 1.91 + 0.03

(c) Io is a multiplication factor in arbitrary units, used to adjust

the intensity of the computed line to that of the measured one.
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(a)
A GAINXLO
ALT
8
(b)
GAINX25
100G
Figure 1

EPR spectrum of Er in Au. Doping level = 1000 ppm,

9.4 GHz, T = 1.65K.

Rolled sample. A and B, the maximum and minimum of the
first derivative of the absorption line, define the
agymmetry parameter called the A/B ratio.

Same sample after heating for 1 hour at 400 C in a vacuum

of 10_6 torr.
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Au+lO00ppm Er
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T(°K)
Figure 2

The EPR linewidths AH of a rolled and a heated (for 1 hour at
400C in a vacuum of 10-6 torr) sample of Au doped with

1000 ppm Er, as a function of temperature, f = 9.4GHz. The
linewidths for each measured point were determined according
to a procedure outlined in Ref., 4. The solid lines are least

square best fits to the experimental points.
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40+ e Rolled
A Heated

30

0 1 { i

0 500 1000 1500
Er concentration (ppm)

Figure 3
The residual linewidth in rolled and heated samples of Au
doped with Er as a function of Er concentration (doping
level). The circles designate the sample measured after
rolling, and the triangles represent the same sample after
heating for one hour at 400C in a quartz tube under a

vacuum of 10_6 torr.

2000
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0 1 ] |

0 500 1000 1500
Er concentration (ppm)

Figure 4
The A/B ratio as a function of the concentration (doping level)
of Er in Au, 1in rolled and heated samples. Heating conditions

same as in Fig. 3.

2000




A/B

307 —

~ 58 ~

Au+1000 ppm Er _—

04

Figure 5
Residual linewidths (Q) and A/B ratios (x) as a function of cold-
work Ah/ho, in a sample of Au doped with 1000 ppm Er. 4h = ho-hi;
ho=0.75mm is the thickness of the heated sample, and hi is the

thickness of the sample after the i-th rolling step. The solid line

and the broken line are least square best fits to the data points.

20

Residual linewidth (G)
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Au+2000 ppm Er

50

T

l 1 l 1 I L |
0 02 04 06 20

Thickness of Au layer removed by etching (p#m)

:

Figure 6
EPR linewidth in a heated sample of Au doped with 2000 ppm Er
as a function of the thickness of a surface layer removed by
successive etching. The solid and broken lines serve as a
gnide to the eye for experimental points obtained at 1.65K and
4.2K respectively.
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Au+2000 ppm, T=165 K
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o) 02 04 06
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Figure 7
The A/B ratios in a heated sample of Au doped with 2000 ppm
Er as a functlon of the thickness of a surface layer removed by
successive etching. The line serves as guide to the eye only.
The experimental points, designated by triangles, are taken

from the same measured spectra as those for the 1.65K curve in

Fig. 6.
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Figure 8

Computer fitted first derivative of the central absorption line

of 1500 ppm Er in Au in a rolled sample. The experimental points

were extracted from a recording taken at a frequency of 9.4 GHz
and T=4.2K, with the external magnetic field swept over a range
of 100G. The solid line is the computer fit over a range of 100G
using a Lorentian lineshape with the following fitted parameters:

linewidth AH, the percentage of admixture of dispersion and

absorption (determining the A/B ratio), the resonance field Ho

and the intensity. The fit also includes the contribution of the

hyperfine structure., The fitted parameters are given in Table III.
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( Au+i500ppm Er, Rolled, T=42 K

500 76I3 9I74 |2137 1500
R(G)

Figure 9

The upper curve is a computer calculated EPR spectrum of 1500 ppm Er

in Au in a rolled sample, over a range of 1000G, including the same

experimental points (designated here also by circles) and using the

same fitted parameters and lineshape as in Fig. 8. The lower curve

is a trace of an experimental spectrum, taken with the same sample and
under the same conditions as described in Fig. B, except that the

external magnetic field is swept over a range of 1000G.
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Au+1500ppm Er, Heated, T=165 k
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Figure 10
Computer fitted first derivative of the central absorption line

of 1500 ppm Er in Au in a heated sample (the spectrum of the same

sample rolled 1s shown in Figs. 8 and 9). The experimental points

were e —acted from a recording taken at a frequency of 9.4 GHz

at T=1.05K, with the external magnetic field swept over a range

of 100G. The solid line is the computer tit using a Lorentzian

lineshape with sweep and fitting parameters as described in Fig. 8.
Here also the fit includes the contribution of the hyperfine

structure. The fitted parameters are given in Table III.
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AN Au+500 ppm Er, Heated, T=165 K

1
500 763 .

Figure 11 ~_
et 3

The upror curve is a computer calcdlated EPR spectrum in a
heated sample of Au duﬁed with 1500 ppm Er, vver a
range of 1000 C, nsing the same experimental peoints as in

Fig. 10 (designated here also by circles) and the same fitted

parameters and lineshape. The lower curve is a trace of an

experimental spectrum taken with the same sample and under the

same conditions as described i{n Fig. iQ, except that the

external magnetic field is swept over a range of 1000 G.
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Figure 12
The A/B ratio as a function of the percent absorption and
dispersion calculated for a Lorentzian lineshape (without
the hyperfine structure). Percent absorption + percent

diepersion = 100%.
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Figure 13

Calculated variations in the A/B ratio due to the hyperfine
structure, as a function of the linewidth for the case of Er
with a Lorentzian lineshape. The existence of the hyperfine
structure in addition to a strong central line (due to the
even 1lsotope), causes a change in the lineshape of the central
line and consequently an apparent A/B ratio, which deviates
from the actual A/B ratio. The full lines represent the devia-
tions from the actual A/B ratio (represented by the broken
line) due to the superposition of the hyperfine structure, for
8 different cases of admixture of dispersion and absorption
between 30% and 100% dispersion. For S50% dispersion or less
(A/B ~ 2.5) the discrepancy is negligible. For the 30% and

40% cases full circles are drawn instead of the solid lines.
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Figure 14

Skin depth & and residual resistivity p in Au doped with

Er, as a function of the concentration of Er, using p = 7uQcm

per at.% of Er as given in Ref. 8, and a frequency of 9.4 GHz
for §. In this graph, the contribution of the residual resisti-

vity of pure Au, being very small as compared to the contribu-
tion due to Exr (o Au(pure) a~ 1.2 nQem, see e.g. Ref. 9), was

neglected.

Residual resistivity p (.8 cm)
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