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Nuclear Zeeman ESect in Gold Atoms Dissolved in Iron, Cobalt, and Nickel*
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The nuclear Zeeman eGect has been observed in Au'9~ nuclei dissolved in ferromagnetic hosts, using the
Mossbauer effect. The magnetic moment of the 77-keV isomeric state of Au" was measured as p, =+0.37 (4)
nm. The hyperfine magnetic Gelds at Au nuclei dissolved in iron, hexagonal cobalt, cubic cobalt, and nickel
were found to be —1420 (180), —980 (120), —990 (120),and —340 (60) kG, respectively, by comparison
with external magnetic 6elds up to 86 kG. Experiments in low external 6elds gave an unexpected result
which is interpreted in terms of magnetostriction in the ferromagnetic sources.

I. INTRODUCTION able at present no quantitative theoretical estimates of
these fields.

A thorough understanding of the interactions which
induce fields at the nuclei of nominally diamagnetic
atoms could provide a valuable link in a theoretical
explanation of ferromagnetism. Some but not all of the
mechanisms responsible for ferromagnetism are present
here and it is useful to study these mechanisms sepa-
rately. In particular, it should be possible to study the
exchange forces between unpaired electrons on magnetic
atoms and conduction electrons from the diamagnetic
atoms.

Until now the theoretical work in this area has been
quite qualitative and the experimental work has at-
tempted mainly to establish the mechanism by which
induced magnetic fields are created. A useful experi-
mental approach is to determine the magnitudes and
signs of the induced 6elds at nuclei of diamagnetic im-

purities in very dilute solutions in iron, cobalt, and
nickel lattices. A complete set of 6elds has been meas-
ured for tin impurity atoms. "We report herein a com-

plete set of measurements on gold impurity atoms.
Several of our results have been obtained previously

by different methods. In most cases, as is seen, the agree-
ment between the previous measurements and ours is

quite satisfactory. Our measurements are based on direct
comparison of the internal magnetic fields with external
fields and require in principle somewhat less interpreta-
tion than do the other less direct experiments. Still
some assumptions are necessary, as indicated later. We
feel that it is valuable when reporting internal field
measurements to state clearly the assumptions involved
in deriving the results from the data. Inasmuch as this
has not always been done in the past, we have devoted
the next section to discussion of the various experimental
methods which have been used in determining internal
fields in ferromagnetic metals.

S INCE the discovery in 1958 by Samoilov et al.' that
large magnetic fields are induced at the nuclei of

diamagnetic metal atoms dissolved in ferromagnets,
these fields have been the subjects of several experi-
mental studies. ' "The hyperhne 6elds are believed to
arise from a contact interaction of the impurity nucleus
with conduction s electrons unpaired via an exchange-
polarization mechanism with neighboring magnetic
atoms. Other mechanisms are possible; there are avail-
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II. THE VARIOUS EXPERIMENTAL METHODS

z. We discuss, but do not describe, each method
separately. In light of the present poor theoretical
understanding and the scarcity of data on induced fields

it would be meaningless to classify the methods in order
of merit. Our purpose is rather to point out the assump-
tions implicit in each method.
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A. Magnetic Resonance

This is by far the most accurate technique. It has
had limited application, especially in studying induced
6elds, and the extent of its applicability here may not
be great in the near future. The resonant atoms are those
in the domain walls, and the signal is thus extinguished
in large applied fields. As in all magnetic resonance
experiments, one detects only those atoms which meet
the resonance conditions, and one is not assured that
he is observing a fair sampling of the entire specimen,
(i.e., there may also be nonresonant sites). In addition,
the location of the resonant atoms in the domain walls

introduces some small doubt in the Gdelity with which
the transition frequency reQects the internal Geld in an
atom within a domain. In practice these two disad-

vantages do not seem to be very serious.

B. Recoil-Free Resonance

This method (the Mossbauer effect) is, like NMR,
essentially spectroscopic in nature. Unlike NMR it
measures directly the hyper6ne structure of nuclei
within domains, and it can be used in the presence of
large applied magnetic 6elds. Applicability is limited of
course to those nuclei showing the Mossbauer effect
and possessing well-resolved hyperfine structure. Present
techniques provide an accuracy of about 1% at best,
although higher precision is attainable.

C. Nuclear Polarization

By measuring the variation with temperature of the
angular distribution of P or y radiation from oriented
nuclei one can determine the mean strength of magnetic
interactions causing the orientation. It is not feasible
in most cases to determine the distributions around the
mean; thus, unlike the two spectroscopic methods,
nuclear polarization does not allow one to decide whether
there are several lattice positions with different internal
fields, or only one. In addition this method is much less
sensitive than the spectroscopic methods to the presence
of other interactions (such as quadrupole splitting), and
the presently attainable accuracy is approximately 10%.
Internal Gelds are obtained from nuclear polarization
data rather indirectly. In practice the assumptions which
must be made regarding reorientation and perturbation
in the intermediate nuclear state are usually borne out.
The wide applicability of this method is a distinct ad-
vantage and the accuracy with which it yieMs internal
6elds is completely satisfactory in view of the present
state of the theory.

All three of the above techniques can be used to
determine the signs of internal 6elds.

D. Heat Capacity Measurements

While it yields the least information about the details
of the nuclear spin Hamiltonian and cannot be used to
determine the sign of the internal magnetic field, the

method of heat capacity measurements at low tempera-
tures has two distinct advantages: (1) it is generally
applicable except to extremely dilute alloys, and (2) for
a given internal held it provides observable results at
higher temperatures than does nuclear polarization. Like
nuclear polarization this method measures only the
mean internal field and not the internal Geld distri-
bution.

III. OTHER VfORK

The 6rst measurements on internal 6elds at the nuclei
of gold atoms dissolved in iron were reported by
Samoilov et u/. ,

' who discovered the effect in nuclear
polarization experiments on Au"'. They reported a
hyper6ne Geld in excess of 1.0&(10' G. Kogan eI, ul."
deduced a field in excess of 2.0&(10' G from similar
experiments on Au"'. The uncertainty in the reported
magnitudes, and presumably the discrepancy, arises
from the lack of a reliable thermometer in these early
experiments, which utilized contact cooling to 0.03'K.
Stone and Turrell have recently repeated the Au"' ex-
periments in an iron sample in which Co" nuclei were
simultaneously polarized, thereby acting as a thermom-
eter. They obtained an internal field of 1.6+0.2&(10' G
for Au in Fe.

Mossbauer absorption experiments on Au"~ in Fe,
Co, and Ni were reported by Roberts and Thomson' '
and by Shirley, Kaplan, and Axel. The excited-state
nuclear magnetic moment, which produced most of the
splitting, was unknown, and it was not possible to
deduce an internal 6eld from the early experiments.
The latter workers noted that an internal field of
0.28X10' 6 would be compatible with a magnetic
moment of 1.6 nm, which is the value of the magnetic
moments of several neighboring odd thallium isotopes.
As discussed in Sec. IV the moment of the excited state
of Au"~ is much less than this, and the internal Geld is
much greater.

More recently, Roberts and Thomson" have carried
out higher:resolution Mossbauer experiments in which
they observed unresolved structure in the absorption
lines. By Gtting the data to a Hamiltonian containing
an axially symmetric quadrupole interaction with sym-
metry axis parallel to the direction of magnetization,
they derived an excited-state magnetic moment of
+0.38+0.08 nm and internal magnetic 6elds of rnagni-
tudes 1460+160 kG (Au in Fe), 1180&120kG (Au in
Co), and 420&120 kG (Au in Ni).

Samoilov et al. ' have measured P asymmetry from
polarized Au"' in Fe and Ni. Invoking the measured
value of —1.0+0.7 for the beta-decay matrix-element
function X/p, they deduced a negative sign for the in-
ternal 6elds at Au nuclei in both Fe and Ni. In addition
they found a ratio of 5.6:1 for the magnitudes of these
internal Gelds with the most probable values being
—1.0X10' 6 and —0.18X10' 6, respectively.

"L. D. Roberts and J.O. Thomson, Phys. Rev. 129, 664 (1963).
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Tmr, E I. Hyperfine fields at Au nuclei in kG.'

Impurity
atom Fe

Hosts
Co Ni Reference

Au+& -1420 (180)

Au»7
Au198
Au19s
AulSQ

1460 (160)
-1000

1600 (200)
&2000

hex. —980 (120)
cubic -990 (120)

1180 (120)

-340 (60)

420 (120)—180
~ ~ ~

This work

18
4

12
14

The signs of the hyperfine fields were not determined except where
noted,

All of these results, along with those reported herein,
are given in Table I.
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IV. THE HIGH-FIELD MOSSBAUER EXPERIMENTS

In view of the somewhat indirect nature of the above
measurements and the assumptions involved in deduc-
ing internal Gelds from the data, a direct comparison
of the internal Gelds with externally applied magnetic
Gelds was highly desirable. Thus a series of experiments
was performed in which the Mossbauer spectra of the
77-keU 7 ray of Au'" in Fe, Co (cubic and hexagonal),
and Ni where observed in applied magnetic Gelds be-
tween 0 and 86 kG. The experiments were all performed
at 4.2'K using very dilute solutions of Pt'" in the ferro-

magnetic host lattices as the sources and an absorber of
5—10 mil metallic gold. A "tilted-wheel" spectrom-
eter" was used for the high-Geld measurements; it
was compared and intercalibrated with an "automatic"
spectrometer. '0

The sources were prepared by alloying &1 at. /o of
Pt (containing Pt"r) with the host metal at 1600'C in
an argon atmosphere for 3 h and then quickly quench-
ing them in water. The hexagonal Co source was pre-
pared by cold-working the alloy at room temperature;
an x-ray analysis of this source showed 95+5/~ hex-
agonal Co."The cubic Co source was prepared by an-.

nealing the alloy at 1300 C for 2—', h, then slowly cooling
to room temperature over a period of about 2 h. The
intermediate grain size in this sample made it dificult
to obtain a conGrmatory x-ray analysis and the crystal
structure was inferred from: (1) the transition tempera-
ture of 417'C for the fcc-hcp transition in pure Co (the
cubic structure is the stable form at high temperatures")
and. (2) a similar procedure to that described above has
been used to make several dilute cobalt alloys (including
Ir and Pd) for NMR studies, ss and in each case the per-
centage of cubic Co was )90/~.

Typical absorption spectra for Au" dissolved in Fe,
cubic Co, hexagonal Co, and Ni are shown in Fig. 1.
These spectra are symmetrical and better resolved than
those reported in Ref. 5, and are in good agreement with
(but less well-resolved than) the high-resolution work
of Roberts and Thomson. ' These latter workers used
gold-in-Fe (Co,Ni) absorbers rather than our Pt-in-Fe
(Co,Ni) sources. The good agreement of our spectra
with theirs indicates that the equilibrium local GeMs at
Au nuclei in Fe (Co,Ni) are established within the life-

time of the isomeric state of Au"' (2.7 nsec) s' The
differences from the survey experiments reported. in
Ref. 5 may be attributed to inadequate mixing during
source preparation and to poor resolution of the ap-
paratus in the earlier experiments.

Preliminary experiments' showed that the change in
total hyperGne splitting on application of an 86-kG
magnetic Geld was small in every case. For Au in Fe
this change was positive, and for Au in Ni it was nega-
tive. The sign was uncertain for Au in Co. Because the
total change in position of either main line in the spec-
trum was only about &'zth of a linewidth, a more efficient
method of data collection was adopted. Rather than
recording the whole resonant portion of the spectrum,
we concentrated on the points of maximum slope (indi-

I I I I

-l.6 -0.8 0 P.a
Doppler velocity (cm/sec)

I.6

Fxo. 1. Absorption spectra of Au"' in Fe, cubic Co, hex. Co and
Ni taken in zero external magnetic field. Solid lines are the sums
of six Lorentz curves with positions and intensities shown.

"R. W. Grant, Ph.D. thesis UCRL-10649, 1963 (unpublished).
'0 D. A. Shirley, M. Kaplan, R. W. Grant, and D. A. Keller,

Phys. Rev. 127, 209'7 (1962)."We are indebted to George Gordon for performing this x-ray
analysis.

~ C. R. Houska, B.L. Averbach, and M. Cohen, Acta. Met. S,
8& (~960).

2g G. F.Day, Department of Metallurgy, University of California,
Berkeley, California (private communication).

~ Nuclear Data Sheets, compiled by K. Way et at. (National
Academy of Sciences, National Research Council, U. S. Govern-
ment Printing Once, Washington, D. C.).
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T~r.z II. Experimental results. '

Source

Fe-Pt (1'Po)
Cub. Co-Pt (1%)
Hex. Co-Pt (1%)

Ni-Pt (1%)

Excited-state
magnetic
momentb

(nm)

+O.34 (9)
+O.36 (6)
+0.39 (6)

Excited-state
splitting
2pexH

(cm/sec)

1.29 (2)
o'.9o (2)
O.89 (2}
O.31 (2)

Ground-state
splitting

2pgH
(cm/sec)

0.36 (2)
O.24 (2)
O.22 {2)
o.09 (2)

Hyper6ne
6eld
(kG)

—1420 (180)—990 (120)—980 (120)—340 (60)

Ratio of
hyper6ne

fields'

1
0.70 (2)
0.69 (2)
0.24 (2}

Chemical
shifts

(cm/sec)

—O.54 (2)—0.54 {2)—O.53 {2)—0.47 {2)

a Errors in the last place are given parenthetically.
b Derived from slopes of lines in Fig. 2.
o Ratio is defined relative to hyperfine field at Au nuclei dissolved in Fe.
~ Chemical shift is defined relative to pure Au absorber.

cated by arrows in Fig. 1) for the Fe and Co specimens.
For each sample an average of 3X10' events were re-
corded at each of the selected velocities and at several
values of the applied magnetic 6eld. The data were col-
lected in 3 sets of 10' counts apiece and checked for
consistency and reproducibility. For Au in Ni this pro-
cedure was not feasible because of the much poorer
resolution of the two main lines. We reverted to the less
accurate technique of recording the entire spectrum for
each of four values of applied magnetic fieM. The ac-
curacy attained in this way was poorer than for the
other three alloys (Au in Fe, hex. Co, and cubic Co)
and the data were used only for obtaining the sign of
the internal field rather than its magnitude or the magni-
tude of the excited-state magnetic moment.

In Fig. 2 the change in the excited-state splitting for
each specimen is plotted against the effective applied
magnetic 6eld, which is just the difference between the
applied field at the source and that at the absorber
(this can easily be shown by using the selection rules
for a longitudinal Zeeman effect experiment). A common
characteristic of all the curves in Fig. 2 is an initial in-
crease of the total splitting with Geld at small Gelds and
a linear decrease for effective applied Gelds above 15
kG. The initial behavior is ascribed to magnetostriction
and other effects involved in the initial orientation of
the internal fields parallel to the applied 6eid (Sec. V),
and is not quantitatively understood. Such effects (in-
cluding Joule magnetostriction) saturate with the
magnetization in ferromagnets"; thus the 6eld region
above 15 kG should be essentially free of these e8ects.
We therefore have based our interpretation of the
excited-state magnetic moment of Au'" and the signs
and magnitudes of the internal 6elds only on the data
above 15 kG. A stringent test of the validity of this
interpretation is the requirement that the slopes in
Fig. 2 for all the alloys be equal. This requirement is
born out by the constancy of the magnetic moments
derived from the Fe and Co data (Table II)~

In all four alloys the high-6eld slopes are negative;
thus the internal 6elds at nuclei of gold atoms dissolved
in Fe, cubic Co, hexagonal Co, and Ni are negative.

» R. M. Bozorth, Ferromagnetism (D. Van Kostrand Company,
inc. , New York, 1951).

O.B- Fe

FIG. 2. Change in the ex-
cited-state~splitting versus the
di6erence in the'external mag-
netic 6eld at source and ab-
sorber for Au'9' in Fe, cubic Co,
hex. Co and Ni.

0.4-
I

yl

s ~

0 e.

I -0.4-
E
E 0.4—

04
0.4-

Go

Co

-0.4—
I I

20 40 60
Hs HA

The magnitudes of the internal 6elds are derived from
the splitting observed in the full absorption spectra
taken in zero Geld. Using the statistically averaged value
for the excited-state magnetic moment, p,, =0.37&0.04
nm, and the measured ground-state moment of +0.14
nm, '4 the magnitudes of the internal Gelds were calcu-
lated and are shown in Table II (along with several
other experimental results). These f elds are compared
with the results of other workers, where available,
below.

Our value for the magnitude of the internal 6eld at
Au nuclei dissolved in Fe is in good agreement with the
values reported in Refs. 12 and 18. Samoilov et ul. 's4

value of 1000 kG may probably be regarded as a lower
limit. This value was derived by using X/p= —1&0.7
where X and p are functions of p decay matrix elements,
and for a value of )/p= —0.3 the internal field could
have been as large as 4000 kG. We have used our value
of the internal 6eld to set much narrower limits on the
ratio X/y for the 2—(P) 2+ beta decay in Au"', using
their data, as

X/p= —0.55&0.15.

For this range of X/p the magnitude of the internal Geld
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determined in Ref. 4 agrees with our present result, Our
sign determination agrees with theirs.

Only Roberts and Thomson' have reported a value
for the internal Geld of Au in Co. Their value is in
good agreement with ours. We find that the 6elds in
cubic and hexagonal cobalt are the same to within S%%uq,

and both are negative.
The negative sign which we Gnd for the 6eld at Au

nuclei in Ni is in agreement with the determination of
Samoilov et a/. 4 Our value of 340 kG for the magnitude
of this Geld is between the 420 kG reported by Roberts
and Thomson" and the 180kG of Samoilov et uL. Samoi-
lov et a/. ' found the internal 6elds at Au nuclei in Fe
and Ni to be in the ratio 5.6:1.Nuclear polarization
experiments should give this ratio more accurately
than the absolute values of the magnitudes of the in-
telIlal Gelds. Thus if we combine this Iat10 w1th oui
value of 1420 kG for the magnitude of the internal
Geld of Au in Fe, rather than using the nudear polariza-
tion value of 1000kG, we may derive a value of 250 kG

8-
orna

0-
O

\

o 2
Zk
cr.

I

-0.8 0 0.8
Doppler velocity (crn/sec)

FIG. 4. Absorption
spectra for Au'97 dis-
solved in Be at 0 and
65 ko external mag-
netic fields (H,—8 ).
The solid line is the
"best" 6t to the data
in 0 6eld using a
single Lorentz curve.
The dashed line is
the theoretically ex-
pected absorption
curve at 65 ko for
p, 77 =+0.37 nm in
the absence of any
quadrupole efkcts.

I
\

I
4 I

I I I

- l.e -l.2 -0.8 -OA 0 0.4 0.8 l.2
Doppler velocity (cm/sec)

FIG, 3. Au" in Fe absorption spectrum in an external magnetic
Geld (H,—8,=65 kG). Solid line is "best" Gt assuming magnetic
moments have the same sign; dashed line is "best" 6t assuming
magnetic moments have opposite signs.

for the magnitude of the internal field for Au in Ni, in
better agreement with our result.

The sign of the magnetic moment of the 77-keV ex-
cited state of Au'" can be deduced from a detailed
comparison of some of our better resolved Au-in-Fe
spectra with theoretical curves calculated for positive
and negative moments. In a longitudinal Zeeman experi-
ment the intensities of the six Zeeman components
of a 1/2+ (dipole) 3/2+ transition are in theratio
1:0:3:3:0:1if the two magnetic moments have the
same sign, and 3:0:1:1:0:3if the moments are of
opposite sign, provided that the g factor of the spin 1/2
state is much larger than that of the spin 3/2 state.
We have compared theoretical Lorentz curves with
one of our Au-in-Fe spectra in Fig. 3. Only the
1:0:3:3:0:1curve fits the data acceptably, thus indi-
cating that the sign of the excited-state magnetic mo-
ment is positive, in agreement with the conclusion of
Roberts and Thomson, who carried out unpolarized
experiments at considerably higher resolution and fitted
their data with the 1;2:3:3:2:1intensity ratios re-
quired by a positive excited-state magnetic moment.
Our best value for the magnetic moment of the 77-keV
isomeric states of Au"7 is

ppy=+037+0. 04 nm.

Experiments in large external magnetic 6elds were
performed on dilute sources of Pt'" ( 1 at. jq) dissolved
in Be and Pt in an attempt to measure @77 directly. It
was hoped that a single line absorption spectrum, ob-
tained by using these sources, wouM be split upon the
application of the external magnetic 6eld, and the change
in shape of the absorption line could be related directly
to the magnetic moment. Using the Pt source, essentially
no change was observed in the absorption spectrum
between 0 and 65 kG eGective external 6eld. With the
Be source the absorption dip seemed to increase upon
the application of a 65-kG external 6eld as shown in
Fig. 4. If only a magnetic dipole interaction were present
the absorption line should show a decrease in the dip
and for p, 77——0.37 nm we show the expected theoretical
result as a dashed curve in Fig. 4. The experiments using
Au-in-Be and Au-in-Pt sources therefore indicate a
more complicated behavior than purely magnetic dipole
interactions and make the extraction of a value for
@77 quite di6icult.

We were able to explain the results of these experi-
ments qualitatively on the basis of a mixed magnetic
dipole and electric quadrupole interaction. The absorp-
tion lines observed in zero external Geld are about twice
as wide as would be expected from purely theoretical
estimates for a 5—10 mil Au absorber' indicating the
possibility of a sizeable quadrupole interaction. A
quadrupole interaction is not unexpected. in this case
since the ground-state quadrupole moment has been
measured as Q=+0.60+0.06 b." In the presence of

~' A. G. Blachman. and Allen Lurio, Bull. Am. Phys. Soc. 8, 9
(1963).
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both a magnetic field and an electric field gradient the
eigenfunctions of the nuclear substates will be dependent
upon the relative strengths of the two interactions and
the angle between the magnetic 6eld and the electric
field gradient: We will assume that the electric field
gradient tensor possesses axial symmetry with respect
to some axis, s', which is not necessarily the magnetic
field direction. The total interaction Hamiltonian can
then be written as ""

X=X, +X,t= gI,II+P[I, ' (-',)I—(I+1)j, (1)

where g= is/I, I is the nuclear spin, P is the quadrupole
coupling constant and s is the direction of the magnetic
field II.

Calculations were performed using the eigenvalues of
mixed electric quadrupole and magnetic dipole interac-
tions for I=3/2 given in Ref. 28. The nonvanishing
matrix elements of the above Hamiltonian are expressed
in a general form in Ref. 27. Using these matrix ele-
ments, secular determinants were obtained from which
the eigenvectors corresponding to the eigenvalues of
Ref. 28 were calculated. From the eigenvalues and eigen-
vectors the transition energies and, intensities (weighted
by the proper Zeeman intensities) were calculated and,
after considering the purely magnetic splitting in the
absorber, the spectrum of absorption lines was obtained.
In the general case there will be 32 absorption lines. By
choosing appropriate parameters consistent with the
experimental conditions, it was possible to match the
experimental results of Fig. 4. It was not possible to
derive quantitative coupling constants by this procedure
since the initial state of the source was not well known.
The most straightforward way to investigate this prob-
lem quantitatively would be to use a single-crystal
source where the orientations of the electric 6eld gradi-
ent and magnetic field could be determined.

V. MAGNETOSTRICTION EFFECTS

The low-6eld behavior of the excited-state splitting
for Au in Fe, Co, and Ni (Fig. 2) was unexpected and is
not susceptible to a simple quantitative explanation.
We have termed this a magnetostrictive effect because
it saturates at large fields (10-15 kG) as would be ex-
pected for magnetostriction, which follows the magneti-
zation in ferromagnets. "It is not surprising that the
induced field at Au nuclei dissolved in Fe depends sen-
sitively on small changes in the distance, polarization,
or orientation of neighboring Fe atoms because the Au
atoms (atomic diameter 2.80 A)ss are quite crowded in
an Fe (atomic diameter 2.48 A)" lattice and the outer
electrons of gold must overlap considerably with the
polarized outer electrons of iron.

~' E.Matthias, W. Schneider, and R. M. Steven, Phys. Rev. 125,
261 {1962).' P. M. Parker, J. Chem. Phys. 24, 1096 (1956).» N. A. Lange, Handbook of Chemistry (Handbook Publishers,
Sandusky, Ohio, 1956), 9th ed.

While we are unable to show uniquely that this effect
is related to magnetostriction, the behavior is at least
qualitatively similar to this mechanism. The size o$ the
initial increase in Fig. 2 is in the order Fe& Co&Ni. It
is expected that the unpaired spin density in the outer
atomic regions is in the order Fe& Co&Ni. Therefore,
if the change in electronic overlap between Au and the
Fe, Co, and Ni atoms is roughly the same, this would
account for the relative sizes of the observed effects.
Joule magnetostriction in Fe, Co, and Ni saturates in
the same direction, which correlates with the fact that
we observe an initial increase in splitting in every case
in Fig. 2. It seems unlikely, however, that Joule mag-
netostriction alone could account for effects of this mag-
nitude, and orientation effects on an atomic scale are
indicated.

VI. THE NUCLEAR MODEL FOR Au"7

Braunstein and de-Shalit" have proposed a core-exci-
tation model to explain the spectroscopic properties of
Au'". We discuss in detail below the relationship of
the Mossbauer resonance experiments to this model.

The basic premise in the core-excitation model is that
an odd-A nucleus may be excited either by promotion
of the unpaired odd particle to a higher spectroscopic
state or by excitation of the paired even-even core, which
couples in its excited state with the odd particle. The
exact nature of this excitation is unspeci6ed in the
model, which is as yet only phenomenological. In Au' 7

the odd (79th) proton is thought to be in a 2ds~s shell-
model state, which accounts for the spin and magnetic
moment of the ground state. In the core-excitation proc-
ess the even-even core acquires the spin and parity 2+,
which is observed as the 6rst excited state in almost all
even-even nuclei. This excited core then couples with
the d3/2 proton to form states with spin and parity as-
signments 1/2+, 3/2+, 5/2+, and 7/2+. Braunstein
and de-Shalit have identified these levels among the low-
lying excited states in Au'". In particular the first ex-
cited state at 77 keV was given the assignment

~
j„=3/2,

j,=2, J=1/2), where the j's denote, respectively, the
particle, core, and total angular momentum. From ex-
perimental transition probabilities these authors esti-
mated the g factor of the core as g,=+0.64+0.04, and
the estimated magnetic moment of the 77-keV excited
state was +0.60&0.04 nm, in fair agreement with the
preliminary experimental value' of 0.4+0.1 nm but
well outside the limits of error on our present value of
+0.37&0.04 nm. In fairness to the model we should
make two points: (1) This model is unique in predicting
a magnetic moment considerably below 1.0 nm in a
straightforward way. Any single-particle shell model
calculation would give a magnetic moment between the
Dirac line (+1.0 nm in this case) and the Schmidt line
(+2.79 nm) for an st~s proton. Even if configuration
mixing is invoked it is not practicable, using reasonable

s' A. Brannstein and A. de-Shalit, Phys. Letters 1, 264 (1962)
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nuclear parameters and few configurations, to calculate
a magnetic moment as small as the experimental value.
Of course it is always possible in principle to calculate
any type of collective behavior using pure j—j coupling
(or any other poorly chosen basis) if enough configura-
tions are included. This is a fundamental feature of
quantum mechanics and in no way does it re6ect credit
on the single-particle model. ln many cases, including
this one, we believe, it is more enlightening to think of
the excitation as a collective effect. (2) Braunstein and
de-Shalit showed that the magnetic moment of the 77-
keV state is given, in the core-excitation model, by

P1/8 gc ggy y (2)

where g, and g~ are the g factors of the excited core and
the odd proton, respectively. The quantity g~ is just
the g factor of the same odd proton found in the ground
state (g„=+0.093) and there is little leeway in choosing
a value for g„.Several approaches are possible in estimat-
ing g,.The authors in Ref. 30, in an eBort to test quanti-
tatively the internal consistency of their model, esti-
mated g, from measured 3f1 transition probabilities.
This procedure has the advantage of requiring no adjust-
able parameters. A disadvantage is that the accuracy of
a g factor estimated in this way is not high. A somewhat
more empirical alternative is to set g,=Z/A as was done
in the earlier estimates of the core g factor of deformed
nuclei. This procedure yields p&~s

——+0.36 nm, in excel-
lent agreement with experiment.

A more fruitful approach would involve using the
Mossbauer resonance data on Au" to derive informa-
tion about the core excitation. Since the theory is still
essentially phenomenological, further understanding of
this excitation mode will depend considerably on new
measurements. With certain assumptions, we can derive
from the excited-state magnetic moment and the chemi-
cal shifts in Au"' the deformation parameter and mag-
netic moment of the excited core. The assumptions are
reasonable but may easily be wrong, and the values
derived thereby should be regarded with appropriate
skepticism.

If we assume that Eq. (2) is the correct relationship
among all the factors which contribute to the excited-
state moment, and that g~ is unchanged for the odd d3/Q

proton from the ground state, it follows from Eq. (2)
and the experimental value of p, 1~2 that

g,= +0.42&0.04. (3)

3'P. H. Barrett, R. W. Grant, M. Kaplan, D. A. Keller, and
D. A. Shirley, J. Chem. Phys. 39, 1035 (1963).

A detailed interpretation of isomeric chemical shifts
for Au' ~ in several metallic lattices has been made
elsewhere. "With some assumptions of a chemical na-
ture that are too involved to repeat here, a value

8E/E, = (3W1)X10 (4)

may be derived for the nuclear factor. This is somewhat

0.0004&de'&0.0008 (6)

may be derived" for Au", with a»0, 0. At this point we
must estimate no in order to evaluate n1, the excited-core
deformation. To do this rigorously, we would have to
assign to the ground-state core the correct fraction of
ground-state deformation (as measured by the known
quadrupole moment of +0.60(6) b"). Of course this
would require a rather complete knowledge of the nu-
clear structure of the ground state, which is unavailable.
We shall essentially ignore the contribution of the odd
proton, on the grounds that a single shell-model hole
in a dsgg proton shell would produce a much smaller
quadrupole moment ( 0.1 b), and estimate ne for the
whole nucleus from the quadrupole moment. The rela-
tionship between the measured quadrupole moment and
n is (to erst order in n)

n= ,'(Q/ZE ') f(I—+1/I)7f(2I+3)/(2I—1)7. (7)

This result is derived by combining Eqs. (3.16) and
(72.24) of Ref. 36 and noting that n= (2/3)e, where e

~ L. Wilets, D. L. Hill, and K. W. Ford, Phys. Rev. 91, 1488
(1953).

~ J. Lardinois, Nucl. Phys. 15, 522 (1960).
~ P. H. Barrett and D. A. Shirley, Phys. Rev. 131, 123 (1963)."0.A. Shirley, Rev. Mod. Phys. 36, 339 (1964).
'~H. Kopfermann, Emleer Moments (Academic Press Inc. ,

New York, 1958).

smaller than the value quoted in Ref. 31, in which a
relativity correction factor was omitted. Here 8, is the
average nuclear radius (7.0 F in the case of Au"'). This
quantity 8E/E, is the "directly measurable" nuclear
factor in isomeric chemical shift experiments. Under the
assumptions of constant nuclear charge density and
equal nuclear volumes in the two isomeric states, an
estimate of the diRerence between the nuclear deforma-
tions of the two states may be made. Wilets, Hill, and
Ford" 6rst calculated explicitly the optical isotope shifts
associated with nuclear deformation. Their results were
extended to optical isomeric shifts by Lardinois. ~
Barrett and Shirley'4 adapted the relations to treat iso-
meric chemical shifts in Mossbauer spectra. They ob-
tained the approximate expression

M= (2s'/5)Zesf3/(2p+1)7E, 'Afgp(0)s7
Xh(n'f1+(2/21) (2p+3)+ 7) (5)

Here p is the relativistic electron parameter (1—gsZs) vs

where u is the one structure constant, the sum is over
atomic electrons within the nucleus, the erst 6 repre-
sents the difference taken between the source and
absorber, the second 6 means the di6erence between
isomeric states, and e is a deformation parameter. The
right-hand side of (5) should be multiplied by a rela-
tivity correction which is about 6.8 for gold. "The nuclear
surface is approximated by an ellipsoid having the equa-
tion E(8)=E,f1+nPs(cos8)7. Here 8 is the polar angle
from the syrrunetry axis of the ellipsoid.

3y comparison of Kq. (5) with observed isomeric
shifts, a value of
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is a deformation parameter. We thus obtain nv ——+0.065
(7). Combining this with Eq. (6) we 6nd n&=+0.069
(13).This corresponds to a value of +0.10 for the more
customary deformation parameter e, and thus a sub-
stantial nuclear deformation.

This analysis must be regarded as semiquantitative
at best. In view of the assumptions involved it is ap-
propriate to say that the calculated deformation "is
consistent with, "but not that it "follows directly from, "
the data. If the assumptions are wrong, some new type
of shift in charge distributions would have to be taking
place between the two states. H this should be the case,
the derived numerical value of e would be meaningless.
This parameter was derived, however, simply to assign
the observed shifts a position on a familiar "collective
effects" scale.

VII, CONDUCTION-ELECTRON POLARIZATION

The signs and magnitudes of the internal 6elds derived
in Sec. IV strongly support the idea that they arise
through polarization of the 6s "conduction" electrons
of Au dissolved in ferromagnetic 3d transition metals by
exchange interaction with electrons on the transition-
metal atoms. This conclusion follows from three types
of evidence, discussed separately below:

(1) The hyperfine 6elds are all negative. This is
expected from the conduction-electron polarization
mechanism if, for example, the 6s electrons of gold are
polarized by a positive exchange interaction with the
spin-polarized outer electrons on the neighboring mag-
netic atoms, provided that these outer electrons have a
negative spin density relative to the 3d electron spins.
Freeman and Watson'~ have done exchange polarized
Hartree-Fock calculations for Fe atoms which indicate
that the outer-electron spin density is negative. It is
well known that this behavior is generally expected for
transition metals because the 4s electron eigenstate
with positive spin should contract radially through an
attractive interaction with the 3d shell, allowing the
radially larger negative spin 4s eigenstate to dominate
the outer portion of the transition-metal atom.

Our measurements do not, of course, establish which
electrons on Fe directly polarize the 6s gold electron.
The above mechanism is the principal one which hasbeen
discussed in the literature, but exchange polarization
with the core electrons and 3d electrons on the transition-
metal atoms must surely contribute terms to the 6s Au
electron polarization. Perhaps the best way to decide
the relative importance of such eGects is to study the
pressure dependence of the internal 6eld in these
systems. The amount of overlap of the Au 6s electrons
with transition-metal outer electrons should vary quite
sensitively with sample volume. An indirect indication
that this polarization mechanism is important is the
large effect attributed to "magnetostriction" in Sec. V.

"A. J. Freeman and R. K. %'atson, Phys. Rev. Letters 5, 498
(1960).
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Pro. 5. Splitting of the 77-keV isomeric state in Au'9' versus the
atomic magnetic moment of the ferromagnetic host metal.

(2) The internal field magnitudes in Au are approxi-
mately proportional to the effective magnetic moments
of the host metals (Fig. 5). Thus, irrespective of the
polarization mechanism details, the experimental in-
ternal 6elds can be understood as being caused by one
type of interaction which is proportional to, and thus
probably caused (albeit indirectly) by the unpaired 3d
electron moment on the transition atoms. The induced
fields do not seem to be sensitive to the host crystal
structure.

We note that while Roberts and Thomson found the
internal 6elds at Au in Fe, Co, and Ni to be proportional,
within experimental error, to the effective host mag-
netic moments, "we 6nd a small deviation from linearity
in Fig. 5. If this deviation is real there maybe a competi-
tive mechanism contributing to the induced held,
thereby making the situation somewhat more compli-
cated than indicated above. The simple linear relation-
ship was not observed for the case of Sn dissolved in
Fe, Co, and Ni,"and the internal 6eld in Sn is probably
caused by a more complicated set of competing inter-
actions. Again, the internal 6elds at Cu atoms dissolved
in Fe and Co (212.7 and 157.5, respectively), "are not
exactly proportional to the host moments. In all three
cases (Cu, Sn, Au), the ratio of magnitude of induced
6eld to effective atomic magnetic moment of host is
smaller for Co than for Fe hosts, and for Sn and Au the
nickel data are also consistent with this trend. These
observations may indicate the existence of a competing
Positive contribution to the induced hyperflne Geld of
the impurity atom which is not proportional to the dia-
magnetic impurity atom's conduction-electron polari-
zation. This contribution competes most effectively in
Sn where the "conduction-electron" term is small, ac-
tually changing the sign of the resultant Geld for Sn in
Ni, and least electively in Au, where the "conduction-
electron" term is very large.

(3) The magnitudes of the induced internal Acids seem
to follow the magnitudes of the hyperGne 6elds created
in the free atoms by the outer (conduction) electrons.



A1070 GRANT, KAPLAN, KELLER, AND SHIRLEY

Tin is an exception probably because of its complicated
electronic structure and the complexity of the induced
field, discussed above. The very large induced Gelds in
Au and Re" dissolved in Fe are probably particularly
significant, as both elements have 6s electrons with as-
sociated large fields. The internal Geld in atomic copper
in the 4s'Slf2 state is 1.3X10 G and that of atomic
gold in the 6s'S~/2 state is 21&10 G. These Gelds can be
derived by using Eq. (15.5) in Ref. 36 and appropriate
data from atomic spectroscopy. ""Thus the internal
6elds of Cu and Au in Fe would correspond to 16%and
7% polarization of the conduction electrons, respect-
ively. The internal Geld in atomic Ag in the 5s'S~/2
state is 4.9&(10' G.' It would be interesting to deter-
mine the induced Geld at Ag atoms dissolved in Fe,
which should be 400 kG by analogy with Cu and Au.

'8 R. Ritschl, Z. Physik 79, 1 (1932).
sr R. E. Sheriff and D. Williams, Phys. Rev. 82, 651 (1951).
~ G. Wessel and H. Lew, Phys. Rev. 92, 641 (1953).

bootes added in proof. (a) Dr. A. de Shalit (private
communication) has informed us that newer data on
transition rates in Au" would lower the core-excitation
estimate of tti7 from +0.60 nm to about the experi-
mental value of +0.37 nm. From calculations on the
quasiparticle model, L. Kisslinger and R. A. Sorensen
have also predicted a very low value ( 0.12 nm) for
this moment (private communication).

(b) The unusual low-field behavior of our samples
was reversible. If this behavior is the result of spin
orientation, a more significant zero-Geld splitting may
be obtained by extrapolating back the high-Geld slopes.
We acknowledge a discussion of this point with Dr.
R. J. Elliott.
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Perturbation Theoretic Calculation of Polaron Mobility*
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The low-temperature drift mobility of the polaron is calculated in perturbation theory with the aid of the
Kubo formula. The result is y =pa (1—n/6), where pe is the weak coupling mobility tse = (e/2ncum) exp (the/kr).
A comparison is made with the perturbation expansion of various intermediate coupling mobility theories.
The expansion of Osaka, p, =p0(1 —0.173m+ ~ .), agrees most closely with the exact perturbation expansion.
It is concluded that the Osaka formula is probably the best in the intermediate coupling range of&6. It is
explicitly shown to lowest nontrivial order in n that various quasiparticle concepts are valid, viz. , that
ts =er/m*, and that the electron density is a momentum integral over f(E(p)).

I. INTRODUCTION

~HE drift mobility of a slow electron in the conduc-
tion band of a polar crystal has been the subject

of much theoretical investigation. '—' There exist a large
number of expressions for the low-temperature drift
mobility, which unfortunately diBer considerably in
the experimentally interesting range"" of coupling

* Supported in part by the U. S.Army Research Ofhce, Durham.
' A. Morita, Science Rep. Tohoku Univ. 38, 1 (1954);A. Morita,

C. Horie, and K. Hasegawa, ibid. 38, 158 (1954).' F. E. Low and D. Pines, Phys. Rev. 98, 414 (1955); see also
T. D. Lee, F. E. Low, and D. Pines, ibid. 90, 297 (1953).

3 T. D. Schultz, MIT Tech. Report No. 9, 1956 (unpublished).
4 T. D. Schultz, Phys. Rev. 116, 526 (1960).
5 Y. Osaka, Progr. Theoret. Phys. (Kyoto) 25, 517 (1961).' F. Garcia-Moliner, Phys. Rev. 130, 2290 (1963).
7 R. P. Feynman, R. H. Hellswarth, C. K. Iddings, and P. M.

Platzman, Phys. Rev. 127, 1004 (1962).
D. J. Howarth and E. H. Sondheimer, Proc. Roy. Soc.

(London) A219, 53 (1953).
,
' L. P. KadanoG, Phys. Rev. 130, 1364 (1963).
' See F. C. Brown in Polaris and Excites, edited by C. G.

Kuper and G. D. Whitaeld (Oliver and Boyd Ltd. , Edinburgh,

constant (ot 3) This spr.ead of results is illustrated for
several representative theories in Fig. 1. Notice that at
o.=3, the results of Low and Pines di8er from the
results of Schultz by a factor of 6. Clearly it would be
desirable to find out which of the various theories is
most reliable. We attack the problem here by obtaining
a perturbation expansion of the mobility in a power
series in the coupling constant; we then compare the
exact perturbation expansion with the power series
expansion of the various intermediate coupling theories.
This is done in the belief that the best intermediate
coupling theory is likely to have a power series expan-
sion which corresponds quite closely to the exact
expansion.

Thus, the main body of this paper is concerned with
finding the Grst nontrivial term in the expansion of the

1963), pp. 323—355, for a summary of the values of e expected for
various different materials.

"Reference 6 summarizes experimental mobility data on the
intermediate coupling materials AgCl and AgBr.


