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Spin-echo measurements on dilute '9 Au in iron and nickel
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Spin-echo measurements on ' Au were performed on dilute alloys of Au (0.1 and 0.01 at.%) in Fe
and Ni at 4.2 and 1.4 K. The magnetic hyperfine splitting frequencies v~ ——

~
gp&Bqt/h

~

extrapo-

lated to 0 K were determined to be v~(AuFe) =93.207(10) MHz and v~(Au%i) =21.59(3) MHz.
For Au(0. 1 at.%)Fe, the local-moment-induced electric quadrupole splitting could be resolved. The
quadrupole splitting frequency v& ——e q2Q/h was found to be ( —)1.50(5) MHz. With the known

quadrupole moment of ' Au, Q =+0.547(16) b, the electric field gradient of AuFe is deduced to
be ( —)0. 113(6))&10' V/cm . With the known quadrupole splittings of ' Au and ' Au in Fe taken

into account, the spectroscopic quadrupole moments of ' Au and ' Au are deduced to be
Q('~ Au;2 ) =0.76(4) b and Q(' Au; 2 ) =0.55(3) b. The experimental hyperfine anomalies be-

tween ' Au, ' Au, and ' Au in Fe and Ni are discussed in the context of noncontact hyperfine

fields. -

I. INTRODUCTION

At the site of a substitutional impurity atom in dilute
alloys of cubic, ferromagnetic Fe, fcc Co, or Ni, a small
local-moment-induced electric field gradient (EFG) exists
in-addition to the large magnetic hyperfine field, which
originates from the unquenched orbital momentum of the
d electrons at the impurity site. Especially for Sd Ir in Fe
and Ni this effect is relatively large; it was first detected
by the spin-echo measurements by Aiga arid Itoh' on ' 'Ir
and ' Ir in Fe and Ni, who detected a splitting of the
NMR resonag. ce into three subresonances separated
equidistantly (' 'Ir and ' Ir both have spin —, ). While
these measurements were sensitive to signals from the
domain walls, further double-resonance experiments on
' 'Ir and ' Ir in Fe and Ni showed a similar behavior of
the signals originating from nuclei in domains. Experi-
ments performed on Ir in Fe single crystals showed no
dependence of the EFG on crystal directions. These find-
ings were in accordance with the results of Mossbauer-
effect measurements on ' Ir in Fe, ' which mainly are
sensitive to nuclei in domains. First nuclear magnetic res-
onance on oriented nuclei detected via nuclear radiation
(NMR-ON) on radioactive ' Ir (j =4) in Ni showed an
asymmetric resonance structure, but the subresonances
were not resolved because of the overly large inhomogene-
ous linewidth. Systematic NMR-ON studies on ' Ir in
Fe and Ni showed that the inhomogeneous linewidth
could be reduced considerably by preparing extremely di-
luted alloys and by a careful annealing procedure. In this
way the quadrupole subresonance structure of ' Ir in Fe
and Ni could be resolved well. In subsequent NMR-ON
measurements on ' Ir (j =I) in Fe and Ni the quadru-
pole splitting could also be resolved. The ratios of the
quadrupole splittings of ' Ir and ' Ir in Fe and Ni,
which resulted from NMR-ON measurements, which are

sensitive only to nuclei in domains, were in good agree-
ment with the corresponding ratio of ' Ir, derived from
the spin-echo experiments sensitive to nuclei in domain
walls. Thus quadrupole-interaction-resolved NMR and
NMR-ON spectroscopy is a suitable interlink between
stable and radioactive nuclei, for the detertnination of
spectroscopic quadrupole moments of radioactive isotopes
with resonance precision, as the quadrupole moments of
stable isotopes can be measured with high precision via
muonic x-ray spectroscopy. In addition, the local-
moment-induced EFG in cubic metals is an interesting
quantity by itself.

For Au in Fe and Ni the situation is similar to that of
Ir, and EFG's of similar magnitude were expected. It
turned out, however, that the inhomogeneous linewidths
were too large compared to the subresonance separation.
Thus it seemed to be impossible to resolve the quadrupole
subresonance structure. For ' Au and ' Au in Fe, Cal-
laghan et al. ' '" reported measurements of the quadru-
pole splitting using the technique of "single-passage"
NMR on oriented nuclei. With this technique' it should,
in principle, be possible to determine a quadrupole split-
ting which is small compared to the resonance linewidth.
As the interpretation of single-passage NMR spectra de-
pends on parameters, which cannot be determined experi-
mentally, and for which "reasonable" assumptions must
be made, the quadrupole splittings of ' AuFe and

AuFe derived by Callaghan et al. ' '" contained uncer-
tainties, even in their sign. For ' AuFe Callaghan
et al. " also reported the detection of the quadrupole
splitting in a frequency-modulated-NMR-ON measure-
ment. Recently, the subresonance structures of ' Au and

Au in Fe were resolved directly' ' by using extremely
dilute alloys containing 0.1—0.01 at. % Au. Thus there
was a realistic hope that the quadrupole subresonance
structure of stable ' Au in Fe could be resolved as well.
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As the quadrupole moment of ' Au is known from
muonic x-ray measurements, '

Q = +0.547(16) b, a
NMR measurement on ' AuFe could serve as an inter-
link to the determination of quadrupole moments of ra-
dioactive Au isotopes, which are interesting since Au lies
in a transition region of nuclei between the well-deformed
rare-earth nuclei and the spherical nuclei near Pb.

In addition, a precise knowledge of the hyperfine split-
ting of dilute ' Au in Fe and Ni was desirable in order to
clarify the discrepancies on the hyperfine anomalies be-
tween ' Au, ' Au, and ' Au reported recently. ' The
experimental hyperfine anoinalies in Fe and Ni, together
with known hyperfine anomalies in a pure contact-
interaction environment, ' yield information on the non-
contact contribution to the hyperfine field, which is ex-

pected to be directly correlated with the local-moment-
induced EFG.

Here we report spin-echo measurements on dilute ' Au
in Fe and Ni. Our measurements showed that spin-echo
measurements are possible on extremely diluted alloys.
The inhomogeneous linewidths could be reduced consider-
ably, yielding hyperfine splittings with much improved
accuracy.

II. EXPERIMENTAL DETAILS

Samples of ' AuFe were prepared in the following
way: ' Au was melted with highly pure iron (purity
&99.999%) in an electron-beam furnace, the ' Au con-
centration being 0.1 at. %. In a further melting step the
alloy was diluted with pure iron to a final concentration
of 0.01 at. %. Foils with an area of 20&&30 mm and a
thickness of —1.5 pm were prepared by cold-rolling. The
foils were annealed for -3 h at -650'C in vacuum
( & 10 Torr). Special care was taken in slowly cooling
them 'down to room temperature, a process performed
continuously in a time interval of -4 h. ' AuNi samples
were prepared in similar manner. The foils were inter-
leaved with mica foil, rolled into a cylinder, and inserted
in a tuned circuit matched to the 50-Q transmission line.
At helium temperature Q was adjusted to 30 for AuFe
and 60 for the AuNi sample. The higher Q value was
necessary for AuNi, partly because of the inherent weak-
ness of the ' Au NMR due to the lower value of the Au
hyperfine field in this system, and partly because of exper-
imental difficulties due to the interference from the 10
MHz clock of the signal averager.

Spin echoes were excited and observed using a phase-
coherent NMR spectrometer. ' The rf power was suffi-
ciently low for only domain-wall-enhanced NMR to be
observed. At each frequency the echo was integrated at
(unknown) phase P with respect to the reference and then
at P+n/2 The intens. ity was then found from S =(S&
+S~+ ~q)'~. Detailed measurements were made near
93.2 MHz for AuFe and 21.6 MHz for 'Au%i to establish
the line center. The accuracy of the measurements of
the line centers depended on the linewidth and
signal —to—thermal-noise ratio for the AuFe sample, but
was lowered for the AuNi sample by interference from
the clock of the signal averager.

The ' Au signal from the Au(0. 1 at. %)Fe sample was

sufficiently strong for the quadrupole satellite lines to be
observed. In addition, the in-phase echo at the center of
the main line was not a simple bell-shaped curve, but
showed structure with a period b, t such that I /b, t
=0.74(3) MHz, in agreement with the frequency differ-
ence between the main and satellite lines.

III. RESULTS AND DISCUSSION
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FICx. 1. Quadrupole-interaction-resolved NMR signal from
Au(0. 1 at. %)I'e measured at 4.2 K. The full width at half

maximum is 0.17(1) MHz for the central line and 0.42(9) MHz
for the satellites.

Figure 1 shows the NMR spectrum of the ' Au(0. 1

at. %)Fe sample measured at 4.2 K. As ' Au has a
ground-state spin of —,, three equidistant .resonances are
expected for a collinear magnetic-dipole —plus —electric-
quadrupole interaction, and they are located at v~,
v~+hv~, where

vM =
I W~&hf/h I vg =e'riQ/~,

hvg =3vg/[2j(2j —1)] .
Here, v~ and v& are the usually quoted magnetic and
electric hyperfine splitting frequencies; g and Q are the
nuclear g factor and the nuclear spectroscopic quadrupole
moment, respectively; Bhf and eq are the magnetic hyper-
fine field and the electric field gradient, respectively.

The solid line in Fig. 1 is the result of a least-squares fit
performed with the assumption of three Lorentzian lines
separated equidistantly by b.vg. The linewidth of the cen-
tral line and the linewidths of the two satellite lines were
taken as independent parameters. The fit yields

vM ——93.198(lo) Mllz,
~ vg

~

=1.50(5) MHZ .

For the ' Au(0. 01 at. %)Fe sample the observed signal
was very weak even though the measurements were per-
formed at 1.4 K. Thus the quadrupole splitting could not
be detected. As the center of the main line coincided well

with the result obtained for the 0.1 at. % sample, no fur-
ther attempt was made to resolve the quadrupole interac-
tion. For the ' Au(0. 1 at. %)Ni sample the observed sig-
nals were also weak. The main line could be resolved
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well, but the quadrupole satellites could not be detected.
In Table I the results of the present work are compiled,
together with the result on a Au(l at. %)Fe powder sam-

ple. ' As expected, the linewidths obtained with the 0.1-
and 0.01-at. % foils of the present work are considerably
smaller than that of the 1 at. % powder sample. A more
striking result is the fact that the resonance centers are
different, which means that a concentration dependence
of the magnetic hyperfine interaction of ' AuFe exists,
even in the concentration range 0.1—1 at. %.

The temperature dependence of the hyperfine field of
'9 Au in iron, measured in a sample containing 1 at. %
Au, is much stronger than that of the magnetization of
iron. ' ' Assuming that the same temperature depen-
dence holds for the 0.1- and 0.01-at. % Au samples, the
correction to 0 K is 9 kHz for 4.2 K and 2 kHz for 1.4 K.
The temperature dependence of the hyperfine field of Au
in Ni has not been reported, but the correction to 0 K
from 1.4 K must be less than 1 kHz in this case since the
hyperfine field in Ni is only 0.23 times as large as in iron.

Ratios of hyperfine splittings of different Au isotopes
in Fe and Ni are listed in Table II. The ratio for ' Au of
the present work, R =4.317(6), is in good agreement with
the ratios of the other isotopes. This is an essential result,
as the present data result from the hyperfine interactions
in domain walls, while the data for all other isotopes
represent the hyperfine interaction originating from nuclei
in domains. This shows that there is no fundamental
difference between the hyperfine interaction of nuclei in
domain walls or domains. It is the dependence of the hy-
perfine interaction on the impurity concentration which
simulates discrepancies between NMR and NMR-ON if
the NMR data originate from measurements on systems
with relatively high impurity concentrations. It should be
noted that all the ratios of Table II are well described by a
Gaussian distribution with an average value R =4.323(2).
This is a further indication that the NMR-ON data on

Au%i and ' Au%i of Ref. 23 are incorrect.
The magnetic splittings of ' Au, ' Au, and '99Au in

Fe, and ' Au and ' Au in Ni, which are listed in Table
II, are now used to derive the hyperfine anomalies be-
tween these isotopes in Fe and Ni. These hyperfine
anomalies, together with the known values in an environ-
ment with a pure contact interaction, allow the determina-
tion of the noncontact contributions to the hyperfine field
of Au in Fe and Ni.

The hyperfine anomaly '5 between two nuclear states
of isotopes "1"and "2"is defined as

+1/a2 (gl/g2)(1+ (2)

where a~ z are the magnetic hyperfine splitting frequen-
cies and gt 2 are the respective g factors. The hyperfine
anomaly is due to the fact that a contact hyperfine field
may vary considerably over the nuclear volume for high-
Z nuclei, which has the consequence that the spin and or-
bital parts of the nuclear magnetic moments "see" dif-
ferent "effective" hyperfine fields. The total effective hy-
perfine field thus depends strongly on the particular nu-
clear wave function. In Table III we have listed the ex-
perimental ratios of hyperfine splittings and g factors.
The "contact" hyperfine anomalies are ' 6,' =0.0853(8),
'976,,' =0.037(2), and '9 b,,' = —0.045(3).z It is obvi-
ous that the ratios 'rg, /'b„and 'bz;/'b, represent the
fractional contribution of the contact fields to the hyper-
fine fields in Fe and Ni. This ratio, which is given by

(ai/a2)Fe Ni
& 2(1+'5, )—1

Q) Q2q
(3)

should be independent of the pair 1,2 used for the calcula-
tion. The results for ' RF, , ' RP, , and ' RFe are
1.135(3), 1.141(11), and 1.118(10), respectively, in good
agreement with an average value 1.135(3). All discrepan-
cies reported in Ref. 14 concerning this ratio are now re-
moved. For Ni the ratio is RN;=1.145(21); this proves
that the fractional contribution of the noncontact hyper-
fine field to the total hyperfine field is, within the ex-
perimental uncertainty, equal for Fe and Ni. Tak-
ing Bhf(AuFe) = —1145(17) kG and Bhr(Au%i)
= —264.4(3.9) kG, the noncontact hyperfine fields for
Au in Fe and Ni are deduced to be + 155(5) and + 38(6)
kG, respectively.

The, electric hyperfine splitting frequencies of '97Au,
'9 Au, and ' Au in Fe are listed in Table IV, together
with Mossbauer-effect data on ' Au in Cd and Zn, and
nuclear orientation data on ' Au and ' Au in Cd and
Zn. In order to faciliate the comparison, we added the
ratios R =vg /vg (

' Au) for Fe, and R cd z„, which
represent ratios of nuclear spectroscopic quadrupole mo-
ments, and which thus should be independent of the host
lattices and the type of measurement. It is obvious, how-

TABLE I. Magnetic hyperfine splitting frequencies for '9 Au in Fe and Ni extrapolated to 0 K.

System

'"AuI:e
AuI'e

'. AuFe
Au¹i

Concentration
(at. %)

1

0.1

0.01
0.1

Form

powder
foil
foll
foil

4.2
4.2
1.4
1.4

Main line
(MHz}

93.52'"
93.207(10)"
93.201(15)'
21.59(3)'

Full width at
half maximum

(MHz}

1.1
0.17
0.05'
0.16

'Reference 18; quadrupole splitting obscured by width of main line.
Correction from 4.2 to 0 K according to Ref. 19: 9 kHz.

'Correction from 1.4 to 0 K according to Ref. 19: 2 kHz.
dVery weak signal. Full width at half maximum is estimated from width of echo.
'No temperature correction applied.
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TABLE II. Experimental magnetic hyperfine splittings and

ratios of hyperfine splittings of Au isotopes in Fe and Ni.

Isotope

195mA

'"Au
197 A
198Au
198mAu
199Au

Average

'Reference 20.
This work.

'Reference 21.
Reference 14.

'Reference 22.
Reference 13.

VFe

(MHz)

980.38(11}'
93.207(10)b

949.2(6)'
259.48(3)d
425.5(3)'
166.69(4)

VNi

(MHz)

226.58(12)'
21.59(3)

219.72(4)'
60.06(5)'
98.40(1)'

VFe/VNi

4.327(3)
4.317(6)
4.320(3)
4.320(4)
4.324(3)

4.323(2)

ever, that the ratios from the "integral" Mossbauer-effect
and nuclear-orientation measurements are inconsistent
with the resonance data of the present work and of Ref.
13 and 14. This means that one of the two sets of data is
incorrect.

In the present NMR experiment the quadrupole in-
teraction frequency for ' AuFe was derived from reso-
nance spectra, where the quadrupole splitting was resolved
uniquely. The ratios of the integrated intensity of the
main line to the satellite lines are 1.7(5} and 1.4(4), which
are considered to be in agreement with the theoretical
value of 1.33. The subresonance structure is similar to the
structure of ' 'Ir and ' Ir in Fe and Ni, ' for which the
quadrupolar origin of the splitting was proven. 2

In the NMR-ON experiments on ' AuFe (Ref. 13) and
AuFe (Ref. 14), the quadrupole subresonanc'e structure

was also resolved. In addition, the quadrupolar origin of
the subresonance structure was proven for ' Aur'e. It
has been shown in Ref. 14 that the quadrupole subreso-
nance structure of the NMR-ON resonances is different
for 8=0' and 90', where 0 is the angle of observation of
the radiation with respect to the orientation axis, and that
the 0' and 90' structures depend strongly on the p-decay
matrix elements of ' Au. The p-decay matrix elements
derived from the measured resonance spectra were in good
agreement with data known experimentally from "conven-
tional" nuclear-orientation measurements, which were
considered as further independent proof of the quadrupo-
lar origin of the subresonance structure. Furthermore,
negative amplitudes were observed for the subresonance
transitions corresponding to the energetically highest sub-
levels for ' AuFe and '9sAuFe, which is further proof for
the quadrupolar origin of the subresonance structure,

which is discussed in detail in Refs. 13 and 14. In Ref. 2
it was shown that the quadrupole splitting of ' 'Ir and

Ir in Fe and Ni is not different for nuclei .in domain
walls and nuclei in domains. This is additionally support-
ed by Mossbauer-effect measurements on ' Ir (Refs. 3
and 4) and NMR-ON measurements on ' Ir and ' 4Ir

(Refs. 7 and 8}. Thus there is no simple explanation that
the resonance data on ' Au, ' Au, and ' Au could have
been misinterpreted.

The quadrupole interaction frequencies of ' Au and
Au in Cd and Zn originate from (simultaneous)

nuclear-orientation measurements at temperatures down
to -6 mK. For this purpose, ' Au and ' Au were
mass-separator-implanted into single crystals of Cd and
Zn. Keeping in mind that typical mass-

separator —implantation depths are -500 A, one can easi-

ly imagine that the surface quality of the single crystals
plays an essential role, if the absolute magnitudes of the
quadrupole splittings are to be determined. - Moreover, the
lattice location of the implanted impurity nuclei has to be
known. In principle, the lattice location can be investigat-
ed with channeling techniques, which, in addition to nu-

clear orientation, has been done only in a few cases up to
now. Depending on the type of impurity-host combina-
tion, it cannot be anticipated a priori that all implanted
nuclei are substituted onto regular lattice sites. The elec-
tric field gradient acting on impurity nuclei on substitu-
tional sites is, in general, completely different from the
EFG on interstitial sites, the latter depending, in addition,
on the type of interstitial site. Those effects should be
known for a correct interpretation of integral hyperfine-
interaction measurements on mass-separator-implanted
samples. Ratios of quadrupole splittings and thus ratios
of quadrupole moments are less affected by such effects,
if they are deduced from simultaneous measurements on
different isotopes, as the uncertainties in the lattice loca-
tion and the reduction of the hyperfine interaction due to
crystal imperfections cancel out in first approximation.

The Mossbauer-effect measurements on ' Au were per-
formed with sources of ' Hg and ' Hg prepared also by
mass-separator implantation. This means that all prob-
lems mentioned before also apply to these measurements.
There is, however, a decisive additional difference: Krien
et al. studied the implantation behavior of Hg and'Au
in Zn. They found that of Au atoms implanted into Zn, a
fraction greater than 85% occupied substitutional lattice
sites, in agreement with solubility predictions. For Hg,
however, a very low solid solubility in Zn is known.
Channeling data indicated nearly complete random site
occupation of Hg in Zn. No unique quadrupole interac-
tion was found with the time-dependent perturbed-
angular-correlation technique. For Hg in Cd no single-

TABLE III. Ratios of hyperfine splittings and g factors of Au isotopes. Ratios for Fe and Ni are
calculated with the data of Table II.

Isotopes

197Au 198AU

197Au 199Au
7

'Reference 24.

0.327 48(22)'
0.536 8(14}.'
1.639 2(44)'

(a1/aq ),

0.355 426 363(7)'
0.556 369 102(15)'
1.565 356 876(52)'

(a1/a2)F,

0.359 21(6)
0.559 16(15)
1.556 66(40)

«1/a2)N

0.35947(58)
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(Cd)
Vg

(MHz)

(Zn)
Vg

(MHz) Rcd, zRF,Isotope

TABLE IV. Electric hyperfine splitting frequencies of Au isotopes and ratios R =v~/v~(' Au).
(Fe)

Vg

(MHz)

'"Au
198Au

'"Au

'This work.
"Reference 25.
'Reference 14.
"Reference 26.
'Reference 13.

( —)1.50(5)'
—2.09(4)'
—1.52(2)'

1.0
1.39(5)
1.01(4)

+155(6)b
+ 130(4)
+ 107(3)

+200(30)"
+ 162(3)
+ 127(2)d

1.0
0.85(4)
0.68(3)

crystal implantation data exist; the implantation behavior
into polycrystalline foils ' does not allow unique con-
clusions to be drawn in this context. Perscheid and
Haas completely neglected the difference of the implan-
tation behavior of Au and Hg. Moreover, their
Mossbauer spectra are not resolved and the quadrupole in-
teraction was deduced from the line broadening and the
(small) shift of the effective resonance centers for the res-
onance absorption parallel and perpendicular to the c axis.
From the data given in Ref. 25 it is difficult to believe
that all necessary corrections, such as the finite absorber
thickness, angular dependence of the Lamb-Mossbauer
factor, etc. (which strongly affect the value of the de-
duced quadrupole splitting), have been determined with
sufficient accuracy. It should be noted that a small frac-
tion of implanted nuclei on interstitial lattice sites may in-
troduce a larger effect onto the deduced "substitutional"
EFG. For example, the EFG of Hg in Be is, for intersti-
tial sites, a factor of —13 larger than the EFG on substi-
tutional sites.

Thus we conclude that the ratios of quadrupole split-
tings and the quadrupole moments [Q(' Au)=0. 46(2) b
and Q(' Au)=0. 37(1) b] given by Perscheid and Haas
are incorrect.

Taking the quadrupole splittings in Fe given in Table
IV and the quadrupole moment of ' Au, Q =0.547(16)
b, ' we derive the quadrupole moments of ' Au and
'"Au

Q ('9sAu) =0.76(4) b, Q (' Au) =0.55(3)b .

The present experiment does not allow the derivation of
the sign of the EFG or, thus, the sign of the quadrupole
moments. The systematics of EFG's in noncubic met-
als ' suggests that the EFG's of impurities in Zn and
Cd are positive. From the NO measurements a positive
sign of the quadrupole moments of ' Au and ' Au is
thus inferred.

The local-moment-induced EFG of 79Au in Fe is de-
duced to be

eq(AuFe )= ( —)0.113(6)&& 10' V/cm

which is smaller by a factor of 2.3 than the corresponding
EFG of neighboring 77Ir, eq(lrFe) = —0.260(5) && 10'
V/cm [Ref. 7, recalculated with the quadrupole moment
Q(' Ir) =0.815(9) b (Ref. 9)]. The noncontact hyperfine
fields, which also originate from the unquenched orbital
momenta of the 5d electrons, for Au and Ir in Fe, are
+155(5) and +155(90) kG, respectively. There have
been several attempts to calculate these EFG's, but
the quantitative results have not been satisfactory. To our
knowledge, local-moment-induced EFG's have been ob-
served up to now only for Ir in Fe and Ni, ' Au in Fe and
Co in Co, ' Ni in Ni, Co in Fe, and Fe in Fe. As
small EFG's have also been observed in the pure systems
Fel'e, CoCo, and NiNi —pure systems having the advan-
tage of a small inhomogeneous linewidth —local-
moment-induced EFG's may exist in general. Our experi-
ments have shown that spin-echo measurements can be
performed on extremely diluted alloys, for which the in-
homogeneous linewidths can be reduced considerably by
appropriate sample preparation. Thus it should be possi-
ble to resolve the quadrupole splitting for other impurities
in.Fe and Ni as well.

Note added in proof. A distribution of hyperfine fields
consistent with Fig. 1, but without clearly resolved satel-
lite lines, has been observed in a 0.2-at. % Au sample by J.
I. Budnick and T. J. Burch (unpublished) (private com-
munication from Budnick).
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