PHYSICAL REVIEW B

VOLUME 29, NUMBER 3

1 FEBRUARY 1984

Measurement of the local-moment-induced electric-quadrupole splitting of dilute **Au
in iron by NMR on oriented nuclei

E. Hagn and E. Zech
Physik-Department, Technische Universitat Miinchen, D-8046 Garching, Federal Republic of Germany
(Received 15 July 1983)

The magnetic-dipole and electric-quadrupole hyperfine splitting frequencies vy = | gy Bys /b |
and vg =e?gQ /h of dilute ®Au (j"=2"; T,,=2.7 d) in iron were measured with nuclear magnet-
ic resonance on oriented nuclei as 259.48(3) MHz and —2.08(4) MHz, respectively. The quadru-
pole splitting disagrees in magnitude and sign with the published value measured with single-
passage NMR on oriented nuclei. Taking into account the known magnetic and electric hyperfine
splittings for !Au in Fe, the ratio of nuclear quadrupole moments is deduced to be
Q(1Au)/Q('®Au)=1.37(3). The experimental hyperfine anomalies between *’Au, *®Au, and
199 Ay in Fe are discussed in the context of noncontact hyperfine fields.

I. INTRODUCTION

For high-Z impurities, such as iridium and gold, in cu-
bic ferromagnetic iron and nickel a small electric-
quadrupole interaction exists in addition to a large
magnetic-dipole interaction. This effect was first recog-
nized by Aiga and Itoh,? who observed a splitting of the
NMR of 'Ir and '*Ir (both isotopes have spin <) in
Fe and Ni into three subresonances separated equidistant-
ly, the electric field gradient (EFG) resulting from an un-
quenched orbital momentum of the 5d electrons at the im-
purity site.>* This effect can be utilized to measure the
quadrupole splittings of different isotopes in the same en-
vironment, from which ratios of nuclear spectroscopic
quadrupole moments can be derived. In addition, this in-
duced EFG is an interesting quantity by itself; as it results
from an unquenched orbital momentum, it should be ac-
companied by the existence of an orbital magnetic hyper-
fine field, i.e., a noncontact field, the magnitude of which
can be deduced from the ratio of the hyperfine anomaly in
the respective matrix to that in a matrix for which only a
contact hyperfine interaction exists.

For stable isotopes such measurements can be per-
formed with conventional NMR, while for radioactive nu-
clei the NMR-ON method (nuclear magnetic resonance on
oriented nuclei detected via the anisotropy of radiation®)
can be applied. In the general case of isotopes with spin j,
2j subresonances are expected, which are separated
equidistantly. This subresonance structure can be resolved
easily only if the resonance linewidth I', which in fer-
romagnets is always dominated by inhomogeneous
broadening, is smaller than (or at least comparable to) the
subresonance separation Avg, which is given by
3vg/2j(2j —1), where vp=e’qQ /h is the quadrupole in-
teraction frequency. This means that it is more difficult
to resolve the quadrupole resonance structure for isotopes
with higher spins. For radioactive isotopes, the quadru-
pole splitting has been well resolved in only a few cases up
to now.5~?

For "®AuFe Callaghan et al.'® reported a measurement
of the quadrupole splitting with the technique of “single-
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passage” NMR on oriented nuclei. With this technique,
which is outlined in detail in Ref. 11, it should in princi-
ple be possible to determine a quadrupole splitting that is
small in comparison to the resonance linewidth. As the
interpretation of resonance spectra measured with this
technique requires the knowledge of parameters which
cannot be determined experimentally, and for which
“reasonable” assumptions must be made, all quadrupole
splittings determined with this method must be viewed
suspiciously.

Recently, the quadrupole splitting of !’AuFe was
resolved,’ the result, vop=—1.52(2) MHz, being smaller
in magnitude and of opposite sign than the respective
single-passage result of Callaghan et al.!> From a series
of measurements on *®AuFe, for which the subresonance
structure had not yet been resolved completely, there was
a strong suspicion that the single-passage results of Cal-
laghan ez al.' for 1" AuFe could be incorrect, too.

From systematic investigations of Ir in Fe and Ni (Ref.
7) it had been found experimentally that the linewidths
obtainable can be reduced considerably by preparing ex-
tremely dilute samples using highly pure host materials
and by using a special heat treatment after the irradia-
tions. Taking into account these experimental facts,
NMR-ON measurements were performed on a dilute
198 A uFe sample containing only 0.01 at. % Au, for which
the quadrupole subresonance structure could be resolved.
These measurements are described in this paper.

II. NMR IN THE PRESENCE OF A SMALL
ELECTRIC-QUADRUPOLE SPLITTING

The angular distribution of y rays emitted in the decay
of oriented nuclei is most conveniently written as'

W(6)=1+ 2 Ay By Pr(cos0)Qy, . (1)
k=2,4

Here the parameters 4, contain all information on the nu-

clear decay cascade. They are calculated as products of

the usual angular correlation coefficients Uy and Fy,

which are tabulated, e.g., in Ref. 14. The Pi(cosf) are

Legendre polynomials, 6 being the angle between the

1148 ©1984 The American Physical Society



29 MEASUREMENT OF THE LOCAL-MOMENT-INDUCED ELECTRIC- . . .

T=15mK v, =260 MHz

m
*29 s T
\ \ '
14 < -~
\ \ \
0 - — "‘I""\
\\\ ‘\ 2N
-1 _;\\ e _L.‘\\
S~ \j,,l Y ~o
-2 - ~ ~
B,=+0.402  ABY=-0.379 ABY=-0.216
B,=+0.016  AB'=-0.120  AB.'=+0.133

FIG. 1. Sublevel population probabilities for a nuclear state
with j=2 for v);=260 MHz and T=15 mK. Left: Undis-
turbed Boltzmann distribution. Middle: With a rf field v,.
Here the population difference of the lowest two sublevels is re-
moved. The population probabilities of the other sublevels,
which are not directly affected by the rf, are also changed. They
follow a “new” Boltzmann distribution with the constraint that
the lowest two levels are equally populated. The dotted curve
indicates the “old” Boltzmann distribution. The change of the
B, coefficients, AB,, is given below. Right: Same as middle,
but with rf v,. Note that the change of B, has opposite sign
than for v,.

quantization axis, here the direction of the magnetic field,
and the direction of observation. The Q) are solid-angle
correction coefficients, which normally are near unity.
The orientation parameters By, are connected with the sub-
level population probability a,, by

B =2j + D23 (—1Y~"(jmj—m |kO)a,, . (2)

For thermal equilibrium, the a,, are given by a Boltzmann
distribution. The sublevel energies for a combined
magnetic-dipole plus electric-quadrupole interaction are
given by

E,, = —guy[Bns+(1+K)Bylm

_e’q0 2 s
+4j(2j—1)[3m jG+1D]. (3)

Here g is the nuclear g factor, By is the magnetic hyper-
fine field, B, is an external magnetic field, which is nor-
mally necessary to orient the ferromagnetic domains, K is
the parameter describing Knight shift and diamagnetic
shielding, eq is the EFG, Q is the nuclear spectroscopic
quadrupole moment, and j is the nuclear spin. There ex-
ists a set of 2j NMR frequencies for which a pair of
neighboring sublevels can be affected. The resonance fre-
quency for transitions between state [m ) and |m +1) is
given by

Vim—m +1=Vy +Avg(m +5)+b(1+K)B, , @)
vu=|guNnBy/h | ,
vo=e’qQ/h ,
Avp=3vo/2j(2j —1)
b= |guy/h |sgn(By) .

1149

Here vy, is the “magnetic frequency,” i.e., the frequency
that would be observed in the absence of the quadrupole
interaction, vg is the “quadrupole frequency,” and Avy is
the quadrupole subresonance separation. Let us denote
the subresonance that corresponds to sublevel transitions
between the energetically lowest substates as v; resonance,
the next as v, resonance, etc. (In the extreme low-
temperature limit 7=0, only the v, resonance will be ob-
servable.)

The response of the nuclear spin system depends on the
nuclear spin-lattice relaxation time, too. The two limiiing
cases, the slow-relaxation limit (SRL) and fast-relaxation
limit (FRL), are discussed in detail in Ref. 7. For the
present case the FRL is applicable, as will be shown in the
following. For j=2, the left-hand part of Fig. 1 illustrates
the population probabilities of the different m substates
according to a Boltzmann distribution at a temperature
T=15 mK. (Here v3; =260 MHz has been taken for the
calculations.) If now sublevel transitions are induced be-
tween the two lowest sublevels by a radio frequency v, the
population difference between these sublevels is removed.
This is illustrated in the middle part of Fig. 1. The popu-
lation probabilities of the other sublevels, which are not
directly affected by the rf, are changed, too: They follow
a “new” Boltzmann distribution, with the constraint that
the population probabilities of the two lowest sublevels be
equal. This limit is valid if the measurement time at a
fixed frequency is long in comparison to the spin-lattice
relaxation time, i.e., the time needed for the spin system to
reach the new thermal equilibrium. The right-hand part
of Fig. 1 shows the situation if a radio frequency v, is ap-
plied. The rf-induced change of the By coefficients, AB;,
is also given in Fig. 1. It is obvious that AB, and AB, are
quite different for the different quadrupole subresonances.
Let us denote the change of the B, coefficients as AB}" if
the subresonance transition frequency v; is applied. The
resonance effect for the quadrupole subresonance i is then
given by

A0 =AW'0)=A4,ABSP,(cos)
+A4ABYP,(cosh) . (5)

This has two consequences entirely different from “con-
ventional” NMR: (1) the quadrupole subresonance spec-
trum depends on the nuclear decay properties via the Ayg
coefficients, and (2) the quadrupole subresonance spec-
trum depends on the direction of observation.

These features can be seen from model calculations on
%Au in Fe. A simplified decay scheme of !%8Au is illus-
trated in Fig. 2. The 4; coefficients for the 412-keV tran-
sition are given by the product F(2+—0%, L=2) times
Ur(2™—2%, Lg=0,1,2). While the F; are fixed uniquely
by AL =2 of the E2 y transition, the B-decay multipolari-
ty Lg cannot be predicted unambiguously. Therefore the
model calculations are performed for the limits Lg=0
and 1 and for the “realistic” case of a mixed L g=0,1p8
transition, the tensor rank mixing ratio

_ {liLg=0l])
T IL=11D)
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FIG. 2. Simplified decay scheme of *®Au. The 2=—2% -
decay tensor rank mixing ratio will be an important parameter
for the quadrupole subresonance structure observable.

being given by the experimental value 1.24(5). The mag-
netic and electric hyperfine splittings and the temperature
were assumed to be 260 MHz, —2.0 MHz, and 15 mK,
respectively. The left-hand side of Fig. 3 shows the limit-
ing case Lg=0. The largest resonance amplitudes appear
for the v, resonance at 6=0" and for the v, resonance at
6=90°. In the extreme low-temperature limit 7=0 only
the v, resonance would be observable, which behaves “nor-
mally” for 6=0°, i.e., the ¥ anisotropy is reduced by the rf
field. At 6=90°, however, no resonance signal will be
detectable for T=0. This is due to the general fact that
the lowest quadrupole subresonance cannot be detected at
6=90° if the nuclear decay cascade is stretched. The
right-hand side of Fig. 3 shows the limiting case Lg=1
for T=15 mK. Here the situation is reversed: The larg-
est resonance signals appear for the v, resonance at 6=0°
and for the v; resonance at 6=90". For the limiting case
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T=0 the v, resonance amplitude is negative for 6 =0°; this
means that the y anisotropy is enhanced, which is a conse-
quence of the fact that, depending on the special values of
the Ay coefficients, the maximum ¥ anisotropy is not
necessarily connected with the maximum alignment. The
middle part of Fig. 3 shows the expected resonance struc-
ture for the mixed B transition at 7T=15 mK. Two
features deserve to be mentioned: (1) At 6=0° the ampli-
tude of the v, resonance is negative. (The detection of
negative amplitudes is a sensitive test, as these can in gen-
eral not be produced by spurious effects.) (2) At 6=90°
the amplitudes of the v; and v, resonances are expected to
be comparable in magnitude. (It is easier to resolve a reso-
nance structure if the resonance amplitudes are similar.)
These features will be used to derive the magnitude and
sign of the quadrupole splitting of **AuFe.

III. EXPERIMENTAL DETAILS

The *®AuFe samples 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.%. As the quadrupole splitting
could not be resolved because the inhomogeneous
linewidths obtained were too large, the alloys were diluted
with pure iron in a further melting step. The final con-
centration was 0.01 at. % !’Au. After coldrolling to a
thickness of 1.5 um, foils with an area of 6 x4 mm? were
irradiated for 4 days at the reactor in Jilich in a neutron
flux of 1X 10" n/scm? After irradiation the foils were
annealed for 3 h at ~650°C in vacuum (<107° Torr).
After slowly cooling down to room temperature within 5
h, four foils were soldered with Galn to the Cu coldfinger
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FIG. 3. Model calculations for the expected quadrupole subresonance structure for v, =260 MHz and T=15 mK as a function of
the tensor rank of the B decay to the 412-keV level according to Eq. (5). The quadrupole subresonance separation and the linewidth
were assumed to be —0.52 and 0.45 MHz, respectively. Left: Pure Lg=0 transition. Right: Pure Lg=1 transition. Middle: Mixed
transition with a (L =0)/(L =1) tensor rank mixing ratio Ag of 1.2. It is obvious that this tensor rank mixing ratio can be deter-
mined from the measured relative amplitudes of the different quadrupole subresonances which can be used for a reliability check of

the measurement.
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FIG. 4. NMR-ON resonance spectra of '*®AuFe measured at
6=0" (top) and 6=90° (bottom) in an external magnetic field
By=1.06(1) kG. The solid curves represent the results of least-
squares fits assuming four Gaussian lines separated equidistant-
ly with constant linewidths but free amplitude parameters. The
resonance linewidths are 0.47(2) and 0.54(5) MHz, respectively.

of a demagnetization cryostat’ and cooled to a tempera-
ture of ~10 mK. The y rays were detected with two
~80 cm® coaxial Ge(Li) detectors, which were placed at
6=0° and 90° with respect to the direction of an external
magnetic field, which is necessary to orient the ferromag-
netic domains of the ' AuFe foils. The rf field was sup-
plied by a mechanically tunable rf generator (Marconi TF
2006). The rf field was frequency modulated twice, 1 kHz
with a bandwidth of +50 kHz, and simultaneously 0.5 Hz
with a bandwidth of +1 kHz. (The 0.5-Hz frequency
modulation is necessary to refine the spectrum of the
discrete Fourier frequencies produced by the 1-kHz fre-
quency modulation. In connection with the use of a high-
ly stable rf generator, the resonance amplitudes obtainable
can then be improved considerably.) The rf center fre-
quency was varied in 50-kHz steps in a frequency range of
+3 MHz around the resonance region at ~260 MHz.
Resonance spectra were measured with both increasing
and decreasing center frequency. For each frequency, y-
ray spectra were accumulated for 100 s, which is long in
comparison to the spin-lattice relaxation time, known to
be of the order of several seconds. In this way it has been
established that the FRL is fulfilled to good approxima-
tion and that time-dependent shifts of the resonance struc-
ture in “sweep” direction need not be taken into account.
The y-ray intensities of the 412-keV transition of '**Au
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and of the 158-keV transition of !°°Au, which appeared as
a contaminant activity and which could be used for an in-
dependent thermometry, were determined on line by
least-squares fitting routines. As a theoretical description
of the y-ray line shape the mathematical form of the type
suggested by Dojo!® was used. This function is a modified
Gaussian, which—in addition to a variable centroid,
width, and amplitude—has two additional parameters, the
transition point at which the Gaussian becomes a decay-
ing exponential, and the amplitude of an error function
which has the same centroid and width as the Gaussian.
At the beginning of the experiment the count rate was
2x10° counts per second for the 412-keV y rays. All
measurements were performed during the warmup of the
cryostat from 10 to ~20 mK. In the course of the experi-
ment during 6 days, four demagnetization steps were per-
formed, and a total of ~4500 y-ray spectra were analyzed
for three different values of the external magnetic field.

IV. RESULTS

Figure 4 shows two NMR-ON spectra of the 412-keV y
transition measured at 6=0° (top) and 90° (bottom) in an
external magnetic field B,=1.06(1) kG. Six single spectra
have been added, which were measured consecutively with
alternating “sweep” directions. The solid line represents
the result of a least-squares fit. The theoretical curve con-
sists of four Gaussian lines separated equidistantly with
constant linewidth, but free amplitude parameters. The
following features are evident: (1) For §=0° there exists
one subresonance (v,) with negative relative amplitude at
a frequency below the “main” resonance (v;). This is a
unique proof that the sign of the quadrupole splitting is
negative. (2) For 6=90° the resonance spectrum is dom-
inated by two subresonances with similar amplitudes.
This, together with the model calculations presented in
Sec. II, proves that the origin of the observed resonance
structure is the quadrupolar splitting of the m substates.

In Sec. II it has been shown that the theoretical subreso-
nance amplitudes strongly depend on the tensor rank mix-
ing ratio Ag of the 8 decay. We can now compare our ex-
perimental subresonance amplitudes with those calculated
as a function of Ag. The result is shown in Fig. 5. The
dashed and dashed-dotted lines represent calculations ac-
cording to Eq. (5) for 10 and 20 mK, respectively. The
shaded areas represent the average experimental values
plus or minus one standard deviation. Thus, Apg=1.2(2)
can be deduced from our experiment, in good agreement
with Ag=1.24(5), which has been deduced by Pratt et al.
from the absolute values of the y anisotropy of ' AuFe as
a function of temperature.”” (The 1+1% Lg=2 admix-
ture in the B decay reported by Pratt et al.'> does not in-
fluence the analysis of our data and has thus been neglect-
ed.)

Further NMR-ON measurements were performed for
the external magnetic fields B;=2.12(2) and 4.25(4) kG.
For By=1.06(1) kG six NMR-ON spectra were measured
with increased rf power. All measurements yielded con-
sistent results. The quadrupole subresonance separations
of all measurements are shown in Fig. 6. From the aver-
age value, Avg = —519(8) kHz, the quadrupole frequency



1152
T T T T
1.2 W ]
— '\‘ i
L 1oF AN B
o - . \ i
" \
o 0.8 ‘\\\ ]
Sl osf LN i
< << . \ \\ -1
B ~ .
0.4 \'\,\\ S i
- >0 7 '&‘/~’~/ 7 _
0.2f % 22222 4'—&-—..—.:@- Z
Z [ ~
o - I |
o
o 02 aemm=mm=m = |
— B LR E T T P TP T I ) T T VT VTS
ml — 0'0 - Pt d ]
4
-0.2f ]
K e
e ook
GI)] 00 | =z :_-:/__:_/_ _/_/Z _/_/-_/ 77777 : :_/—_:'::-: :
S~ -0.2f i
<
[ . 1
o 12f l ]
S o8l BZZZZZZZZZ7 7 R B, 72T, ]
1o 8F ’_—-‘—____.._ n
- - ’,-"’ ~
<‘{‘ < 0.4 ’,f:,’—-‘ i
0.0} .
1 1 | L
0.5 1.0 1.5 2.0

FIG. 5. Relative subresonance amplitudes A,/A;, A3/A;,
and Ay/A, for 6=0° and A,/A, for 6=90° as function of the
(L =0)/(L =1) tensor rank mixing ratio A} of the B decay to
the 412-keV level. The dashed and dashed-dotted lines represent
theoretical values calculated for 10 and 20 mK, respectively. As
the temperature has not been recorded precisely during the ex-
periment, all values between these two limits have to be admit-
ted. The dashed areas represent the average experimental
values. The “allowed” regions of A are marked with arrows.
Our data suggest a tensor rank mixing ratio Afg: 1.5(4), which is
in good agreement with the respective value 1.54(10) known
from the literature.

(in MHz) is found to be
vo(1P®AuFe)=—2.08(4) .

The dependence of the v; resonance on the external
magnetic field is shown in Fig. 7. Assuming a linear

198
~sool. AuFe| ]
~N -5501 [ T
= ¢
< | a7
2 500} ' .
-450} AV, =-519(8) kHz

FIG. 6. Experimental quadrupole subresonance separations
for " AuFe.
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FIG. 7. Shift of the v, resonance with the external magnetic
field B,.

dependence on B, the least-squares fit (solid curve in Fig.
7) yields

v,(By=0)=260.29(1) ,
dv,/dBy=—0.24(1) .

in units of MHz and MHz/kG, respectively. For the
magnetic hyperfine splitting frequency v,; we obtain (in
MHz)

var (1P AuFe)=259.48(3) .

V. DISCUSSION

The magnetic-dipole and electric-quadrupole hyperfine
splittings of °’Au, 1®Au, and '*’Au in Fe are compiled in
Table I. Our data are in striking disagreement in magni-
tude and sign with the results of Callaghan et al.,'® who
reported vp= 4 1.68(8) MHz from “single-passage”
NMR-ON experiments. There are two strong arguments
that the positive sign must be wrong: (1) The present data
can be explained only with a negative vy; the good agree-
ment of the B-decay tensor rank mixing ratio, deduced
from the relative subresonance amplitudes, with the litera-
ture value!® supports the assumption that the present data
have been interpreted correctly. (2) From (simultaneous)
nuclear orientation measurements on *®Au and '"’Au in

TABLE 1. Magnetic-dipole and electric-quadrupole hyperfine
splitting frequencies of Au isotopes in Fe.

M Yo
System (MHz) (MHz) Method Reference
197 AuFe 93.53(2)2 NMR 19,20
8AuFe  259.48(3) —2.08(4) NMR-ON This work
199 AuFe 166.69(4) —1.52(2) NMR-ON 9

*Quadrupole splitting not resolved; resonance “center” should,
in principle, coincide with the magnetic hyperfine splitting (see
text).
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TABLE II. Ratios of hyperfine splittings and g factors of Au
isotopes.
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TABLE III. Possibilities for the adjustment of one magnetic
hyperfine frequency.

Isotopes g1/82 (ay/a3). (a;/az)g. v (P7Au) var(1%8Aun) v (1°Au) R x?
97A0,%%Au  0.32748(22)* 0.355426363(7)*  0.36045(9)° 93.53(2) 259.48(3) 166.69(4) 1.176(4) 4.9
97A0,'%Au  0.5368(14)*  0.556369102(15)* 0.56110(18)°  93.14(11) 1.125(15) 0.6
98A0,%Au  1.6392(44)*  1.565356876(52)* 1.55666(40)° 258.1(6) 1.25(3) 0.8

167.08(12) 1.178(4) 0.7

aReference 18.
bCalculated with data of Table I.

Zn and Cd matrices, Herzog et al.!” reported Q(!*®Au)/
Q(Au)= + 1.26(3). Although the absolute magnitude
of this ratio may be questionable, there is no doubt that
the sign is correct. (With “pure” electric-quadrupole nu-
clear orientation the sign of the quadrupole splitting is im-
mediately found from the direction of the y anisotropy.)
As the sign for " AuFe is negative—the data given in
Ref. 9 prove this unambiguously—the sign of vg( 98 Au) is
expected to be negative, too.

With the quadrupole splittings listed in Table I the ratio
of quadrupole moments of *Au and "’Au can now be
deduced to be

Q(198Au)/Q(199Au)=+1.37(3) ’

which is larger than 1.26(3) quoted by Herzog et a

The magnetic splittings listed in Table I can be used to
derive the hyperfine anomalies between these isotopes in
Fe and the noncontact contribution to the hyperfine field
in Fe, as the corresponding hyperfine anomalies in an en-
vironment with a pure contact interaction are known ex-
perimentally.!®

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

I 17

Sy, (6)
a &

where a,, are the magnetic-hyperfine splitting frequen-
cies and g, 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 orbi-
tal parts of the nuclear magnetic moments “see” different
“effective” hyperfine fields. The total effective hyperfine
field thus depends strongly on the particular nuclear wave
function. In Table II we have listed the experimental ra-
tios of hyperfine splittings and g factors. The contact hy-
perfine anomalies are °’Al*®=0.0853(8), 7Al”
=0.037(2), and %A= —-0.045(3).'® It is obvious that
the ratio 'A%./!A2 represents the fractional contribution
of the contact field to the hyperfine field in Fe. This ra-
tio, which is given by

a,
as
IR2= | 2P (102 | @
a Ac
as ¢

should be independent of the pair 1 and 2 used for the cal-
culation. The results for Y7R1%8, YTR19 and 198R 199 gpe
1.180(4), 1.238(16), and 1.118(10), respectively, which are
inconsistent. This means that (at least) one of the magnet-
ic hyperfine frequencies used for this calculation must be
incorrect. (The data of Ref. 18 will not be doubted at
present.)

Let us now discuss three possibilities, assuming that just
one frequency is wrong. We can then calculate this fre-
quency with the constraint of a minimum quadratic devia-
tion of the R values from an average R. The result is
shown in Table ITI. From the X? alone no conclusions can
be drawn; however, other considerations make only one of
the possibilities in Table III acceptable. (1) The assump-
tion of vy (! AuFe)=258.1(6) MHz is inconsistent with
the experimental data of this work. Thus the possibility
that v, ('°®AuFe) is responsible for the inconsistent R
values can be excluded. (2) The assumption of
vy (" AuFe)=167.08(12) MHz is inconsistent with the
data of Ref. 9 and furthermore with an NMR-ON mea-
surement on 'AuFe using the weak activity present in
the sample of this work. Although the subresonance
structure could not be resolved because of the small count
rate, the v; resonance, which yields the largest contribu-
tion to the NMR-ON signal, was determined to be
167.22(5) MHz for By=1.06(1) kG, in good agreement
with 167.307(5) MHz of Ref. 9. This shows that the inac-
tive impurities—0.01 at. % Au in the present case and 0.3
at. % 1%%Pt in the experiment of Ref. 9—do not influence
the hyperfine field in this range of concentrations. Thus
the possibility that v,,(!*AuFe) is responsible for the in-
consistent R values can also be excluded. (3) The only
remaining possibility is that v, (!*’AuFe) is incorrect.
Webber and Riedi!® reported 93.53 MHz with an estimat-
ed error of 0.02 MHz.”® This frequency is in good agree-
ment with 93.6 MHz of Kontani and Itoh,?! recalculated
from the quoted hyperfine field. From systematic investi-
gations of the hyperfine splittings of 'Au™ (Ref. 22),
197Au™, and 1 Au™ (Ref. 23) in Fe and Ni, the ratio of the
effective (magnetic) hyperfine splittings in these samples
with low-impurity concentrations was found to show no
significant deviation from the average value 4.324(2).
However, the corresponding ratio for !%’Au, 4.354, differs
significantly from the average. As the NMR results for
97Au were derived from measurements on samples with
the relatively high impurity concentration of ~1 at. %, it
was argued that the effective hyperfine field of Au in Fe
may depend on the impurity concentration. Taking the
hyperfine splitting frequency of ’AuNi of Ref. 21, 21.5
MHz (recalculated from the quoted hyperfine field), and
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the ratio 4.324(2), the '’ AuFe resonance frequency would
be expected at 93.0 MHz. As can be seen from Table III,
with this frequency the discrepancy of the R values would
be removed, too. Thus we conclude that it is most prob-
able that the hyperfine splitting of °’AuFe derived from
the NMR measurements does not represent the dilute-
alloy value. On the other hand, there could be a funda-
mental difference between NMR and NMR-ON, yielding
to different results of the hyperfine splittings deduced.
Thus, NMR measurements on more dilute ’Au in Fe
would be desirable. With more dilute alloys it should then
also be possible to resolve the quadrupole splitting. As the
spectroscopic quadrupole moment of *’Au is known with
high precision from muonic x-ray spectroscopy,** it would
immediately be possible to derive the EFG, which could
then be used to derive absolute values for the spectroscop-
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ic quadrupole moments of *® Au and *°Au.

Taking into account the most probable value
R=1.125(15) and the hyperfine field of AuFe, corrected
for the hyperfine anomaly, Bys= —1145(17) kG, the non-
contact contribution to the hyperfine field is deduced to be
140(20) kG. No further conclusion should be drawn, be-
fore the 7 AuFe discrepancy is removed experimentally.
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