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Ferromagnetic and spin-glass ordering has been studied in (Au, .pdi, ) ~,. Fe,. alloys tor

0 ~ x ~ 1 and 0 ~ c @0.06. Magnetic susceptibility, high-field magnetization, and Mossbauer

measurements have been performed between liquid-helium and room temperature. For sniall x,
the alloys are strongly exchange enhanced. Assuming that the local-moment —conduction-electron

exchange coupling J is independent of x, and employing the Takahashi-Shimizu-Doniach-

%ohlfarth theory, we obtain J =0.12 eV from the saturation moment versus host susceptibility

data. The theory, however, fails to describe the interimpurity coupling that leads to magnetic ord-

er in the Pd-rich alloys. A simple phenomenological model, based on the ferroniagnetic coupling

of all the giant polarization clouds except those that are "isolated, " gives qualitative agreenient with

the T,, (c) data, where T,. is the ordering temperature. The magnetic ordering changes t'ron& t'er-

romagnetic to spin glass or mictomagnetic as x increases beyond about 0.5. This seenis to he con-

nected with the change al, this composition in the character of the electronic states at the Fernii

level from d-like to s-like. The Au-rich samples are spin glasses understandable in ternis ot' the

Sherrington-Southern theory which is based on fluctuations in the exchange couplings ot the Fe
spins. The magnitude of this coupling was estimated in two ways, employing the theories of
Sherrington-Southern and Larkin, and the results were in reasonable agreement with each other.

I. INTRODUCTION

The development of an ordered magnetic state in a

disordered alloy is an interesting problem in the
broader field of the physics of disordered materials.
One can distinguish at least two classes of magnetic
order in alloys: ferromagnetic and spin-glass or mic-
tomagnetic. In ferromagnetic alloys it is assumed that
all the moment-bearing atoms have their spins aligned
below the Curie temperature even though the posi-
tions of these atoms are essentially random. In the
spin glasses one is dealing normally with a small con-
centration, for example, several per'cent, of magnetic
atoms in a nonmagnetic host metal. The prototypical
spin-glass alloys are Cu(Mn) and Au(Fe), though
many other examples are known. ' The moments in a
spin-glass alloy are coupled via an oscillatory interac-
tion involving the conduction electrons. Below a cer-
tain temperature T,-~, the "pins "freeze" in their
quasirandom orientations, though there may be mag-
netic order on a short-range basis. The sample as a
whole has no net moment in zero applied field. On
the other hand, dilute alloys such as Pd(Fe) develop
ferromagnetic order at low temperatures and dilute
Pd(Mn) alloys have a complex phase diagram in which

the ferromagnetic or spin-glass ordering depends on
the Mn concentration.

The binary alloy systems Au(Fe) and Pd(Fe)
behave quite diA'erently. For example, for dilute
Au(Fe) alloys the spin state is normal, ' the magnetic
ordering is spin glass in nature, the hyperfine field is

rather small, there is a large nuclear quadrupole split-
ting, the isome-. shift is large, ' and the coercive field is

relatively large. " On the other hand for dilute Pd(Fe)
alloys, there is a giant magnetic moment, the ordering
is ferromagnetic, the hyperfine field is large, there is

essentially no nuclear quadrupole splitting, the isomer
shift is small, and the coercive field is small. '

An important aspect of the nature of dilute magnet-
ic alloys is the extent to which s or d character of the
host electronic structure controls the nature of the
magnetic order. The object of the present work was to
study this question in dilute Fe-doped Au Pdi, al-

loys. Two issues are involved; one is the sign of the
local-moment —conduction-electron coupling, and the
other is the nature of the longer-range interimpurity
coupling. For the former problem, there is antifer-
romagnetic coupling in Au{Fe) leading to the Kondo
eA'ect, but ferromagnetic coupling leading to giant mo-
rnents in Pd{Fe). For the latter problem, the
Ruderman-Kittel interaction in Au{Fe) is believed to
be the mechanism for spin-glass ordering, ~hereas the
ferromagnetic coupling between the giant polarization
clouds in Pd{Fe) does not have a satisfactory theoreti-
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cal description. In our ternary-alloy system, there is

the opportunity in principle to study these questions as
the host-electronic structure is varied. Furthermore,
dilute systems of this type may be simpler to undet-
stand than concentrated disordered magnetic alloys.

Until a few years ago, models for the host-band
structure of alloys like Au-Pd or Ag-Pd were based on
the old idea of noble-metal s electrons filling the d
bands of Pd near the equiatomic composition. How-

ever, recent electronic-structure calculations for Ag-

Pd, 6 based on the coherent-potential approximation,
give rather good agreement with photoemission and
electronic-heat-capacity data. The theoretical and ex-
perimental results show that the rigid-band and
virtual-crystal models are untenable, and the theory
points the way towards a model which can account for
localized effects such as charge-transfer and localized-
potential functions. Therefore, in dilute magnetic al-

loys based on hosts such as these, the conditions for
moment formation and the spin-fluctuation tempera-
tures may well depend on the local environment of
the magnetic impurity in question.

There are additional reasons for interest in dilute
magnetic alloys based on hosts such as Au-Pd or Ag-
Pd. In both of these hosts, with no Fe doping, there
is evidence for spin-fluctuation effects (resistance
minima, etc.) at the critical concentration for "d-band
filling" (on the old rigid-band model). ' Secondly,
there is an opportunity in systems of this type, to
"turn off" the exchange enhancement of Pd in a con-
trolled way by adding Au. Thus, we are able to com-
pare the results for Pd-rich alloys with the theories of
Takahashi and Shirnizu, and Doniach and
%ohlfarth, ' who discussed ferromagnetic ordering in

exchange-enhanced alloys.
Some work on Fe-doped alloys such as Ag-Pd and

Au-Pd has already appeared. Longworth measured
Mossbauer spectra in the Au-Pd(Fe) system and
found a marked change in the isomer shift, linewidth,
and hyperfine field at about 50-at. % gold. 'a Quaiita-
tively, his results were confirmed by the present study.
Quick er al. " reported some anomalous iine displace-
ments and widths in the Mossbauer spectrum and in-

terpreted these as spin-relaxation effects which are as-
sociated with the ferromagnetic-nonferromagnetic
transition at about 50-at. % gold. In the present work
we have combined bulk susceptibility and high-field
magnetization measurements with Mossbauer meas-
urements in order to obtain further information on
the magnetic ordering. Similar measurements have
been carried out in the Ag-Pd(Fe) system by Budnick,
Levy, and co-workers, " "by Brill and %ortman, "'
and by De Benedetti et al. "

made by melting either in an argon-arc furnace or in

an electron-beam furnace. Following repeated melt-

ing, the Mossbauer samples were alternatively vacuum
annealed and cold rolled to form foils. Finally, both
the Mossbauer and susceptibility samples were an-
nealed for 2 h in quartz ampules which were then bro-
ken in ice water for rapid quenching. The materials
used ware 99.9999% pure Au, 99.995% pure Pd, and
Fe metal isotopically enriched to 91% in 'Fe. The
compositions were determined by chemical analysis to
a precision of 0.01 at. %. The lattice parameters were
determined by x-ray diffraction. The source pur-
chased from New England Nuclear Corp. consisted of
'Co deposited on and diffused into a 0.001-in. copper

foil.
The Mossbauer spectrometer is of the constant ac-

celeration sort. The detector is a NaI scintillation
counter and data is stored in a Scipp multichannel
analyzer. The cryogenic system and the other
Mossbauer apparatus have been described in detail
elsewhere. "

Magnetic susceptibility was measured as a function
of temperature from 1.5 to 300 K using a Faraday sus-
ceptibility apparatus that has been described previous-
ly. ' Measuring fields ranged from 1 to 10.4 kOe.
The high-temperature data were analyzed using a
least-squares fit to the Curie-%'eiss law

x( T) = x, + (C/T —e),
C = N, P,2/3ka

p, =gp, s[S(S+1)l' '
(2)

(3)

III. RESU LTS

~here 8 is the %'eiss temperature, %, is the number
of iron atoms, p, the effective moment, and S the ap-
parent spin value.

Magnetic moment o- was measured as a function of
temperature Pand field H, from 1.5 to 40 K and from
0 to 80 kOe in a vibrating sample magnetometer
(VSM) in a Janis Varitemp Dewar. The demagnetiz-
ing factor for the samples was determined using the
slope of the cr-vs-H curve for the x -0.094, c =0.038
sample in the low-temperature region where its
behavior was clearly ferromagnetic. All the samples
were cylinders approximately 2 mm in diameter and 3
mm long. Temperature was controlled above 4.2 K by
a capacitance thermometer, the output of which regu-
lated the amount of heat put into the He gas. The
temperature near the sample was measured using a
calibrated Si diode, and typically varied by less than
0.1 K during a sw. eep from zero field to 80 kOe to
zero field.

II. EXPERIMENTAL

Throughout this paper the samples will be denoted
by the formula (Au Pd~ „)~,.Fe, The alloys were

A. Mossbauer

Table I lists the analyzed compositions, ordering
temperatures, and saturation hyperfine fields for the
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TABLE I. Analyzed compositions, ordering temperatures,

and saturation hyperfine fields of Mossbauer samples. The

sample composition is denoted by (Au„Pd& „)i,.Fe,.

0,„. , (kOe)

1.000
0.778

0.728

0.669
0.500
0.348

0.229
0.055
0.000

0.026
0.030
0.025

0.025
0.026
0.031
0.027
0.034
0,025

18
15

15

15

12

15

20

74
93

241

248

256
262

2&1

286
295

310
311

310' I I I I I t I I I

Mossbauer-eft'ect samples. As previously mentioned,
these results, in the main, support those which were
earlier reported by Longworth' although frequently
dift'ering in detail and actual magnitude. The most
striking feature revealed by both studies is the discon-

tinuity in the behavior of several Mossbauer parame-

ters near the equiatomic composition at which the al-

loys transform from spin-glass to ferromagnetic order.
The temperature dependence of the hyperfine split-

ting for all compositions is well fit by a Brillouin func-
tion with spin values ranging from J =1 to J =3. The
transition from the disordered to the ordered state is

quite sharp and there is no evidence of a tail in the re-

gion just above To as reported by Longworth; i.e., for
T & To the reduced magnetization H„ is zero for all

alloys investigated. We have established in a separate
investigation' that failure of H„ to vanish for T & T&,

results from a nonrandom distribution of solute and is

not the case if specimens are truly homogeneous.
Figure 1 shows the variation in magnetic ordering

temperature and saturation hyperfine field as a func-
tion of composition. Although far from pronounced
there is an indistinct minimum in To in the vicinity of
the equiatomic composition. The plot of H, „. , versus
composition also undergoes no distinctive fluctuations
at the same composition. In contrast, the isomer shift
both below and above To shows a definite shift
between 40- and 50-at. % Pd as shown in Fig. 2

although it is rather )ess pronounced for the ordered
state.

Figure 3 shows both spectra and room temperature
quadrupole splittings for all compositions. The spectra
are fitted by combining a singlet and doublet for
Au098Fe{)Q2 with an unconstrained doublet for speci-
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F1G. l. Magnetic-ordering temperature To and the sa-

turation nuclear magnetic hyperfine field as a function of
composition. There is a vague minimum in To about AuFe

but no correspondingly significant variation in H,.„, in the

same region.
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FlG. 2. Isomer shift for T & To and T & To, i.e., 4.6 K

and -298'K. Note the apparent large discontinuity in the vi-

cinity of {40—50)-at. % Pd.
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a function of composition. The ratio of the excited to
ground-state moment increases significantly at the
midpoint of the composition range. The true value of
this ratio is a nuclear property unaffected by local
chemical environment and the departure from con-
stancy reflects a difference in nuclear spin-flip relaxa-
tion, presumably induced by the transformation from
random antiferromagnetic to ferromagnetic about the
50-50 composition; this observation has been reported
elsewhere. " It is interesting to note that this fluctua-
tion does not occur with the abruptness demonstrated
by the quadrupole splitting. This observation suggests
that the transition from spin-glass to ferromagnetic
order is but weakly dependent upon composition. To
the best of our knowledge there are no similar transi-
tions in other materials with which to compare this
observation.

We did not perform polarization measurements as
did Longworth. ' His results clearly demonstrate the
transition from spin-glass to ferromagnetic occuring at
about SS-at. % Au.

FIG. 3. Calculated quadrupole splittings (right panel) tor

the room-temperature spectra (left paneo. Note the change

in appearance of Ihe spectra at the equiatomic concentration.

mens with 0.669 «x «0.778 and with a doublet of
equal linewidths for specimens with 0 «x «0.5.
There is an intuitive physical basis for such varied

fitting procedures" but it is perhaps more meaningful

to merely note the change in character of the actual

spectra at the 50-50 composition. Below T0 the qua-

drupole splitting is zero for all compositions.
Figure 4 shows the apparent variation in the

nuclear-moment ratio of the excited to ground state as

8. Magnetization and magnetic susceptibility

Table II lists the analyzed compositions, ordering
temperatures, effective moments, and spin values for
the specimens studied by the Faraday measurements.
The Faraday susceptibility data for all samples obeyed
the Curie-Weiss relation [Eq. (1)] at high tempera-
ture. At low temperature, the data for the nominally
2-at. % Fe samples having x =1.00 and 0.762 had

maxima in X as a function of temperature; those for
the other materials had irregularities in slope at low

temperatures, indicating the onset of some kind of
magnetic order, as seen in Fig. 5. Figure 6 shows the
Faraday data for several of the 6-at. % Fe samples. p,
values for the 6-at. '/o Fe samples are not listed in

Table II because the paramagnetic data cannot be well

1.82
I I I I I I I I

1.80

1,78

C)

1.76

TABLE II. Analyzed compositions, ordering tempera-

tures, eft'ective moments, spin values, and saturation mo-

ments per Fe atom for the magnetization samples.

l. 74

l. 72

s za~
0 10 20 30 40 50 60 70 80 90

Composition (at. X Pd)

FIG. 4. Apparent variation in the ratio of the nuclear

moments of the excited and ground states caused by spin re-

laxation induced by the magnetic transformation in. the vicini-

ty of x =0.5.

T (K.) p., (p, )

1.000 0.021 11.7'
0.762 0.022 9.6"

0.503 0.021 8.0
0.245 0.022 10.0
0.094 0.038 31.0
0.773 0.061 19 + 3'
0.501 0.060 78+6
0.236 0.060 96 + 6

3.4
5.4
6.4
8.2
10.2
ND

ND
ND

"Determined from maximum in M/H vs

ND: not determined.

1.3
2.3
2.7
3.6
4.6
ND

ND
ND

T as shown

p, (p,g)

ND
ND

4.5
5.3
6.1

ND
ND
ND

in Fig. 6.
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FIG. 5. Temperature dependence of the susceptibility of
the Au, .pdI, . samples with nominal Fe concentrations rang-

ing from 2 to 4 at. %. Note the weak maxima in the x = I

and x =0.75 samples as compared with the large low-

temperature susceptibilities of the x =0.09, 0.25, and 0.50
samples.

fitted with a Curie-%'eiss law. Presumably, because of
the relatively high Fe concentration, there are Fe-Fe
interactions which lead to the above behavior. This
phenomenon is discussed by Window. " Because of
the high fields used to measure X, the behavior of X

for T ( T,. cannot be interpreted in a simple manner.
The ordering temperature T, was determined for

ferromagnetic materials using the method described by
McGuire and Flanders" of extrapolating the max-
imum of dX/dT to H =0. The eff'ective moment was
found, as described above, by a least-squares fit to the
Curie-gneiss law. The spin was found assuming that

g =2 and that all Fe atoms have the same spin.
High-field magnetization measurements at 4.2 K for

the 2-at. % Fe samples are sho~n in Fig. 7. For
x =0.502, the moment was not saturated at 80 kOe,
so the assumption p(H) = p, , (1 —a/H) was used to
find p, , by extrapolation. '" Table II lists the saturation
moments per impurity for the ferromagnetic samples.

Hysteresis loops for the ferromagnets were very
narrow. In contrast, the x =1 and x =0.762 samples
had broader hysteresis loops, with coercive fields of
2.1 and 1.1 kOe at 1.4 K, respectively, as seen in Fig.
&. There was no detectable displacement (less than 30
Oe) of the hysteresis loops when the materials were
cooled from 35 to 1.4 K in an 80-kOe field. Borg and
Kitchens4 have shown that the shift is very slight in

Au(Fe) alloys, in contrast to the displacement of the
loops in Cu(Mn) and Au(Mn). They saw a displace-
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FIG. 6. Temperature dependence of the apparent susceptibility a./H for the nominal 6-at. %-Fe samples. For x =0.24 and 0.50,
the behavior is characteristic of a ferromagnet, whereas for x=0.77, mictomagnetie. 'behavior is suggested.
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ment of approximately 200 Oe in A 95 5

e eld. Vibratin-g-sample-magnetometer meas-
urements of the initial slope of the M ve vs H curves,

ig. , show cusps that are characteristic ofris ic o spin-
a eria s. o make these measurements, the

samples were heated to above 3S K 'ove (remanence van-
ished near 20 K} then cooled to the to t e temperature of in-

for t

crest. nitial slope versus temperature
'

1 h

he x =0.502, c =0.021 sam le. Th
is a so s own

usp i e, but rather looks like the susce tibilit
ferromagnet.

e suscepti i ity of a

The remanence of Au
time de en

o.9sFeo.o2 shows a Pronounced
p ence, as has been seen for thr o er spin

cays, but do
g asses. As in these other cases ths, e remanence de-
cays, ut does not fit an expression of the form

a erials containing Pd showed no
time dependence of the remanence.

I.O

IO 20 50
APPLED FIELD (kOe)

FIG. 8. Partial hysteresis loops at 1.4 K f hor t e spin glass

or mictomagnetic samples; c =0.02 Th e complete loops

have inversion symmetry about the origin.

8 I2 l6 20

TEMPERATURE ( K )

FIG. 9. Low-field sususceptibility data taken from VSM data

of M(H) in the limit H 0. NNote the peaks characteristic of
spin glasses for the bottom two curve d hves, an t e apparent fer-

romagnetic behavior of th te op curve.

IV. D ISCU SSION

A. Exchahange-enhanced ferromagnetic alloys

It is natural to determine at the outset wheth h

data for our Au-Pr u- d(Fe} alloys can be understood in

e ert e

terms of existing molecular-field theories for
exchange-enhanced alloys. Let us bri fl

esu s of these theories. Takahashi and Shimizu'
developed a theory for Pd-ba d ll

ca ize moments w1'

- ase a oys containing lo-
s which assumes: a molecular-field in-

teraction, of stren th ng n, between the bare-localized
moments and the 4d band electrons; that the rigid-

an; that direct in-band model is valid for the 4d b d;
teractions between the magn t'magnetic impurities can be ig-

nored; that n is independent of the im
tration' and

o t e impurity concen-
ion; and that the polarization of th 4d'b

ially uniform. Doniach and % hlf
e and is spa-

o arth found the
same results usin a lin

'

g
'

ear-response approximation,
without the assumptions of ' 'd-a rigi - and model or a
uniform-band polarization. Kirn~' found similar
results thou h hi vs oug is viewpoint emphasizes ferro
tism of th

erromagne-

of localized moments, as in th h
0

the itinerant electrons rathe th her an t e orderin g0, in e ot er approaches.
ieuwenhuys' has given a critique of th h

pp ie to dilute Pd alloys contain F, M
o ese t eories as

aining e, Mn, and Co.
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The major predictions of the Takahashi-Shimizu and
Doniach-Wohlfarth (hereafter denoted TSD%')
theories are

40

' o

T, =/t/g'pats(s +1)n'xa(T )/3ka

p„, =g ps[s(s +1)]'"[1+axa(T)]

p, , =gpss[1+uxa(T)]
]J=—Xg p,

'

(4)

(5)

(6)

(7)

30
LL.

o&
0

where Xp(T) is the host alloy susceptibility, Xp(T, .) is
the host susceptibility at the ordering temperature of
the Fe-doped alloy, s is the bare spin on the magnetic
impurity to which we assign a value of —,g is the g

factor taken as 2, J is the exchange interaction
between the local moment and the 4d conduction elec-
trons, and W is the total number of atoms.

Previous work on Ag-Pd(Fe) has generally
confirmed the TSD% theories. In particular, Levy
et al. ' tested Eq. (4) and tound that there was a
linear increase in T,. with Xp(T;) —although the
straight line derived from the data did not go through
the origin of the T,. vs Xp(T, .) plot, as required by Eq.
(4). In any case, these workers derived values of
1.63 & 10' mole/emu and 0.11 eV for e and J, respec-
tively. Brill, "working with alloys of 1 —7-at. % Fe in

Ag-Pd, compared his p, values with Eq. (5) and
found that he could fit his data with a =0.90 x 103

mole/emu at 333 K and 0.85 x 10' mole/emu at 386
K. Longworth' also obtained rough agreement with

Eq. (4) for Au-Pd(Fe) but he had to use XQ(T )
values appropriate to Ag-Pd, since no measurements
on Au-Pd were available.

Figure 10 shows T, /c for all our s.amples except
those containing 6-at. '/o Fe. The host susceptibility Xp

was measured on an assortment of Au, .Pd], rnateri-

als, between 4.2 and 300 K. In certain cases, the data
had to be corrected because of the presence of a small
concentration (of order 100 pprn) of un~anted mag-
netic impurities. Our magnetic and Mossbauer data
are included. '~long with some T, data of Longworth'p
and Crangle, -""' the latter relating to x =0 [Pd(Fe)].
The straight line in the figure was drawn so that it

passed through the origin, and the values for o. and J
obtained with Eqs. (4) and (7) are a=1.80 X 10'
mole/emu and J =0.12 eV. These are similar to the
above-mentioned values for the Ag-Pd(Fe) system.
Although there is considerable scatter in the data of
Fig. 10, the results seem to give additional qualitative
support to the TSD%' theory.

There are some problems, however, in reconciling
the TSD%' theory with all of our data. For example,
Fig. 11 shows that T,. increases approximately as the
square of the Fe concentration for the nominal
x =0.25 and x =0.50 samples, at least for t." between
0.02 and 0.06. Equation (4) obviously gives T,. c c. It
might be argued that c is so large in our samples that

HIS WORK

AGNETI C

OSSBAUER

0
0

I

25 5.0 7.5

Xo (Tc) ( l 0 emu /mole )

FlG. 10. Test of TSD theory showing dependence of
ordering temperature on host su»ceptibility at T, Data of
Longworth (Ref. 10) and Cranglc tkcf. 26&,I)J,[rc included.

Data from our 6-at. %-Fe sample» are not included on thi»

graph.

100

40—
hC

20—
Cl

I-

o —0
~ —0.
e —0

1

2
1

4 IO

C (at oi)

FIG. 11. Log-log plot of ferromagnetic or spin-glass ord-

ering temperatures as a function of Fe concentration, for

(Au, .pd],.)],.Fe,, samples with nominal Au concentrations

as sho~n. Note the change in c dependence between the fer-

romagnetic and spin-glass samples.

Fe pairs or clusters are important, and that at much
lower Fe concentrations the predictions of Eq. (4)
would be fulfilled. That this is not the case in Pd(M)
alloys (M =Fe,Co,Mn), however, has been shown by
Nieuwenhuys, who demonstrates that T, is approxi-
mately proportional to c-' for 0.001 ~ & ~0.01.' The
inevitable conclusion is that the TSDW theory does not
apply to any of the alloys: Pd(M), Au-Pd(Fe) or
Ag-Pd(Fe), for magnetic-impurity concentrations of
the order of one atomic percent.
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Although the above discussion casts doubt on the
validity of Eqs. (4)—(6) as applied to our alloys, it is
interesting to ask whether the TSD% theory could be
correct in its description of the local-moment—
conduction-electron coupling [Eqs. (5) and (6)], and
be incorrect in the "interimpurity" coupling aspects as
described by Eq. (4). After all, it is not unreasonable
that there could be two exchange constants in the
problem, a and y, where y is the molecular-field
coefficient describing the interimpurity coupling.

Equations {5) and (6) of the TSDW theory are test-
ed in Fig. 12. It can be seen that p, , is, in fact, linear
in Xo(T,.) but that p, seems to be varying more slowly
with Xo. Nevertheless, if one computes values based
on the lines shown in Fig. 12, the results are
p, =1.49 X 10' mole/emu, J,, -0.096 eV, and
0., = 1,80 x 10' mole/emu, J, =0.12 eV, where the
subscripts refer to values obtained from effective- or
saturation-moment data. The J, value, it will be re-
called, is identical with that obtained from Fig. 10.

Since p, is not truly linear in Xo, a fit was made to
the equation p, = p, +aXO". The data do fit this equa-
tion well with

p, ,p. = [(s+1)/s]'"p, ,p=5.5@a (s =-', )

and with m =0.5. It is not clear to us whether there is
anything fundamental about this Xo~' dependence.

l4

Another interesting question to be asked in regard
to the foregoing is whether n or J should be indepen-
dent of the Au concentration x. On the face of it, it

would seem that the answer is negative because, even
if a common band or virtual crystal were assumed, the
exchange interaction in Au(Fe) is not necessarily
equal to that in Pd(Fe). Suppose that we write
phenomenological equations for p, and p, „in analogy
with Eqs. (5) and (6), viz. ,

p„.= g pa[s(s +1)]'"(1+C, , )

p, =gpss{1+

(8)

(9)

we obtain the results shown in Fig. 13(b). Implicit in

Eqs. (S)—(11) is the idea that the giant polarization
cloud magnitude is proportional to the average host
susceptibility. This is tantamount to adopting a
common band model in which local environment
effects are completely ignored. Are the results of Fig.

where (,, and (, represent the conduction-electron
contribution to the effective moment and saturation
moment, respectively. Since it is well known in

Pd{Fe) that the bare localized moment corresponds to
a spin of —, (or 2),' it is reasonable to define the po-

larization cloud contributions as in Eqs. {8) and (9).
(,, and (, are plotted in Fig. 13{a). If we now define
eoncentrati an-dependent-molecular-field coefficients 5,,

and 5, as

(10)
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FIG. 12. Dependence of effective moment and saturation
moment on host susceptibility Xo or Xo(T,.), respectively.

The p, and p. , values ".; taken from Table II.
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FIG. 13. (a) Dependence on Au concentration of
conduction-electron contribution to effective moment and sa-

turation moment, as defined by Eqs. (8) and (9). (b) Depen-
dence on Au concentration of molecular field coefficients as
obtained from Eqs. (10) and (11).
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13(b) for 5,, (x) and 5, (x) reasonable? In a sense they
do not seem to be because the 5 values increase with

x, whereas we know that the ferromagnetic local-
moment —conduction-electron coupling is gradually

losing its strength as x increases. In fact, for x =1,
the Au(Fe) case, J in the sd Hamiltonian is negative,

and has a magnitude of order 1.7 eV according to
Steincr et aI. "'"' What appears to be needed in the
Au,-Pd~,-(Fe) system is a change in sign of Jag x in-

creases. This had already been suggested '.or the
analogous system Cu„.Pd~, (Fe}, in which the Kondo
cA'ect in Cu(Fe) —which requires a negative J—is lost
as Pd is added to the host, even though Fe retains its
localized moment for all x. Kondo'8 discusses how

the sign of J is determined by a competition between
the Zener sd exchange coupling, which can be posi-
tive, and the Anderson sd coupling which is negative.
Since very little work has been done on ab initio calcu-
lations of J values in real binary alloys such as
Cu(Fe), it is not possible to guess how J should vary
in something as complicated as a disordered ternary
alloy such as Au„Pdl „-(Fe).

There is one further aspect of Fig. 13 which is

worthy of comment. This is that 8,, & 8, and g, , & (,.
The latter inequality, in particular, indicates that the
giant polarization cloud as measured in the paramag-
netic state is larger than that measured in the fer-
romagnetic state. If anything, one would expect the
reverse since at high temperatures the thermal fluctua-
tions could be expected to break up some of the fer-
romagnetic coupling between thc Fe local moment and

the induced-polarization cloud, especially on its ex-
tremity. We can compare the magnitude of the total-

spin cluster, Fe plus host neighbors, by comparing p,

and gSp, ~ values obtained from Table II. The result is

shown in Fig. 14 in which it can be seen that the
c8'ective spin S of the total spin cluster appears larger

in the paramagnetic state than in the ferromagnetic
state. We believe that the most likely explanation for
this is that the Curie constants, from which p, and S
values are derived, are too large as a result of some
close-neighbor —ferromagnetic Fe-Fe 'interactions.
Window has discussed how this can occur when
k T ( J„„(nn: near neighbor). Therefore, in Figs. 12
and 13, the data and interpretation for J[L„(„and 5,
ought to bc more correct than for the corresponding
quantities derived from the paramagnetic data. This
also could be related to the above mentioned linearity
of p, , and the nonlinearity of p, in Fig. 12.

B. Nature of the coupling
in the ferromagnetic alloys

(12)

where Jo is the average strength, and J the fluctua-
tion magnitude, of the Heisenberg exchange
coefficient. Assuming that J/Jp (( 1 gives

T, = [s (s + 1)/3ka] Jp (13)

and since

Jp = $ (J(R, —R,)) = cjp {14)

We have argued in Sec. IV A that the TSDW theory
is inadequate because it implies T,. ~ c,' whereas for
our alloys, and also for Pd(Fe), Pd(Mn), Pd(Co),
T,. ~ c'. Most of the theories of ferromagnetic order-
ing in alloys, including for example, that of Sherring-
ton and Southern {SS),"also give T, ~ c. Sherrington
and Southern discuss the competition between the fer-
romagnetic and spin-glass ordering in magnetic alloys
and derive the following expression for T,.

s(s+1) J t,
3ka

[ J„s(s+1)

l21

2"

the ordering temperature is proportional to c in this
theory as well. Since magnetic coupling of single spins
of concentration c leads to T,. ~ c, it is tempting to
suppose that T,. ~ c' implies magnetic coupling of pairs
of spins. There is evidence that this is in fact true for
dilute Cu(Fe) alloys. ' The coupling of thc Fe mo-
ments and their associated giant polarization clouds
(hereafter called spin clusters) leads to a consideration
of a statistical model in which the number of fer-
romagnetically coupled spin clusters is z, which is a
function of c. Then, instead of Eqs. (13) and (14},
we have

T, = [s (s + 1)/3k„)..(c) jp (1S)
0

0
X

FIG. 14. Comparison of total cluster monument (bare Fe

plus polarization cloud) as obtained from saturation nioment

data and paramagnetic moment data (Curie-gneiss fit, see

text),

where jo is the average exchange between spin clus-
ters. In order to compute z(c) some assumptions
have to bc made about the range of the coupling
between the Fe sites. Now it is known that the giant
polarization clouds involve some 200 sites in the vi-
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cinity of a given Fe atom in Pd(Fe)." Suppose we hy-

pothesize that z equals the concentration of Fe atoms
which are located within the polarization clouds of one
or more other Fe atoms. Thus z(c) is the concentra-
tion of ferromagnetically coupled spin clusters contain-
ing two or more Fe atoms; we exclude "isolated" spin
clusters. The question is to see whether such an ap-
proximation will give through Eq. (15) the correct
concentration dependence of T, . Using standard sta-
tistical ideas, '

z =1 —c(1 —c)" (16)

IQ

IQ

C3

IN

tQ

IO

tQ tQ' lQ

FIG. 15. Dependence on the Fe concentration c of the

number of ferrorpagnetically coupled Fe atoms as calculated

by Eq. (16). z is proportional to the ordering temperature ac-

cording to Eq. (15).

where A. here denotes the number of sites in the vicin-
ity of a given Fe atom, which if occupied by another
Fe atom, will be ferromagnetically coupled to the ini-
tial one. fX 200 for Pd(Fe)]. Figure 15 shows a cal-
culation of z(c) for A. values of 200, 100, and 50. It
can be seen that for A, =200, zand T,. are proportional
to c for 10 ' ~ c +10 ', and that z and T,. are ap-
proximately proportional to c for c &10 '. This curve
in fact is very similar to the data shown by
Nieuwenhuys' for Pd(Fe), Pd(Co), and Pd(h4n).
Nieuwenhuys also calculated T,, (c) based on the idea
that T,. ~ J;„,(r) and r ~c '~', this amounts to assum-
ing that the strength of the interaction between the gi-
ant moments is proportional to their overlap. In any
case, the curve obtained by Nieuwenhuys is very simi-
lar to that sho~n for A. =200 in Fig. 15. The curve for
A. -50 maintains a c2 dependence to a somewhat
higher concentration. Between c =0.02 and 0.06,

T,. ~ z ~ c', which is still a somewhat slower variation
than we observe in the Au-Pd(Fe) alloys between 2-
and 6-at. /o Fe. Presumably by decreasing A, still
further it would be possible to obtain a c' behavior
even up to -6-at. % Fe.

Now it is reasonable that A, in Au, .Pd~,-(Fe) should
be smaller than it is in Pd(Fe), because one expects
the range of the coupling to decrease as x increases.
However, it is not at all clear what the functional
dependence of A, (x) should be, since this ought to
depend in a complicated way on the electronic struc-
ture of Au„-Pd~,

Summarizing, we have shown qualitatively how a
simple model of the coupling of the giant spin clusters
can lead to a T,. ~ c behavior in Pd(Fe),
Au, Pd~, .(Fe), and similar alloys. The discussion also
suggests that it will be very difticult indeed to theoreti-
cally calculate the dependence of T, on c in a funda-
mental way in a disordered alloy such as
Au Pd) „(Fe).

C. Transition to spin-glass ordering in Au-rich alloys

We have seen in the above discussion that for
Pd(Fe) alloys there exist giant polarization clouds
which interact and lead to ferromagnetism. As Au is
added, the polarization clouds decrease in size and
magnitude. The natural question that arises is: is
there a reasonable explanation, in terms of the elec-
tronic structure of Au, Pd~ „for the change in charac-
ter of the magnetic coupling at x =0.5. Unfortunate-
ly, there have been no coherent-potential-
approximation (CPA) calculations for Au„-Pd~,
Ho~ever, Stocks et a/. 6 have performed CPA calcula-
tions for Ag„Pd~ for x =0.2, 0.4, 0.6, 0.7, and 0.85.
It is reasonable to expect that CPA calculations for.
Au, -Pd~ „would lead to results quite similar to those
of Ag, Pd~, The results of Stocks et al. agree rather
well with the photoemission studies of Norris and
Myers" and Hufner et al. ,

"and show that a virtual
bound state develops on the Pd atoms, which grows
increasingly as the Pd concentration increases from
zero. In particular, the density of states curves show
that between 40 and 60 at. % Ag, the states at the Fer-
rni level change from being composed almost com-
pletely of Pd d states, to Ag s states. In fact, the
theoretical electronic specific-heat coefticient y(x)
shows that y(x) = const for 0.5 ~x ~ 1, and a sharp
rise for x & 0.5. Assuming the above mentioned
similarity between Au-Pd and Ag-Pd, then, one can
say that as x increases above 0.5 in Au„.Pd~, , the
states near the Fermi level lose their d character,
which completely eliminates the local "pockets of fer-
romagnetism, " i.e., the giant polarization clouds.
Under these circumstances, the conduction electrons
(of s-wave nature) scatter from the Fe impurities in a
way that can be described by the Friedel model which
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2(2s + 1) n V„M(e) =g»sn 1—
3g p, gH

Vo(cos2 ki.-r )V(.) = ki;r && m'
r3

Vo =9sr'J's (s + 1)/32 J2E&kr.'

(17)

where M(H) is the magnetization, n the impurity
concentration, V(r) the spatial dependence of the
RKKY interaction, Vo the amplitude of the RKKY in-

teraction, kI-. the Fermi wav- vector, and the other
symbols have their usual meanings. A plot of M vs

H ', with data taken for the c = 0.02 and x =0.75
and 1.0 samples, was linear in H ' as required by Eq.
(17). However, the H ' =0 values of M correspond
to gs values of 1.15 and 2.0 for the x =1 and x-0.75
samples, respectively. Assuming reasonable values

for s and g (—, and 2), these extrapolated values3

should be 3. It seems likely that the major reason for
this inconsistency between experiment and theory is

that the Fe concentration (c =0.02) is so large that
there is a considerable number of close-neighbor-
antiferromagnetic interactions which are so
strong that they arq not significantly broken up even
in fields of about 100 koe. If this is true it should be

possible to modify Eq. (17) by replacing n by —, n for

x =0.75 and by replacing n by (1.15/3)n for x = I,
and thus to obtain an approximate value for the
RKKY coupling strength Vo and the exchange con-
stant J. This procedure amounts to treating only the
weakly interacting Fe spins by the Larkin formula.
The slope of the M vs H ' data give Vo values of
1.7 x 10 "erg cm' and 0.78 x 10 3' erg cm' for the
x =1.0 and 0.75 samples, respectively. Then, using
free-electron parameters for Ei- and kI-, Eq. (19) gives
sd coupling constants of [J[-0.38 and 0.25 e&, for
the x =1.0 and 0.75 samples, respectively. The 0.3$-

leads to Ruderman-Kittel-Kasuya-Yosida (RKKY)
coupling between the bare Fe moments. Since this
coupling is rather long range and oscillatory, the nor-
mal spin-glass or mictomagnetic properties result for
x &0.5. In particular, Fig. 11 shows for x =0.75,
that the spin-glass ordering temperature T,, is increas-

ing as c"', where m = —,. This is similar to the

behavior of Au(Fe) and other canonical spin glasses
for which, depending upon concentration, m varies
from —to —.1 2

2 3
'

We have estimated the interimpurity coupling
strength in the spin-glass samples {x=0.75 and
x =1) in two ways, one based on the field dependence
of M(H) along with the theory of Larkin, '4 and the
other based on the spin-glass ordering temperature
along with the theory of Sherrington and Southern. "

Following the convenient notation of Hou and
Coles, " the theory of Larkin gives, for g p, aH && k T
and gpaH && n Vo.

eV value for the Au —2-at. %-Fe sample is considerably
smaller than the 1.7 eV value determined from the
Mossbauer eA'ect by Steiner et al. ,

"'"' but this i» not
too surprising for two reasons. One is that hyperfine-
field estimates of J often difI'er from dc measurements
for reasons discussed by Narath" and Heeger. "
Secondly, Liu and Smith have shown that Vo is a

strong function of impurity concentration in Au(Fe)
alloys. " For example, they obtain Vo values of
4.5 x 10 and 1.03 x 10 "ergcm for 0.017 and 0.6-

at. %-Fe samples, respectively. Thus, our value of
1.7 x10 "ergcm' for c =0.02 is consistent with the
trend of decreasing Vo with increasing c. Liu and
Smith attribute this behavior to self-damping of the
RKKY oscillations by increased impurity scattering.

The second method for estimating the coupling
strength in the spin-glass samples employs the expres-
sion of Sherrington and Southern for the spin-glass
ordering temperature2

T„,= (J/3k„) [[s(s +1)]'+—, [s(s +1)]]" {20)

where J measures the fluctuation in the exchange cou-
pling. The above expression gives J =7.6 x 10 ' eV
and 6.2 x 10 ' eV for the x =1 and x =0.75 samples,
respectively. To compare these with the values ob-
tained from the Larkin expression, it must be noted
that J corresponds to (Vo/r3) in the RKKY formal-
ism. Thus, to calculate JL from the Larkin expres-
sion, we have

V. SUMMARY AND CONCLUSIONS

The major results of this study are as follows.
(i) The Takahashi-Shimizu-Doniach-Wohlfarth

theory appears to be incapable of properly describing
the interimpurity coupling that leads to magnetic or-
dering in the Pd-rich Au, -Pd], (Fe) alloys. Pre»um-

ably, this is true also for similar alloys such as

Ag, .Pd],.{Fe).
{ii) If we assume that the exchange parameter

describing the local-moment —conduction-electron cou-
pling is independent of Au concentration, and assume
that the TSDW theory correctly describes this cou-
pling, we obtain a value of J =0.12 eV from the p, , vs

Xo data.
(iii) We have derived from the p, (x} data the con-

centration dependence of the giant polarization cloud.
Assuming that the magnitude of this cloud is porpor-
tional to the average host susceptibility, we have
derived a concentration-dependent exchange coemcient

JL = ( Volr
& ) '= Vo16sr c l3a'

where a is the lattice constant. We thus obtain values
for JL of 5.4 x10 eV and 2.4 x10 eV for the
x =1.0 and 0.75 samples. These values are similar in

magnitude to those estimated above from the Sher-
rington and Southern expression.



2244 K ~ R ~ BOMB, D ~ J. SKLLMYKR, T. M. QUICK, AND -R. J ~ BORG

that increases as x increases. It is not clear whether
this coefticient is meaningful because it implies a
common band model and ignores all local-
environment eA'ects. This is a question which war-
rants theoretical work because the site dependence of
J in a disordered alloy presumably is central to the
problem of properly describing ferromagnetism in

disordered alloys.
(iv) The quadratic concentration dependence of the

ferromagnetic ordering temperature in our alloys, as
well as other exchange-enhanced alloys like Pd(Fe),
Pd(Mn), etc. , is not understood in terms of any
theory. We have shown that a phenomenological
model —in which one assumes that all Fe atoms,
within one or more neighboring giant polarization
clouds, are coupled together ferromagnetically —is ca-
pable of qualitatively describing the concentration
dependence of T,. of the known exchange-enhanced
alloys from about 0.1 to 10 at. % of magnetic in~purit'y.

However, in a ternary alloy like Au Pd~ (Fe), it is

impossible to estimate the range of the coupling
without measurements such as neutron diN'raction.

(v) The change from ferromagnetic to spin-glass

ordering at about x =0.5 seems to be connected with

the fact that the states near the Fermi level change
from d-like to s-like at this composition; this argument
is based on the expected similarity of the electronic
structure of Au, Pd~, - to that of Ag, .Pd~ „for which
CPA calculations have been performed.

(vi) The two spin-glass samples (x =1 and x =0.75}
can be understood in terms of the Sherrington-
Southern theory which is based on fluctuations in the
exchange coupling of the Fe spins. Estimates of the
magnitude of the coupling were made with the
Sherrington-Southern theory and these agreed reason-
ably well with those based on the Larkin theory for
the high-field magnetization.
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