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The nuclear-magnetic-resonance (NMR) and susceptibility behavior of the intermetallic
compound AuGa2 differs anomalously from the isoelectric and isostructural compounds Auln&

and AuAlq. In an effort to test and extend the explanation offered by Jaccarino et al. and by
Switendick and Narath, spin-lattice relaxation times and Knight shifts have been measured
as a function of temperature and composition for the AuAlp-AuGa2, AuA12-AuIn2, and AuGa2-
AuIn2 pseudobinary alloy systems. At high temperature, the solute X (Al, In, Ga) resonance
properties are dominated by the host. Satellite resonances are observed with temperature
dependences differing from the main resonance. The results are partially explainable on the
basis of an average-band model and partially on a local atom model. The role of the Au d
bands is discussed. Metallurgical results on alloying are obtained using the NMR data.

I. INTRODUCTION

The three intermetallic compounds, AuA1~,

AuGa2, and AuIn2, are at once interesting and con-
fusing. The three, all crystallizing in the fluorite
structure, display similarities and dissimilarities
which, to date, would seem to be incompatible.
The most striking difference among the three is
the fact that AuGa3 has a strongly temperature-
dependent susceptibility X and Knight shift X, the
latter reversing sign, whereas the other two com-
pounds display temperature independence. Ex-
planation of the AuGa~ data apparently requires a
model, ' henceforth denoted JWWM (after Jacca-
rino, Wernick, Weger, Menth), involving a very
substantial modification with temperature of the
band character at the Fermi surface.

Switendick and Narath2 calculated the electronic
band structures of the three compounds. They un-
covered a feature of the AuGa, bands not present

in the others, which could lead to a band-repopula-
tion effect, which in turn could explain the Knight-
shift behavior but not necessarily the susceptibility.
Such an effect, or in fact, any band modification
yielding the Knight-shift variation, would be ex-
pected to be reflected in the electrical properties
of this metal. The thermoelectric power is anom-
alous. But Hall-effect, ' resistivity, ' and mag-
netoresistivity measurements display no anom-
alous variation with temperature in this compound.
These facts are central to the "puzzle" of the
AuX& compounds.

In an effort to further explore this matter, we
have obtained Knight-shift and relaxation-time re-
sults at host and impurity-X sites in the dilute
pseudobinary alloys formed by the AuX2 compounds
with each other. The results are consistent with
the JWWM model. They supply no obvious justi-
fication or refutation of the existing band calcula-
tion for the AuGaz behavior, but they add some in-
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teresting constraints on the ultimate description
of these compounds. The impurity-site behavior,
for small impurity concentrations, is generally
dominated by the host's properties in all three
compounds. This is not necessarily surprising in
the light of the Switendick-Narath band results, but
contrasts with some other alloy systems where the
introduction of a local susceptibility is important
in order to understand solute-site behavior. Ei-
ther average-band or local behavior can be used
to explain the result that concentrations of 5 at. %
Al or 10 at. % In "poison" the AuGa~ matrix, cie-

stroying its temperature dependence. On the
other hand, there are also some important mani-
festations of purely local behavior. Tw'o distinct
Knight shifts are seen for a particular host
species in a given sample in some of the alloys.
The temperature behavior of these is surprisingly,
and likely to be misleadingly, similar to effects
seen for magnetic impurities in alloys such as
' Co in Mo, where the Knight shift for the site with
the local moment varies with temperature while
the other site does not, ' or such as ' V in Au,
where a magnetic and a nonmagnetic site are dis-
tinguishable at low temperatures.

II. BACKGROUND

AuA13 is mauve colored while the other two AuX2
compounds are metallic in color with some ques-
tion of a blue tinge. To this group one could also
add the isostructural compound PtGaz which is yel-
low in color. Optical transitions involving the 5d
bands have been suggested to account for the colors
of the AuX2 compounds, ' although the assumption
that the d bands are too low lying has led to other
explanations. 3'" In the fluorite cE12 structure,
the Au atoms sit on a fcc lattice with eight near-
neighbor X atoms. Each X-site atom has four
Au-atom near neighbors, six X-atom second-near-
est neighbors, and twelve X-atom third-nearest
neighbors. The lattice constants are somewhat
smaller than might be inferred from metallic
radii considerations, suggesting the existence of
covalent bonding 9,&o, &2 We might note that Au in
pure Au metal is squeezed and we are inclined
to attribute this to strong s-d hybridization rather
than to conventional covalency. This attribution
would have less justification for the present com-
pounds since the d bands are thought to lie further
below the Fermi level, thus reducing their hybrid-
ization. The suggestion of strong covalency, the
diamagnetism of these compounds, and the fact
that they contract upon melting' would seem to im-
ply that they should be viewed as similar to semi-
metals. ' They are, however, quite good conduc-
tors; the room-temperature resistivities of AuAlz
and AuIn2 are approximately five times that of pure
Cu while that for AuGa~ is a little greater.

de Haas —van Alphen and high-field galvanom, ag-
netic experiments have been done to ascertain the
Fermi surfaces of these compounds. The results
were reasonably well accounted for using a com-
mon free-electron band structure occupied by seven
electrons (one Au and three for each X atom). The
AuGa3 data showed no striking differences from the
other compounds: Qn occasion it was different, but
equally often AuGa~ and AuIn3 were alike and AuA12

different. This is typical of these systems: At
times it is AuGa3 and at other times it is AuA12

which looks different from the other two.
Hall-effect and resistivity measurements show no

clear distinction between the three materials but
the thermoelectric power of AuGa2 goes negative at
high temperatures while those of the other two do
not. This seems to suggest striking differences
in electronic character at the AuGa3 Fermi surface
as does the temperature dependence of the Knight
shift and susceptibility. " The difficulty is, of.

course, that almost no other data display such ef-
fects.

Jaccarino and co-workers studied~' the X-site
Knight shifts and the magnetic susceptibilities in
these three and some isostructural Pt compounds.
The Al and ' In resonance frequencies for AuA13

and AuIn~ were temperature independent, as were
the susceptibilities of these compounds whereas
~' 'Ga in AuGa3 shows a substantial temperature
variation from X- —0. 1% at low temperatures to
-+0. 5% at high temperatures. The room-tempera. -
ture value is similar, considering atomic hyper-
fine constants, to the shifts obtained for the ' 'In
in AuIn2. The temperature variation in the Ga shift
tracks the AuGa2 susceptibility quite faithfully, i.e. ,
it may be described by

X«, = y(T) + temp-ind terms,

WX„;= H„', y(T) + temp-ind terms,

where W 'and H„', are the fractional weight of Ga
character and the Ga-site hyperfine constant as-
sociated with the band(s) in question. In such a
case, one normally' attributes g(T) to a tempera-
ture-dependent band paramagnetism. JNWM
pointed out' that this could not describe the case
here First, the.H„'f so deduced (setting W '=1)
is negative (see Table I) and roughly two orders of
magnitude too large ~ to be attributed to such sources
of negative hyperfine constants as P-band core po-
larization. Second, the susceptibility becomes more
diamagnetic with increasing temperature (suggest-
ing the disappearance of a paramagnetic term) but
relaxation time T, results show an increase in
s-band character with increasing temperature (in-
dicating the turning on of an s-band paramagnetic
term). It thus appears that at least two tempera-
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TABLE I. AuGa& hyperfine fields deduced from var-
ious estimates of x and X.

Method of estimate Site H&f (koe/ps) Ref.

From low temperature ag, with )( esti-
mated from electronic specific heat Ga

Au

-400
+2300

From slope of JCvs )( with temper-
ature an implicit pararIIeter Ga

Au

-4400
+300 to 600

s-band contribution to H&f,
assuming )(f ~&&- 15% of X(p) Ga 12000 to a, d

14 000
1

Assumes the susceptibility is entirely associated with
Ga sites (i. e. , 2X per Ga site), thus FPzf =Np~&oa/
W X "~, with%

Assumes the susceptibility is entirely associated with
the Au site, i. e. , H,ff +Pp& /X

'Assumes the temperature-dependent change in sus-
ceptibility is entirely associated with the site being con-
sidered.

See text preceding Eq. (2).

ture-dependent effects are at work. One of these
is the turning on of an "s-band" Knight shift. This
is required by the T, data as tested by the Korringa
relation. There remains the question of the nature
of the second term, or terms, and the remainder of
this section will concentrate on this matter, relying
in part on data not available at the time of the org-
inal Knight-shif t paper.

An s-contact-term Knight shift has a much
larger hyperfine constant than any competing non-s
paramagnetic Knight-shif t term. This is suggested
by comparison of the free-atom values' of the con-
tact term H, and of the valence P-electron core po-
larization H~ listed in Table II. We see that the
s-hyperfine constant is typically two orders of mag-
nitude larger than P polarization. Granted this, it
is probable that the turning on of the s term dom-
inates the temperature dependence of X(Ga), and

that the negative term seen at low temperature may
either disappear or be present at high temperature.
A second temperature-dependent term is then re-
quired to explain the susceptibility which becomes
increasingly diamagnetic while the paramagnetic
s band is turned on. This could arise from thedis-
appearance of paramagnetic terms involving (i) bands
of predominantly Au character or (ii) bands of pre-
dominantly non-s Ga character, or (iii) increasing
band diamagnetism. Jaccarino et al. made the sec-
ond choice, fitting their data with a model involving
a Ga P-band term which disappeared with increasing
temperature. All three factors are quite possibly
important to understanding the susceptibility change.

The energy-band calculations of Switendick and
Narath~ lend credence to the existence of a turned
on s-band term while shedding little light on the
second effect essential to the susceptibility. One

TABLE II. Free-atom H, and H&.

s-electron-contact terms

Hs(kOe/p&)

Hs = 1 900

H, '= 6 zoo

Hs = 10 100

Hs" =

p-electron core-polari-
zation terms H&(kOe/p~)

HA'=+ 15P

Hp = -150

Based on free-atom P-, As-, and Sb-atom data, the
cases for which experimental results exist {see Ref. 5).

of the conduction bands in these compounds (the
"second" band) is of predominantly X-site s char-
acter and intersects the Fermi level &+ in AuA12

and AuIna while lying just below it in AuGa&. The
calculations indicate that in AuGaa, the secondband
is quite flat and is -1 eV below a~. The authors
conclude that this band could be lying much closer
to E~ and is thus able to produce Fermi-energy ef-
fects at elevated temperatures either by kT smear-
ing or by band shifts associated with lattice expan-
sion or distortion. Strong, but indirect, evidence
that simple thermal expansion does not push the
AuGa2 second band through the Fermi level was
provided by recent de Haas-van Alphen studies
indicating that the pressure derivatives of the sec-
ond band hole sheets of AuA12 and AuIn~ are positive.

The tendency for the AuGaa
"s band" to lie low is

not some idiosyncrasy of the construction of the band
potentials. We note that such an effect already ap-
pears in the free-atom spectra. 2 The differences
in atomic valence s- and p-electron ionization en-
ergies are shown in Table III. An atomic valence
s electron in Ga lies lowest (- I eV lower) with
respect to the p level of the three atoms Ga, Al, or
In. The band calculations have apparently picked
up this trend and also the tendency for the s level to
lie highest in AuAlz. As noted by Switendick and
Narath, the de Haas-van Alphen Fermi-surface
data' are consistent with these observations in that
the second band surface appears to be missing in
AuGaa and the third band surface appears to be
smallest in AuA12. The AuA12 trend may be as-
sociated with the high s position and/or with the ab-
sence of low-lying X-site d levels (typically 15 eV
below the s and P levels) which hybridize (at least
weakly) with the Ga and In bands. The s-P level
splittings place these compounds in an order AuA12-

AuIn~-AuGa2. This order is characteristic of some
of the existing experimental data, and appears in the
the Knight-shift temperature dependences of the
present paper. It contrasts with the Al-Ga-In order
of the Periodic Table which appears to be more ap-
propriate for describing the alloy solubility re-
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TABLE III. Atomic ionization energy (lz) differences.
The z-ionization energy I~(z) is calculated (Ref. 20) for
excitation from the ( P) g p ground state to the lowest
( P)s p excited multiplet state of the atom. The p in-
volves excitation to the ( S)g state. The Al, In, Ga, Tl
order of the energies remains unchanged when comparing
neutral atom s p sp differences.

[I~(s) -I„(p)l(eV)

Ga

In

4. 7

6. 0

5. 8

suits of the present paper.
As Switendick and Narath point out, their band

calculations do not account for the temperature-de-
pendent susceptibility of AuGaa. Before consider-
ing the factors which might be dominating the X be-
havior, me discuss the s-band susceptibility, which
must be overcome by the other terms, but which is
responsible for X(T). Various susceptibility terms
are listed in Table IV. The core diamagnetic terms
come from Hartree-Fock-Slater calculations. ' The
Pauli susceptibilities X(y) are derived from elec-
tronic specific-heat y data, assuming no enhance-
ment effects. The three metals are strongly dia-
magne tic.

The low-temperature Pauli-paramagnetic terms,
as deduced from y data, are roughly equal for the
three compounds with that of AuGaz, some 15%
smaller. Assuming that this decrease is a mea-
sure of the susceptibility pp yi of the missing
s band, one may ask if a term of this scale can be
responsible for the high-temperature Knight shift,
if it mere turned on. As is indicated in Table I,
the hyperfine field at the Ga site necessary to make
a+ 0. 5% contribution to X o„; (in order to account for
its high-temperature value) is 12000-14000 koe/ps.
This is twice the free-atom s-hyperfine constant
(i. e. , )=2, see Ref. 5) and is not characteristicof
a free-electron band which has relatively little s
character at its Fermi surface. ' Such a value is
roughly appropriate to a band of purely s character
at &~, as might be obtained in the tight-binding ap-
proximation and in the s-like second band as ob-
tained by Switendick and Narath. 2

Similar calculations for AuA12 and AuIn2, assum-
ing that 15% of y(y) is associated with Xf„„„,yield

H", ' = 1000 kge/p» H;'= 16000 koe/ps . (3)

TABLE IV. Susceptibilities g in units of 10 emu/mole.

Measured

Calculated core
diamagnetism,
assuming Au

and two X ions.

Pauli g{y)
(deduced from

specific heat y)

High Low
temp temp X'ions X'3ions

tures) but not dominating in AuAI~. In the light of
the above observations, one might reasonably con-
clude that the AuA12 behavior arises from reduction
of s character due to s-P hybridization and/or due
to a weaker s-band density of states. These, in
turn, are associated with the tendency for the
atomic-Al s levels to lie higher relative to the p
levels than they do in Ga or In. The ternary alloy
results of this paper suggest that the situation is
more complicated —In or Ga each have reduced s
density similar to the Al when dissolved in AuA12.
The s-P level separation of the host determines the
behavior at the impurity site.

It appears that the second or X-site s band is very
important to the Knight shift while making but a
small contribution, when present, to the density of
states at the Fermi level and possibly to mostother
observables involving states at or near the Fermi
surface. The relative importance to the Knight
shif t arises from s-hyperfine constants which greatly
enhance its magnitude. The inflation of the impor-
tance of the shift of the second band thus appears to
be one essential factor contributing to the AuX2
anomalies. There remain the questions of the low
temperature X of AuGaz and of the terms which
dominate the temperature dependence of the suscep-
tibility.

JWWM attributed~ the low-temperature Knight
shift to a P-band Fermi surface acting via P "core
polarization. " Current knowledge of p-electron
polarization effects puts this attribution in numer-
ical difficulty (but this knowledge is imperfect). The
minimum hyperfine constant necessary to yield the
observed low-temperature Knight shift (see Table
I) is obtained assuming that the entire low-tempera-
ture Pauli susceptibility y(y) is associated with Ga-
site P bands and it is an order of magnitude larger
than atomic P-polarization data (see Table 1I). The
occurrence of negative P-band Knight shifts, which
are too large to easily rationalize on the basis of
intra-atomic "core-polarization" effects, is not
uncommon at p-valence electron sites in various
intermetallic compounds. ~ Either P polarization

Like Ga, the In value is roughly twice the free-atom
value whereas II", 'is about half. This is consistent
with relaxation data' which show s-contact terms
dominating in Aulnz and AuGaz (at high tempera-

AuAl&

AuGa2

AuIn2

3.5

7y 2

—11.7

aReference 10.

3.5 6.4

5. 5 — 7. 5

—11.7 —10.0

—4. 2

—5.5

—7. 6

"Reference 21.

4.2

3. 7

4. 3

'Reference 22.
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in metals is much stronger than atomic experience
suggests, or else other terms are important to the
Knight shifts. Qne such term which appears very
attractive for AuX3 compounds is conduction-elec-
tron diamagnetism. These compounds are, after
all, diamagnetic, displaying many characteristics
of semimetals. There is a suggestion in the data
of Table IV that there may be substantial conduc-
tion-electron diamagnetism in these compounds.
A p-band effective-mass ratio m/m* of 10 would

lead to a Ga-site diamagnetic Knight-shift term
of about —0. 1% at low temperatures and such ef-
fective masses are conceivable. Such diamagnetisrn
could arise from the third and fourth bands or, per-
haps, from a fifth band which may produce a small
ellipsoid at point K in the Brillouin zone. It is also
conceivable that the diamagnetism associated with
the turned on s bands makes a substantial contri-
bution to the temperature dependence of the AuGa~

susceptibility, the associated Knight-shift term
being swamped by the s-contact interaction. There
are hints in the Knight-shift results for the ternary
alloys reported in this paper that P core polariza-
tion is not completely responsible for the low-tem-
perature Knight shifts.

There are other terms which give negative Knight
shifts, such as interatomic effects. In compounds
such as GdAl3 or V,Ga, involving rare-earth or
transition-metal atoms, it is quite reasonable to
conclude that such magnetic atoms make dominant
contributions to the Knight shifts at the less mag-
netic P-atom sites. The situation at hand is dif-
ferent; the Au sites are presumed to be almost
inert, as noted below, and it would be surprising
if the local Au-site susceptibility made a substan-
tial contribution to an X-site Knight shift.

The Au as well as the Ga site displays a tem-
perature dependent X in AuGa3, implying a contri-
bution to X(T) as well. Since dX/dT is negative,
it involves either the turning off of a Au s-band
contact term or the turning on of 5d core polariza-
tion. The latter could arise from hybridizationwith
the Ga-site s bandbut the magnitudes of d X/dT and

of H„( ee sTables I and II) would require something
like 50/0 d hybridization into the Ga band, a situa-
tion which seem unreasonable and is inconsistent
with the band calculation of Switendick. The alter-
native of a droop in an s-band term seems more
plausible. Given the AuH, of TaMe II, the observed
change involves a Au-si. te susceptibility drop which
is but 3-G%%d of the total susceptibility change. In
this sense, the Au sites are almost inert mith re-
gard to X(T). We expect that the Au sites are ac-
tive with respect to color, and since this has been
a matter of some interest, it will be the object
considered in Sec. III.

It appears likely that some combination of in-
creasing diamagnetism, decreasing Ga P Pauli

term, and decreasing Au-site Pauli term is re-
sponsible for the temperature dependence of the
susceptibility, with the first and second factors con-
tributing to the low temperature @(Ga) a,s well.
Other than weak Au-site effects, there is no quan-
titative evidence as to the relative importar. e of
the different contributions. The JWWM model for
AuGa3 seems inevitable, except for the minor modi-
fication of having several such temperature-depen-
dent terms.

III. Au Sd BANDS

It would seem reasonable that the color of Au

and Pt intermetallic compounds, such as AuA12 and

PtGa3, is associated with the Au or Pt 5d bands.
Nevertheless, the original experiments on the AuX3
compounds were quite successfully interpreted in
terms of free-electron bands and this led Vishnu-
bhatlaand Jan" to conclude that the d bands lie far
below && and are not responsible for the optical
effects. Sw1tend1ck's band caleulat1ons support
thisview, for theyyield Au 5d-like bands which are- 2 eV wide and - 7 eV below &~. We believe that
the 5d bands are responsible for the colors, with
their upper edges lying 3-4 eV below ez and that
soft x-ray photoemission (XPS)~' and soft x-ray
emission (SXS) data of the Au site in AuA12 in-
dicate this to be so. Qf course, whether 7 or
3 eV below &+, the Au d bands are not directly
pertinent to the Fermi-surface effects, which are
the main subject of this papex.

The Au-metal~ '3 and AuAl&~ XPS curves appear
in Flg, 1, The optical pl oper'ties of Au indicate
that the Au-metal peak is associated with a 5d den-
sity of states which has a sharp high-energy edge- 2 eV below E&. A peak and sharp cutoff at the

upper edge of the d density of states is character-
istic of fcc transition metals. If the d bands of
AuAl~ were involved in a similar cutoff, the figure
would suggest that they lie 1-3 eV lower than in Au

metal with a cutoff 3-5 eV below &&, depending on
which Au spectrum is used and the criteria for the
shift. The disparity between the two Au curves of
Fig. 1(c) appears to be larger than the disparity
between the 4f-level energies shown in Table V,
the latter being a measurement of the calibration
difference between the two XPS machines. We be-
lieve that the AuAl3 d-band density of states has a
much more gradual high-energy edge than in pure
Au and that there are hybridized d states 2-4 eV
below &&, the region important to the metal's colox.

One may use core-electron-photoemission data
to make an independent estimate of the d-band
shift. A core- or d-electron energy shift may arise
because of a shift in e~ or because the local poten-
tial, and hence the one-electron energies, have
changed from one metallic environment to another.
A shift in &~ of course affects core- and d-electron
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(c)

FIG. 1. XPS spectra
from the Au 5d bands in
Au metal (a) and (c), in
AuAl& (a), and SXS spectra
from the Al s electrons in
AuAl2 (b). The Au data in
(a) were taken from Fadley
and Shirley (Ref. 25) and
compared with that of Sieg-
bahn et al. (Ref. 26) in (c).
The XPS AuA1& data are that
of Chan and Shirley, (Ref.
18) with background sub-
tracted out according to their
prescription. The SXS spec-
trum is from Williams et
al. (Ref. 33). The curves
are shown on a common hor-
izontal energy scale mea-
sured with respect to the

ermi level.

I

I

XFS
I

(o)
I—

CL

e F

I

12.0 8.0 4.0 0.0
BINDING ENERGY (EF-E), eV

positions (with respect to it) equally. The change
in local spherical potential due to a charge shift
~p involving the shift of charge on or off the atomic
site in question has a Coulomb energy term

n.e,. = f ~ y,. (r)
~

(1/r, )&p(r')dade', (4)

where x& is the larger of x or x'. A core-electron
wave function P, (x) lies entirely inside any normal
&p. As a result, the 1/x& is entirely associated
with 4p and this maximizes && for the core elec-
tron. Since a d-band-electron wave function
$~(r) overlaps &p, its energy is less severely shifted
(i.e. , it overlaps the shoulder of the potential due
to hp). Core-electron shifts therefore should be as
large as, or larger than, the shift of the center of
gravity of the d bands, providing that the change of
environment can be characterized by a simple ra-
dial shift of charge on or off the site and by rela-
tively small perturbations of the d-band wave func-
tion. The experimental positions of the Au 4f-shell
spin-orbit doublets are tabulated in Table V. We
see that these levels lie roughly 1 eV lower 7 in the
AuX~ metals than in pure Au. The AuA12 data of
Fig. 1(a) are consistent with a d-band shift of this
sort and with a less sharp high-energy cutoff than
pure Au. Note that a sharp cutoff in the density of
states produces an optical edge, which normally
leads to the absorption of all optical energies above
the cutoff and reflection below and thus can be
responsible for the color of metals and alloys, such

TABLE V. XPS determination of the 4f doublet positions
E~ expressed as an energy (eV) below the Fermi energy
E'p.

AuA 1~

AuGa2

Upper peak

83. 75

84

84. 5

85. 0

Lower peak

87. 5

88. 5

88. 75

Ref.

~As measured from the spectra plotted in Ref, 26, p. 15.
"As tabulated in Ref. 25.
'As measured from the spectra plotted in Ref. 18.

as Cu, Au, and the brasses, but cannot produce col-
ors such as the purple of AuA13. There must be
structure in the density of states and/or the transi-
tion probabilities associated with the relevant opti-
cal energies. The photoemission data suggest that
at least the 5d bands are in the appropriate energy
region. Bands of pure Au 5d character, as might
be obtained in a band calculation with the X sites
emptied from the lattice, would be much narrower
than what is described above. This width might be
as little as 1 or 2 eV. It would seem that an es-
sential feature of d bands in transition- or noble-
metal compounds is the hybridization with orbitals
associated with other types of sites and that this
causes a substantial broadening of the density of
states involving substantial d character. Such ef-
fects have been seen, for example, in band calcula-
tions for the transition-metal diborides. The
situation is similar to s-d hybridization in the pure
transition metals where there tend to be pileups
of heavily admixed state densities to one or both
sides of the unhybridized d density-of-states peak.

The XPS chemical-shift data of Table V would
superficially imply a small net charge flow off the
Au site. This contrasts with Mossbauer-effect
isomer-shift data which have been interpreted as
involving a substantial flow of s-charge character
to the Au site. Taken together, the two sets of
experiments indicate ~ strong s-d charge compensa-
tion, i. e. , an increase in s and decrease in d elec-
tron count on the Au site in forming the intermetallie
compounds.

Soft-x-ray-emission results for Al in AuA1~ are
shown in Fig. 1(b). There is a prominent peaking
8 eV below e~. Switendick believed it to be due
to Al hybridization with the Au d band and we concur.
However, this could either be a marking of the full
d-band density of states (i. e. , Al s-band character
dragged along by hybridization in the high Au d-band
peak) or it could simply represent a region of strong
Al s —Au d hybridization at an edge of the d peak. We
believe that the Al s peak does not map the full
d-band region, which the photoemission data sug-
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TABLE VI. Room-temperature lattice constants for
pseudobinary alloys AuA12-AuGa2 and AuGa2-Auln&.

Alloy
system

AuIn2-AuGa2

Nominal composition
AuG@ (at. %)

0 (i.e. , AuIn2)

5

80
90
95

100 (i. e. , AuGa2)

Lattice
constant (A)

6.517
6, 486(1)

6. 172(3)
6.122(2)
6.092(2)
6. 075

Ref.

a, b
c

AuA12-AuGa2 98
95

6.070(3)
6.065(2)

5
0 (i. e. , AuA12)

5.996(2)
5.9989

c
a d

Lattice constants as given by Pearson (Ref. 34).
"Other references report values from 6.50 to 6.53 A.
'C. Bechtoldt (unpublished).
Straumanis and Chopra (Ref. 35) reported that the

AuA12 phase extends from AuA1& i to AuA1& &5 with lattice
constant (at 25'C) varying from 5. 9980 to 5.9969, re-
spectively.

gest, is broader and lies higher than the Al s peak.
Note that the Au photoemission peak [Fig .1(a)]
overlaps the energy region of the strong peak of the
Al SXS [Fig. 1(b)].

IV. ALLOY PREPARATION AND ANALYSIS

The ternary alloys were prepared from master
samples of the binary compounds. The AuGaz and

AuIn2 master samples were made by arc melting
weighed amounts of Au and Ga or In in an argon
atmosphere while using a titanium getter. The re-
sulting ingots were crushed, and remelted in vac-
uum-sealed (10 ' Torr) quartz ampoules. These
were then homogenized at 450'C for 10 days. The
AuA12 master was made by induction melting in an

Al303 crucible, adding the appropriate amount of
Au a little at a time.

The AuGa2-AuIn2 ternary alloys were melted in
sealed quartz ampoules using resistance heating.
The AuGa2-AuAl2 and the Aulna-AuAl~ ternary al-
loys wereprepared in an arc furnace and remelted
in sealed ampoules in a resistance furnace. All
the ternary alloys were homogenized at 450'C for
10 days. The brittle ingots were then crushed to
form 200 mesh powder.

X-ray analyses were performed on all of the
alloys. X-ray diffraction patterns were made using
a diffractometer with Cu target, scanning 28 at
—,
' deg/min. Line centers at half-height were taken
as line positions. The lattice constants were com-
puter calculated using a least-squares program.
For several of the alloys the lines were fairly
broad. For the AuGaa-AuIna alloys the broader
linewidths were not thought to be due to two over-
lapping lines, since the lines were symmetrical

out to high angles without any appearance of an ir-
regularity. Certainly the broad lines may have
been due, in part, to the fact that the samples were
not annealed after crushing. On the basis of x-ray
line broadening, an inhomogeneity in composition
of -+5% was estimated for the AuGaz+20 at. %
AuIn~ sample, the most concentrated alloy. For
the other alloys the inhomogeneity was less.

Pseudobinary solid solution was indicated by
x-ray analysis for the ternary alloys of the two
systems listed in Table VI. For both systems
shown, the change in lattice constant was re-
markably linear with composition (Vegard's law),
suggesting the possibility of extending the alloying
further across these systems, perhaps by a rapid
quenching technique such as splat cooling. No
extra x-ray lines were seen for the listed alloys.

Metallographic examination using etchants turned
out to be inadequate and subsequent metallography
was performed on polished unetched surfaces.
Whenever a purple phase was present, these re-
gions could be associated directly with the AuAl~-rich
phases. The metallographic results were all con-
sistent with x-ray and NMR indications.

In addition, a sample of 1 at. % AuA12 in AuGaz
was prepared, but its constitution turned out to be
less well defined as evidenced by our sample anal-
yses: Although the metallography showed no evi-
dence of second phase, the NMR showed at least
bvo distinct lines of more or less equal intensity
in both the Al and the Ga spectra with one of
the Ga lines exhibiting a temperature dependence.
None of the other alloys showed strong NMR struc-
ture at both solute and solvent X sites. The x-ray
lattice constant was also anomalous in that an
otherwise monatomic decrease in lattice constant
with composition for 0, 2, and 5 at. % AuA1~ in
AuGa2 was interrupted by an abrupt decrease for
the 1% sample [with measured lattice constant
6. 059(2) A]. The x-ray linewidths were broader
for the 1 at. % AuAI~ sample, again indicating
anomalous behavior. The x-ray results could be
understood by assuming that the 1 at. % nominal
composition was erroneous and that there was
more than 5 at. /0 AuAI~. However, this explains
neither the existence of the four resonances nor
the temperature dependence of one of these. An-
other possible explanation, which will not be pur-
sued further in this paper, is that for this alloy
there is a range of stoichiometry within the AuX2
phase, in the ternary system Au-Ga-Al

The extent of alloying for the AuA13-AuIn2 sam-
ples, not listed in Table VI, was determined by
the NMR measurements. Qualitatively, second
phase was also indicated by metallography and
x-ray diffraction. Section V 8 3 gives a further dis-
cussion of the extent of alloying of AuA12 with AuIn2
as determined from the observed NMR spectra.
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V. EXPERIMENTAL METHODS AND RESULTS

A. Methods

Measurements were made using both cw and

pulsed NMR. The cw measurements were made at
8 and 16 MHz using a standard commercial nu-

clear-induction spectrometer with continuous
averaging. Most of the reported X data were mea-
sured with the cw equipment.

Pulsed NMR techniques were used to measure T,
values and to trace out absorption lines in order to

verify a few low-temperature Knight-shift values.
The spin-echo experiments were performed at 8

MHz with a phase-coherent pulse-coherent crossed-
coil spectrometer. The power amplifier was ca-
pable of producing an rf fieM II& in the rotating frame,
greater than 160 G with rise and fall times less
than 0. 25 @sec in a transmitter-coil volume of
5 cm . Line-shape measurements on the AuGa2-
rich alloys containing AuIn~ were carried out at
26 MHz using a smaller power amplifier which
produced an H, of 40—50 G. For these measure-
ments a superconducting solenoid was employed.
Low-temperature measurements were made by in-
serting the sample and probe into a Dewar con-
taining either liquid helium or liquid nitrogen. The
liquid refrigerant was allowed to come into direct
contact with the particles of the sample. The ef-
fective sample volume was less than 0. 5 cm3. The
receiver-detector system had a recovery time of
about 15 psec. Signal-to-noise enhancement was
accomplished with a commercial boxcar integrator.
Either a saturating comb consisting of 10-20 rf
bursts spaced 100 psec apart or a m pulse was used
to saturate or invert the spin-population differences
for T, measurements. Recovery of the nuclear mag-
netization was monitored by either the height of an
echo produced by two closely spaced —,'m pulses or
by the amplitude of the free-induction decay fol-
lowing a —,'z pulse. In no case was there any indica-
tion of failure to saturate the spin system with the

H, available. Knight-shif t and line-shape measure-
ments were made with the pulsed spectrometers by
sweeping field and recording the Fourier transform
of the free-induction decay or echo using the boxcar
integrator. This method yields the full absorption
rather than its derivative.

B. Results

1. Enight Shifts

The measuredX-site X values at the various sol-
vent and solute sites in the pseudobinary alloys
AuGaz-AuIna, AuGa2-AuAl2, and AuA12-AuInz are
given in Figs. 2-5 and Table VII. All values of 3.'

reported here were obtained by assuming the pub-
lished room-temperature shift values of 0. 056,
0. 48, and 0. 94% for Al in AuA13, 'Ga in AuGaa,

The observed spin-lattice relaxation rates
(I/T&T) are summarized in Table VIII. In the AuGaa

alloys, measurements were made on the 9Ga isotope,
although T~ of Ga in AuGa~ was measured at VV K.
Our value of 3. 4(l) msec for 7~Ga at 77 'K is in good
agreement with the T, reported previously. ~ The
only case where the full linewidth at half-maximum
absorption points (- 500 G at 4. 2 K) exceeded the
maximum H& available in the rotating frame was
'' In in the (AuGaa)90(AuIna), 0 alloy at 8 MHz. Ex-
amination of the recovery of nuclear magnetization
following an rf pulse burst consisting of 10-20
equally spaced 2- @sec-wide pulses revealed that at
least 70—80% of the '~'In nuclear spins were com-
ple tely saturated. Furthermore, relaxation was
characterized by a single exponential term. In

light of these observations, it seems reasonable to
assume that the T~ measured in this case is char-
acteristic of the spin system as a whole rather than

a fraction of it due to incomplete saturation. At
26 MHz, the Ga in AuGaa-AuIn2 alloys exhibited
linewidths much larger than the maximum rf field
(40 G), but in the few T& measurements carried out

at this frequency, rf saturation was nearly com-
ple te.

A further point to be made is that the measured
spin-lattice relaxation rates of Ga in this alloy
may be influenced by the wings of the ~ 'In reso-
nance which overlap the ~Ga resonance. The

TABLE VII. Temperature-independent Knight shifts
of Al, In, and Ga in the nonanomalous alloys. Sec-69

ond phases are not shown but are discussed in the text.
The numbers in parentheses represent the estimated er-
ror in the last significant figure. Values quoted are for
room temperature but those at 77'K are approximately
the same. The errors shown include any temperature
dependences between these temperatures.

27A] '"rn
-6) (1)

AuA12+ 5 at. % AuIn2

+95 at. jp AuIn2

Auoa&+95 at. Vo AuIn~

0. 056(4) O. 32(2)

0. 17(5) 0. 92 (4)

O. 91(4)

Auoa2+95 at. /o AuA12 0, 056(2)

0. 58(3)

0. 16(2)

and ' In in AuIn~, respectively. We have attempted
to confirm the literature values in the pure inter-
metallic compounds using AlC13, GaCl3, and InClQ3,
as reference salts. Our numbers to match the
three quoted above are 0. 056, 0. 45, and 0. 89% for

Al, Ga and, ~ In, respectively. Sample prepara-
tion or choice of reference salts may account for
the small differences and we have not pursued this
matter any further.

2. Spin-Lattice Relaxatlon
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115
In pesonQnce

5 Ot. % AuGa2-

FIG. 3. Temperature dependence
of the ~ In Knight shift in the AuGa2-
AuIn2 system. Only one spin-echo
datum point was taken and this is
shown as an asterisk. The 77 K shift
in AuIn2 is from this work. The
dashed line is extended back to 4. 2 K
assuming a constant X as in the lit-
erature (Ref. 1).

0 (AuGazj95(Aurnz}5

I

100 200
TEMPERATURE, 'K

500

69GQ resonance

X

0.4 - 0/E AK S ATELL ITE

in 2 at, % Au Alp

0.2-

95 at. % AuAI&

-0.1-
I

100
Temperature, K

I

200

(AuAI2 2 (AuGa2 98

o (AuAI &) 5 (AuGa 2 S5

Q, (AuAI&)95(AuGa&)5

I

300

FIG. 4. Temperature dependence of the Ga shifts in AuGa2-AuA12 alloys. Satellite resonances are indicated by the
arrows for the 2 at. /p alloy and are discussed in the text.
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4.2'K 77'K 295'K Liquid

Ga metal

AuGa2

+ 5 at. '7o Auln,

+10 at. '/o Auln&

+20 at. "/o AuIn 2

5 at. "/o AuAl~

69Ga

0. 82(2) 2. 2(1)

3.3(1)

s.3(2)

s(1)

s. s(1)

v. 6(2)

7(1)

5.2(6)

5. 2(2)

5. 9(v)

4. 5(15)

3a, b

Al metal

AuA12

+95 at. fo AuGa 2

Al

0. 54

o. o5o(2)

0. 41(3)

In metal

AuIn2

"'In

11.V(2)

2Rc

TABLE VIII. Spin-latticpin- a tice relaxation rates (1/T T) in
(sec K) i.
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(Au I A z)g5(hu AI2)5

500 K

l6 MHz

Aj

Fig. 6, by the lack of two signals as required by the
enhanced lever rule using Eq. (5).

Alloying is also evident in the temperature de-
pendences of the Knight shifts and relaxation times,
but this is complicated by the fact that satellite
resonances are observed. These satellites are
discussed separately in Sec. V B4.

4. Satellites
O

(

o
0
O.
L0

FIG. 6. cw-absorption-derivative spectra obtained
for Al in a (AuIn&)95(AuA12)5 alloy (top) and in a
(AuGa2)95(AuA12)5 alloy (bottom) shown on the same hor-
izontal scale. The data were obtained at 300'K and at
16 MHz. The magnetic field increases to the right-hand
side. The resonance due to the second phase (top) near-
ly coincides with that of pure AuAl2, shown as an arrow
above the trace. It is clear that the AuA12 has dissolved
in the AuGa2 alloy at least to the extent that no second
phase is visible above the noise in the lower trace.

rich phase, respectively. The nominal concentra-
tion of AuA12 is C= 0. 05. The concentration of
AuAl~ at n and p is given by C and C~. The formu-
la is not sensitive to the intensity ratio (about 12
in Fig. 6, top) nor to C~ which can be taken, con-
sistent with the metallography and x-ray results,
to be about 1 (i.e. , 100%), and most important, it
implies an enhancement of the Al signal from the
Al-rich phase. Thus about 4. 5 at. % AuA12 dissolves
in Auln~, for the metallurgical preparation we have
used. This number is not wrong by more than 0. 5
at.%, and better precision could be obtained with-
out major effort by estimating Cz and B more pre-
cisely.

A similar study of the "'In NMR in (AuAlz)9, —

(AuIn2), shows that CB = 0. 995+ 0. 003, or that some-
what less than 1 at. % Auinz dissolves in AuAIz.
Note that Eq. (5) implies a deenhancement for the
majority nuclei, and the second-phase lines are
not generally observable for these. Subsequent
metallographic analysis gives solubility limits in
good agreement with these NMR results. For the
(Aulnz)95(AuAI~), sample the second phase was
easily observable because of the bright purple color,
quite characteristic of AuAl~, suggesting that no
additional intermediate phases exist. The x-ray
results indicate the presence of two fluorite phases
as well, but do not give accurate quantitative re-
sults. Complete solubility of 5 at %AuA12 in. AuGaz
is confirmed by NMR, as seen in the lower trace of

(AuG02)&5(AuIn2 )5 30 G 77 'K

16 MHz

69G

0
CL

O
AuGa2

(3OO 'K)
AUGa2

(77 'K)

FIG. 7. cw-absorption-derivative spectrum obtained
for Ga in a (AuGa2) 95(AuIn2) 5 alloy at 77 'K and 16
MHz. The observed spectrum is shown as a solid curve,
whereas the two hypothesized components making up the
line are shown as dashed curves. These are, respec-
tively, a shifted line (30 G wide) corresponding to Ga
with all Ga next-nearest neighbors and a line associated
with Ga sites (50 G wide) that have at least one next-
nearest In neighbor.

NMR is a powerful tool for investigating phase
separation as well as microscopic structure in
alloys. We have discussed the first of these in
Sec. VB3. In two alloys, AuGa~+5 at.% AuIn2 and
AuGa2+ 2 at. /o AuAI~, where alloying is already
confirmed by x-ray diffraction measurements
(Table VI and Sec. VB3), the 'Ga resonance line
is asymmetric (see Fig. 7 for the case of AuGaz
+5 at.% AuIn, at 77 K and at 16 MHz). We inter-
pret this asymmetry to be due to a microscopic
inhomogeneous Knight shif t. In first approximation
the spectrum can be decomposed into two lines.
The more intense high-field derivative corresponds
to the more negative Knight shift (shown in Fig. 2),
whereas the broader low-field line is the relatively
temperature-independent satellite resonance. At
room temperature these two resonances coincide.
These lines appear near the resonances of Ga in
pure AuGa2 at 77 and 300 'K, respectively. Unlike
the origin of the extra Al resonance in the AuInz
+ 5 at. % AuAlz alloy spectrum shown in Fig. 6, the
second resonance here can be established as a
satellite arising from microscopic structure rather
than as a second-phase signal by the following
arguments: (i) X-ray diffraction indicates alloying
to be taking place on a large scale in the AuGa2
+ 5 at.% AuInm alloy and higher AuIn2 concentra-
tions, with no structure other than the fluorite ob-
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served. (ii) No second "'In resonance is ob-
served in this alloy. If there were even a small
amount of phase segregation of a second-phase
In-rich fluorite structure, then the enhanced lever
rule [Eq. (5)] would lead to a relatively strong
~'SIn line with a z characteristic of the pure AuIna.
No such line appears. It is clear from Fig. 3 that
the X of the In in AuIn2 is quite separated from
the 77 'K value of the observed line in the AuGa~
+ 5 at.% AuIna alloy so that the second-phase In
resonance line would not overlap the observed In
resonance and thus should be easily observable.
It will be recalled that in the case of AuIna+ 5 at.%
AuAlz (Fig. 6) the second ~~A1 resonance not only
appears but has the intensity enhancement relative
to the 3 Al signal in the dissolved Al phase, ex-
pected from the enhanced lever rule. (iii) The
systematic increases in the Ga relaxation rate
(at 77 'K and below) and in X at the principal Ga
and In sites with the addition of AuIna to AuGa~,
at any given temperature, is consistent with alloy-
ing. The low temperature for 'In (in 5 at.%
AuIna) is more characteristic of a AuGaa than a
AuIna matrix, and its temperature dependence
tracks that of the Ga shift. There exists systematic
poisoning of the temperature dependence at both
sites with increasing AuIn2 concentration. These
all suggest that a second metallurgical phase which
might account for the observed satellite is unlikely.
(iv) The modified lever rule [Eq. (5)j applied to
the Ga site in the Ga-rich alloys leads to a signal
deenhancement of any second line to an extent in-
consistent with the observed second peak in Fig. 7
or 8.

A similar but weaker resonance satellite appears
in the Ga spectrum of the AuGaz+ 2 at. % AuAlz

L.
U
L

0

FIG. 8. Absorption spectra obtained at 4. 2'K and 26
MHz by Fourier transforming the spin echo of @Ga in
(Auaa~)~5-(AuIn2) ~ as a function of magnetic field. The
line shapes are shown for three different pulse-separa-
tion times 7. (The echo appears in the vicinity of 2~. )
The magnitude of the rf field is 30-40 6 and the echo was
found to maximize with two equal width 4-5-psec pulses.
The intensities of the three lines are not calibrated with
respect to one another.

alloy at 77'K, as indicated in Fig. 4. In this case
the 'Al solute resonance is shifted to a much dif-
ferent value than in AuAlz and, unlike the In case,
is relatively temperature independent. Again x-ray
diffraction measurements show no second phase and
no second ~Al resonance is observed which should
be expected from the enhanced lever principle.
Therefore, as in the In case, the satellite must
arise from microscopic structure in the alloyed
phase rather than from a precipitated second phase.

The satellites are due to local environments. In
all but the most dilute alloys, such Knight-shift
satellites normally manifest themselves only as
line broadening. We believe that the observation
of an at least partially resolved satellite, encoun-
tered here at relatively high concentrations, is
due to the nature of the X-site environment. The
X site's nearest neighbors are Au atoms which are
not replaced upon alloying; alloying instead involves
X-type atoms at second-, third-, and more-distant-
neighbor sites. In some sense, the screening by
the Au causes the system to act like a "dilute" al-
loy. A similar case of NMR satellite observation
in a pseudobinary alloy system was encountered
for Co in (TiFe)„(TiCo)& „, and had a similar
origin.

In order to elucidate the line-shape mechanism
in the AuGaz+ 5 at.% Auln~ alloy, the spin-echo
signal from the Ga was Fourier transformed by
sweeping field at 26 MHz and 4. 2 'K. The full ab-
sorption spectra thus obtained are exhibited in
Fig. 8. It is apparent that there are at least two
different lines, in agreement with the interpreta-
tion of the cw derivative lines shown in Fig. 7.

The broad line at 2v=190 p, sec, whichcorresponds
to the temperature-independent resonance in the cw
spectrum (Figs. 2 and 7), appears to have a longer
transverse decay time Tz than the narrower peak
observed at 2v =40 p, sec. The shift on the latter
matches that of the more intense derivative in Fig.
7 and, in turn, corresponds to the strongly tem-
perature-dependent Ga line in Fig. 2. An unambigu-
ous separation of the two component resonances is
not possible in either Fig. 7 or 8 because one or
both components are asymmetric arising perhaps
from other unresolved satellite or quadrupolar
structure. Nevertheless, a partial decomposition
of the resonance into two components is shown in
Fig. 7. It is clear that the two components do not
add up exactly to the observed spectrum, but they
do give a qualitative picture of most of the line
structure. For small amounts of asymmetry, the
crossover point of each component is found to be
relatively insensitive to line shape. While the data
for Fig. 7 are taken at 77 'K, the pulsed NMR data
of Fig. 8 are recorded at 4. 2'K.

Comparison of the line profile with those obtained
at 8 MHz confirm that the lines are inhomogeneously
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magne tically broadened. Anisotropic Knight shif t
in a cubic structure can be ruled out on the grounds
that in a powdered random alloy a symmetric shape
would be expected. 43 There is also the possibility
(though not probable) of a crystallographic trans-
formation to a noncubic structure in the alloy at low
temperatures. An anisotropic Knight-shift powder
pattern could then appear.

We searched for separate spin-lattice relaxation
rates by centering the magnetic field at the different
resonance peak positions. The sharp peak yielded
a rate in agreement with the 8-MHz results, whereas
the broad peak at 2v'=190 p, sec seemed character-
ized by a rate which was about 30% faster than the
number shown in Table VIII. However, the signal-
to-noise ratio and rf saturation mere not sufficiently
strong to make this statement with any certainty.

VI. DISCUSSION

We have observed a complicated array of Knight-
shift and relaxation-time behavior which at times
is temperature dependent and at other times not,
and which at times reflects the alloy host char-
acteristics and at other times does not. In order
to discuss these effects, we will, as is often done, ~' 3

try to characterize the behavior of an alloy system
as "local" versus "nonlocal" or "bandlike" in na-
ture. By local we mean that the properties of a
single site and its immediate environment deter-
mine the behavior at that site, and by nonlocal we
mean that a substantial region in the alloy is im-
portant to the behavior at the single site. No clear
choice can be made for the AuX~ alloy data. Let
us first consider the implication of the temperature
dependent X's.

The Ga resonance is temperature dependent in
the more Ga-rich alloys. The introduction of either
AuIn~ or AuA1~ eventually poisons the AuGa~ tem-
perature dependence. AuAlz is the more efficient
poisoner and this is probably associated with the
s-P level differences seen in Table III and may be
related to the lower solubility of AuA1~ in AuGaz.
It is interesting that the Ga and 'In resonances
display a common temperature dependence in the
AuGa3-AuIna alloys. The extent that this is so can
be seen by comparison of Figs. 2 and 3 or by in-
spection of Fig. 9, and this is consistent with the
"band" description for this alloy system. Note that
the introduction of In does cause a change in the

Ga temperature dependence. The ~ Al resonance
position in the (AuGaa)9~-(AuA12)2 alloy, on the other
hand, displays relatively little temperature depen-
dence while that for Ga varies significantly. It
is, of course, possible that there might be an Al
temperature dependence at lower Al concentrations,
but in any case, it appears that the Al is sufficiently
different from the Ga site so as to not be dragged
along as strongly as In by Ga s-band effects. The

TABLE IX. Normalized solute A-site Knight shifts
X (AuA2) in the host Au Y2 at 300'K, as ascertained in

ree ways: 3:solu e/Q~ in + metaO @solute/@@
host), and 3'"'""/H,™(X)(scaled). Ila™g)is taken
from Table II. The scaling is chosen to set the value for

In in AuIn2 equal to l. 1.

Hos
AuA 12lute AuX2 27A1

0.35
0.33
0.35

AuGa2
"Ga

0. 36
0. 23
0. 30

AuIn2
115I

0. 39
0. 37
0.35

AuGa2

AuIn2

0. 84
0.79
0.81

1.1
1.0
l. 1

1.1
0. 70
0. 91

l. 3
0. 84
1.1

0. 98
0. 93
0. 94

1.1
1.1
1.1

band trend for AuIn~ and apparently local trend for
AuA1~ as solutes in the AuGaa matrix is quite con-
sistent with the fact that the X-site s band lies
lomest, relative to the Pband, in AuGa~ and highest
in AuA12.

There is evidence of local behavior even in the
AuGa~-AuIn~ system, which, as we have just noted,
displays a semblance of band effects. For example,
the presence of a temperature-independent satellite
together with a temperature-dependent shift at the
Ga site in the AuGa2+ 5 at.% Aulnz alloy is due to a
local poisoning of the Ga resonance by In neighbors.
The intensity of the satellite is about equal to that
of the principal line. For random distribution,
roughly one fourth of the Ga sites have at least one
In atom on the nearest-six X-neighbor sites. Thus
the poisoning effect necessarily involves the near-
est-l8 X-site neighbors. A model in which poison-
ing occurs for one or more In on any of these 18
sites would imply a satellite intensity larger than
measured. A more complicated model or nonran-
domness might account for this discrepancy.

It is distinctly odd that the ~ In resonance tracks
the NGa temperature-dependent shift while presum-
ably poisoning the temperature dependence of its
Ga near neighbors. While no simple explanation
seems available for this oddity, the presence of the
satellite suggests the importance of local effects.
The temperature-independent Ga satellite in the
2 at. % AuGaz-AuA12 systems (see Fig. 4) is again
consistent with a model in which an impurity poisons
the temperature variation of the Ga sites in its im-
mediate vicinity. Unlike In, the poisoning Al site
displays a temperature-independent shif t.

The high-temperabire Knight shifts suggest that
the alloy host dominates in determining X-site
Knight-shift behavior. The high-, rather than the
low-temperature shifts, are appropriate for com-
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parison since presumably the AuGaa s band partic-
ipates at high temperatures. Normalized shifts
are listed in Table IX. Three methods of normal-
ization are employed so as to separate real trends
from the idiosyncrasies of a particular normaliza-
tion scheme. The alloy shifts have been normalized
(i) with respect to the X of pure Al, Ga, , and In meta. ls;
(ii) with respect to the shifts for these atoms as
dilute impurities in Au metal; and (iii) by dividing

by the H, of Table II. Since (iii) normalizes the
ratios in a different manner than (i) or (ii), we have
arbitrarily scaled it, so that the value for In in
AuIna rgatches the values from the other two schemes.

The three normalizations yield essentially identical
Al and In results with a somewhat greater scatter
for Ga. Pure-Ga metal has an anomalous band
structure and X, and the scatter may be associated
with this tendency. The normalized X are seen to
be essentially identical for any X in a given host
and are markedly smaller when that host is AuA12.
Itis notable that A1 inAuGa& conforms to thepattern
while not tracking the AuGa~ temperature dependence.
The smaller value for AuAl~ is most easily ration-
alized in terms of a reduced s-band susceptibility
in that compound, but there is no hint of such a
tendency in either X or the specific heat y (see

~~/, '/o/Moe

0.08-

0.06-

0.04-

0.02-

, ~
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I

77 'K
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FIG. 9. Normalized shifts of Ga and In vs AuIn2 concentration in th . AuGa&-AuIn& system at three temperatures.
The shifts are normalized by dividing by the s-hyperfine field H~ of the respective nucleus i in order to give a measure
of the s character. Lines are dravrn to connect the data points for the concentrations 0, 5, 10, 20, and 95 at. % AuIn2 in

AuGa~. Satellite resonances are excluded from this figure.
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FIG. 10. Plot of the s density of states as a function
of energy measured with respect to the Fermi level in
AuX2 compounds (X=Al, In, and Ga). The left-hand
side shows the Al s density of states in AuAl& calculated
by Switendick (Hef. 32). The right-hand side schemati-
cally shows a possible location of the Fermi levels in
AuA12, AuIn2, and AuGa2, respectively.

Table IV). We might note that the relaxation
times, taken with the X, indicate that s-band ef-
fects are weaker in AuAlz than the other two com-
pounds. There is a suggestion of such an s reduc-
tion in Switendick's band results. Plotted in
Fig. 10 is Switendick's Al s-orbital contribution
to the density of states of AuA12 in the vicinity of

We shall assume that the peak is predominantly
due to structure in the s band though, of course,
there mill be some contributions from hybridization
with other bands. We see that &~ falls low in the

peak, implying a smaller s-band Pauli susceptibility
than if it intersected the maximum. f~ is expected
to fall higher in the peak in AuIn2, since the In
atomic-s level, and hence the s band, lies lower
with respect to the P band. The s level lies still
lower in AuGaa and, consistent with the JWWM
model, a~ can be expected to fall just above the
s peak. This trend is illustrated schematically
on the right-hand side of Fig. 10. The high-
energy edge of the band has been drawn more
sharply than the AuA13 result. This is consistent
with the band results to the extent that the s bands
are flatter in AuGaa, which is necessary if the
AuGa~ s band is to be "turned on" with temperature.
The situation is unusual in that strong density-of-
states structure, of the sort producing tempera-
ture-dependent Fermi-surface effects, is nor-
mally considered characteristic of d and not s or
P bands.

The relaxation times provide further evidence
supporting a nonlocal model of alloy effects. Kor-
ringa products y 3; 3T&T are listed in Table X and
are of interest in the few cases where data were
obtained for both X sites at some given tempera-
ture. The products, like the normalized X's, are
essentially identical for a given alloy.

TABLE X. Experimental Korringa products
(7rkhy'@'T&Tpz ).

4. 2'K

"Ga

77'K 295 'K

AuGa2 0. 50(1) 0. 02 (1)

+ 5 at. % AuIn2 &0. 00] 0.2{1)

+10 at. % Auln~

+20 at. % AuIn2

+ 5 at. % AuA12

0. 5{2) 0. 7(1)

1.0(3) 1.1(3)

0. 8(2)

1.0(1)

0. 9(1)

l. 3 {4)

AuA12

+95 at. % AuGa2

AI

1.5(4)

1.0(3)

+90 at. % AuGag

115I

0. 7(2)

1.3 (1)

The present alloy Knight-shift temperature de-
pendences are consistent with the Al-In-Ga order
indicated by the atomic s-P splittings and the band
calculations, and are suggested by some of the
experimental data reviewed in Sec. II. Instead,
the alloy solubilities follow the Periodic Table
order. The AuA13-AuIna system has the narromest
range of solubility. This may be due to atomic
size predominating over band effects. The s-P
level splittings listed in Table III suggest that it
might be useful to attempt (we have not) to alloy
Tl into the X site of AuGaa, or if need be, another
of the compounds as a further test of the s-band
model. The atomic s level in Tl lies even lower,
relative to the P level, than in Ga. One would thus
expect a tendency towards diamagnetic tempera-
ture-independent X characteristic of AuGaa at
low temperatures.

The alloying effects encountered here are con-
sistent with the band calculations and thus in some
limited sense provide corroboration for the model
proposed by Jaccarino and co-workers. ' Neither
the present results nor the band calculations pro-
vide insight into the second term, or terms, con-
tributing to the AuGa~ temperature-dependent sus-
ceptibility. They only indicate the likelihood of a
temperature-dependent s-band effect, not present
in the other two compounds, which seems to be
associated with the atomic s-P splitting. The alloy
results introduce some complications of their own.
If it were not for the presence of satellites and the
temperature-independent Al resonance in (AuGa~)„'-

(AuA12)2, the alloys would readily be described in
terms of a nonlocal model. The satellites suggest
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the presence of far more local effects. As we have
indicated, the satellites are a property of the alloys
and not of second phases in the samples. As such,
they must be taken seriously. The result is an
amalgam of local and nonlocal effects which are
not obviously consistent with one another. The
Au d bands are playing little or no role in the ef-
fects concerning us here but, contrary to the con-
clusions of some of the previous workers (see
Sec. III), we believe the dbands are at leastre-
sponsible for the fact that AuA13 is purple.
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We utilize a Glauber identity to formulate the 9= 2 Ising-model problem. This formulation
provides a concise view of some connections between the molecular field and the constant-
coupling approaches and may provide a useful medium for generating and testing other approxi-
mations.

I. INTRODUCTION

The constant- coupling approximation, introduced
by Kasteleijn and van Kranendonk, ' provides a
method for calculating equilibrium properties of
spin systems. The method attempts to deal with
correlations which the usual molecular field approx-
imations neglect, and some results of the constant-
coupling approximation, e. g. , critical-temperature
values, represent an improvement over molecular
field results.

To gain broader understanding of the constant-
coupling approximation seems a worthwhile goal,
since the approximation is related to the important
general problem' of obtaining reliable reduced
statistical operators for many-particle systems.
It is noteworthy that the constant-coupling approxi-
mation is applied to the two-spin reduced statistical
operator which has inherited its structure from the
exact N-spin statistical operator, whereas the
molecular field method hinges on a variational tech-
nique in which a trial N-spin statistical operator
is written as a product of one-spin operators.

In addition to the original work of Kasteleijn and
van Kranendonk, general cluster expansions for
Heisenberg and Ising systems have been shown to
provide a common framework for arriving at both
the molecular field and constant-coupling approxi-
mations; however, the cluster expansions tend to
be rather complicated and do not seem the most
efficient route toward the particular goal stated
above.

With that in mind we discuss the formulation of
the S= 2 Ising-ferromagnet problem in terms of a
spin probability identity which Glauber presented.
The formulation provides a relatively concise view

of some connections between the molecular field and
the constant-coupling approaches and may provide
a useful medium for generating and testing other
approximations.

II. MARGINAL SPIN PROBABILITY

In this section we develop some techniques which
are model independent insofar as they apply to any
collection of spins of magnitude 2 irrespective of
the Hamiltonian or ensemble.

Consider a system of N spins, each of magnitude
and let s; denote the operator for the g projec-

tion of the ith spin:

s;=+1, i=1, 2, . . . , N.
Qf the 2" spin configurations, focus attention on
those with a. particular value of

m=(l/N) Z, s, (2. 2)

ps(s(, sg,' m) = 4(1+ (s(,' m)~s;

+ (s J m)ssy+ (s( s),' m)~s ( sy), (2, S)

where 1 ~i &j ~¹
For a homogeneous system

m=(s, ; m)„, i=1, 2, . . . , N

so that

p„(s, , s~; m) = 4 [1+ (s, + s ~) m+ s; s, (s, s~; m)s ] .

and iet (;m)„denote a conditional average over
the set M of spin states with the same ~w. Now we
utilize the Glauber identity to write the exact two-
spin conditional probability in the implicit form


