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Amorphous alloys of composition Fe„Pd80 „P20 (13 ~z ~44) have been prepared by rapid
quenching from the liquid state. The Mossbauer effect in Fe~' has been used to study the mag-
netic properties of these materials. The hyperfine field distribution has been determined
from these experiments, as a function of composition and temperature. The results indicate
that the electronic state of Fe in these alloys remains essentially constant throughout the com-
position range, and that the Pdd band is filled by electron transfer from phosphorus. The
variation of the magnetic transition temperature with composition has been determined by
combining the Mossbauer-effect results with complementary magnetic measurements. There
is a sharp change in slope in this curve at z = 26. Below this concentration, the long-range
magnetic order which prevails in the higher-Fe-concentration alloys breaks down, giving rise
to a more local ordering. The Mossbauer-effect results confirm the existence of weakly
coupled Fe atoms in all the amorphous Fe-Pd-P alloys. These atoms reside in low effective
fields, and can participate in the spin-flip-scattering process which produces a Kondo effect
(resistivity minimum). The large critical concentration observed is also an .indication that
the spin correlations are greatly reduced in these amorphous alloys.

I ~ INTRODUCTION

One topic of current interest in the field of mag-
netism is the problem of the magnetization of an
amorphous material. Although the concept of an
amorphous ferromagnet was introduced by Gubanov
over a decade ago, only in the last few years has
the subject become an area of active experimental
research. The existence of amorphous ferromag-
nets has been confirmed by conventional magnetic
measurements and supporting Mossbauer -effect
data. Thus far the problem of magnetism in an
amorphous alloy system (one in which the concen-
tration of the magnetic element can be varied) has
received less attention. ' This is partly due to the
fact that success in obtaining an amorphous struc-
ture has usually been limited to a rather narrow
composition range.

In order to make a meaningful study of the com-
position deyendence of the magnetic properties of
an amorphous alloy system, it is essential that a
continuity of structure extends throughout the com-

position range. Although an amorphous material
has no long-range order (translational symmetry),
it does possess definite structural properties
based on its short-range order. These are re-
flected in the radial distribution function (RDF)
which is obtained from x-ray diffraction analysis,
and form the basis for any discussion of the prop-
erties of an amorphous alloy. This requirement of
structure continuity parallels that in a crystalline
alloy system, where one demands that all the al-
loys are of the same phase.

The structure of an amorphous Fe-Pd-P alloy
system has recently been studied by Maitre-
pierre. '0 It was shown that alloys of composition
Fe„Pdso „Pzo, where 13&@&44, can be quenched
from the liquid state into an amorphous state using
the "piston and anvil" technique. It was found
from the RDF data that the short-range order in
these alloys is continuous with respect to varia-
tions in iron concentration, and that iron and pal-
ladium appear to substitute freely in this structure.
Maitrepierre has suggested that the short-ran~e
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order in these alloys is based on the kind of struc-
tural units found in the metal-rich transition-metal
phosphides (Pd~P or Fe3P). ' In preliminary mag-
netization measurements, the saturation moment
in a field of 8. 4 kOe and at 4. 2 K decreased in

roughly a linear fashion from 2. I p~ (Fe33PdMP20)
to 0. 6 pa (Fe1$Pd67P20) The higher-iron-concen-
tration alloys were judged to be ferromagnetic by
conventional criteria, but the low-iron-concentra-
tion alloys (x& 25) showed a more complex behavior.
No Curie point could be defined from the magnetiza-
tion data, and the effective moment in the para-
magnetic region was quite large (p,«- 6 p.~). These
observations led Maitrepierre to suggest the ex-
istence of "superparamagnetism" in these alloys.

Another somewhat puzzling effect observed in the
electrical properties of the amorphous Fe-Pd-P
alloys is the existence of a Kondo-type resistivity
minimum in even the most iron-rich compositions.
This is surprising because normally, in a crystal-
line system, only a few atomic percent of the mag-
netic impurity causes correlations between the
spins which suppress the spin-flip scattering re-
sponsible for the Kondo effect. If the phenomenom
of the resistivity minimum is really due to this
process, this suggests that the correlations be-
tween neighboring spins in an amorphous material
are significantly reduced compared to the crystal-
line state.

In the present work, a more detailed study of
the magnetism in this amorphous alloy system has
been carried out, utilizing the Mossbauer-effect
and other magnetic measurements. There are
several reasons for applying Mossbauer spectro-
scopy to the study of the magnetic properties of
these amorphous alloys. This method permits ex-
amination of the properties of single atoms, rather
than complicated assemblages of atoms as in mag-
netization measurements. The latter results are
difficult to interpret if a complicated and perhaps
unknomn spin arrangement exists. Bulk magnetic
measurements cannot answer either the question
of whether all the moments are aligned to the same
extent, or whether there is a continuous distribu-
tion in the degree of alignment. The Mossbauer ef-
fect has proven to be a unique tool for the rneasure-
ment of such magnetic field distributions. In
amorphous alloys this asset should be quite valu-
able.

A second important reason for applying the Moss-
bauer technique is that no external field need be
applied to the sample. The bulk magnetic proper-
ties of a material are greatly influenced by such
factors as domain structure, grain size, heat
treatment, and many other such effects. At pres-
ent these factors are poorly understood for amor-
phous materials. In the Fe-Pd-P alloys, for ex-
ample, even in the highest field (8. 4 kOe) and low-

est temperatures (4. 2 'K) used, the alloys ap-
peared magnetically unsaturated. This means
that the conventional techniques ' used to find the
zero-field magnetization, which is the quantity of
real interest, are either inapplicable or of ques-
tionable accuracy. Furthermore, the application
of large external fields is undesirable because the
microscopic spin ordering may change in response
to this perturbing influence.

II. EXPERIMENTAL PROCEDURES

The amorphous Fe-Pd-P alloys were obtained
by rapid quenching from the liquid state using the
"piston and anvil" technique. Initially, appropri-
ate quantities of iron (99. 9'%%up purity), palladium
(99. 99/0 purity), and reagent-grade red amorphous
phosyhorus powder were combined into briquets by
a sintering process. These were then induction
melted in an argon atmosphere and drawn into 2-
mm rods. The rods were then broken into pieces
of appropriate size for use in the quenching pro-
cess. Full details of the alloy preparation may be
found elsewhere.

Because actual cooling rates may vary from sam-
ple to sample, each sample was carefully checked
by a stey-scanning diffractometer to ensure that
only the broad bands indicative of an amorphous
structure were present. If a sample showed any
weak Bragg reflections superimposed on this back-
ground, it contained some crystalline phase and
was rejected for use in further experimental work.

The resulting quenched samples are foils ap-
proximately 2 cm in diameter and 40-50 p, thick.
For use as Mossbauer absorbers, the foils are
somewhat thick. This results in high absorption
and a relatively small resonant effect. It mas
thought unwise to thin the foils by mechanical or
chemical treatment, however, because of the un-
known effect on their properties. In several cases
the brittleness of the foils made such a procedure
unfeasible anyway.

Two Fe-Pd-P alloys used by Maitrepierre were
subjected to a chemical analysis after sintering.
It was found that the actual compositions of all
three elements were within 0. 5 at. /o of the nominal
ones. The small weight loss after melting (& 0. 2%)
also indicates that it is reasonably accurate to des-
ignate the samples by their nominal compositions,
hence we do so in any further discussion.

A standard Mossbauer spectrometer' operating
in the constant-acceleration mode was used to
collect the data. The source was Co' in Cu, which
gave a linewidth of 0. 28 mm/sec when used with
a thin Fe absorber. Experiments at room ternper-
ature, mhere a simple two-peak spectrum is ob-
served for all but one of the compositions, re-
quired data collection for about 8 h. In the lom-
temperature apparatus, both source and absorber
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FIG. 1. Typical Mossbauer spectra for the amorphous
Fe„Pd8p &Pgp alloys at room temperature (295'K).

are cooled. In this case, the increased source to
detector distance and absorption from coolants and
Dewar windows required that data be collected for
a longer period. Hence for all but the liquid-He
experiments data were collected for several days.
The statistics for the liquid-He experiments are
noticeably poorer due to the reduced collection
time.

In order to study the samples at several differ-
ent temperatures, liquid helium and nitrogen, as
well as dry-ice-acetone slushes and ice-water
solutions, were used. These coolants provided
temperatures of 4. 2, 77, 194, and 273'K, respec-
tively. Room-temperature experiments corre-
spond to 295 K. Above room temperature a
specially designed oven was used to provide con-
tinuous temperature control with a stability of about
+0. 5'K.

After each set of experiments an Fe foil was used
to provide the velocity calibration. The data were
least-squares fitted to a six-peak spectrum and the
line splittings of Preston et al. "were used to cal-
culate the full-scale velocity.

Two additional techniques were used to detect
magnetic transitions. Both rely on the change in
the bulk magnetic properties of a sample as it be-
comes magnetically ordered. In one method (here-
after called frequency measurement) the sample
was cut into the shape of a doughnut and many turns
of fine wire wrapped around it to increase its in-
ductance. This toroid was then used as the induc-
tor in an LC oscillator, whose frequency of oscil-
lation was measured as a function of temperature.

The transition temperature was easily recorded
for the higher-Fe-concentration (x & 25) samples
by taking readings from a frequency meter. For
the lower -Fe-concentration samples, only a very
small effect was observed at the transition temper-
ature by this method. For these samples use was
made of a very sensitive inductance bridge de-
signed for detecting superconducting transition
temperatures. This system is capable of detecting
transitions in only a few milligrams of supercon-
ducting material.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

A. Mossbauer Effect

1. Room- Temperature Results

Typical Mossbauer spectra for the amorphous
Fe-Pd-P alloys at room temperature (295'K) are
shown in Fig. 1. A sufficient condition for the ab-
sence of quadrupole splitting is cubic symmetry at
each Fe site. Since the amorphous alloys obvious-
ly do not satisfy this criterion, the two-peak spec-
trum is expected. At this temperature only the
highest-Fe-concentration alloy (Fe44PdMP20) stlldied
shows evidence of magnetic splitting. The experi-
mental data were fitted to two Lorentzian peaks of
equal areas. The widths were allowed to vary to
allow for some correlation between isomer shift
and quadrupole splitting, which would produce an
asymmetrical spectrum. The width difference for
almost all the samples was found to be quite small
(&0. 01 mm/sec), thus the spectra are nearly sym-
metric.

Figures 2-4 show the parameters obtained by a
least-squares fitting using this approach. The
large broadening observed is characteristic of the
large scatter in isomer shifts and field gradients
which exist in the amorphous material. The values
obtained for the Fe44Pd36P~O alloy are extrapola-
tions from experiments just above the Curie point
(321 K).

In Fig. 4 no attempt is made to draw a smooth
line through the data, since the linewidth depends
on such factors as foil thickness and vibrational
broadening which are not easily controlled.

2. Lozv- Temperature Results

The principal complication involved in applying
the Mossbauer technique in the magnetically or-
dered amorphous alloys is that because of the
variety of local environments possible, one can no
longer speak of a unique hyperfine field or isomer
shift for all the Fe nuclei in the solid. Instead, one
must discuss these quantities on a statistical basis
and give appropriate probability distributions. A
secondary complication comes from the presence
of a combined electric quadrupole and magnetic in-
teraction and the lack of rotational symmetry,
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which would ordinarily imply quite lengthy numer-
ical calculations even for a crystalline material.
As we shall discuss now, in the present case the
latter factor is not a major problem in interpreting
the Mossbauer spectrum well below the transition
temperature. In the magnetically ordered state
which prevails at low temperatures, th~ magnetic
moments of the iron atoms are aligned over a range
considerably larger than interatomic distances.
The electric field gradient (efg), on the other hand,
is primarily determined by neighboring atoms with-
in a few interatomic distances. The metallic nature
of these alloys (p-Sp~„at room temperature) pre-
vents the existence of long-range electrostatic ef-

fects. The local principal axis of the efg cannot
be obtained over any significant distance because
of structural fluctuations. This means that on the
average over the region of magnetic ordering, the
efg principal axis and magnetic field are at random
angles. In the higher -Fe-concentration samples
which are ferromagnetic, this argument is closely
related to the fact that the anisotropy constant K
should be very small.

At any given Fe site there is, in general, no
axial symmetry of the efg. Nevertheless, since
there is no preferred direction on the average in
an amorphous material, the most probable value
of

1,0— 295'K

E
E

0.8—

CL

W

O
CL

0.6—
CL

C3
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~=(v„„-v,„)/v,.
is zero. A value of g= 1 (V„„or V„„=0) would im-
ply a very definite local order of atoms, and would
be unlikely in an amorphous material. Assuming
then, that q- 0, the excited-state energy levels are
given by

E(m) =-gp, „Hm+( —)'"' —,'e qQ[~ (3cos 8 —1)]
(1)

provided pH» e qQ. Since 8 in the present case
has a uniform distribution over the solid angle and
(cos 8)„=-,', the average line positions due to the
magnetic interaction will be maintained.

Only a slight broadening and distortion of line
shape will result. The broadening from this effect
and also a possible distribution of isomer shifts
can be taken into account approximately by an in-
crease. in the linewidth. The Mossbauer spectrum
can therefore be fitted in terms of a distribution
of hyperfine fields P(H), an average isomer shift
6, and a linewidth l'.

To determine the form of the hyperfine field
distribution we can consider a model in which the
hyperfine field at a given Fe site is a function of
the number of phosphorus nearest neighbors. Elec-
tron transfer from these atoms to the Sd shell of
Fe should reduce the moment and hyperfine field.
Assuming that this effect can be represented by an
empirical rule

P( )= I(0 2)" (o 8)""
)

(3)

These values and their corresponding hyperfine
fields are represented by the vertical bars of Fig.
5. To allow for the amorphous nature of the ma-
terial, we now allow n to assume a range of val-
ues, corresponding to the fluctuations in inter-
atomic distances and next-nearest-neighbor ef-
fects. These are illustrated schematically in Fig.
5. We might then attempt to fit the experimental

0.8—

0.6-

z
a- oe-

Po =.069
P) =.206
P~ =.283
P) =.236
P~ =.I33
P5 =.053
P, = .0

0.2—

occupied by phosphorus. The constant H' is taken
as 300 koe (appropriate to Fe Pd alloys ') and n
= 0. 06. The probabilities of a configuration with
n nearest-neighbor phosphorus atoms is then given
by the binomial distribution

H = H'(1 —nn), (2)

where n is the number of nearest-neighbor phos-
phorus atoms, we illustrate in Fig. 5 a possible
hyperfine field distribution for close packing (12
nearest neighbors), with 20/q of the sites randomly

I

I 00 200
H (IKOG)

300

FIG. 5. Illustration of possible hyperfine field distribution
in an amorphous material.
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I I I I i I I I I

-8 -4 0 8

VELOCITY (mm/sec)

FIG. 8. Mossbauer spectra of the amorphous Fe~Pdsp~P2p
alloys at 77 K.

data on the basis |f the most probable configura-
tions. This was the approach followed by Tsuei
et al. in discussing an amorphous FespP(2, 5C7
alloy. They used five average hyperfine fields

with a Lorentzian distribution about each value and
achieved a good fit of the experimental data.

For the amorphous Fe-Pd-P alloys, the approach
was considered but not used for several reasons.
First, the number of parameters is large and these
parameters vary unpredictably. In particular, the

4,2'K
77'

100 200
H (kOe)

300
I

400

FIG. 7. Hyperfine field distributions corresponding
to the fittings of Fig. 6. The vertical scale is the same
for a11 the curves.

IOO 200
H (koe)

300 400

FIG. 9. Hyperfine field distributions corresponding to the
fittings of Fig. 8.



MAGNETISM IN AMORPHOUS Fe-Pd-P ALLOYS

parameters obtaired from analysis of Mossbauer-effect data at 4. 2'K based on Eq. (4). Estimated standard
deviations are shown in parentheses. The symbols p and I" refer to the average isomer shift and linewidth, respectively.

Composition

Fe44Pd36Ppp

F e36Pd44P )0
Fe28Pd5gP2p
Fe24Pd 56P~0

Fe2oPdeoP2o
Fe)4Pd66P2p

Q (mm/sec)

0.102(0.017)
0.108(0.016)
0.085(0.030)
0.076 (0.020)
0.080 (0.021)

—o.o43(o. o52)

I' (mm/sec)

0.447 (0.047)
O. 523 (O. O46)
0.553 (0.095)
o.444(o. o55)
o. 5vo(o. o69)
O. 554(O. 181)

H, (kOe)

288.4(4. 5)
2sv. v(3. 8)
304. 9 (13.7)
296.6 (4. 8)
284. 2(6. V)

283. 2 (21.4)

Zo(koe)

171.8 (11.0)
146.6 (8.3)
167.0 (17.1)
167.6(12.5)
148.5 (ll. 1)
106.O(26. 2)

a((koe)

33.3(2.e)
36.8(2.9)
16.8(11.3)
20. 0(3.4)
23. 2(6.3)
14.6(19.9)

intensities for the various configurations do not
always agree well with a binomial distribution. The
large number of parameters makes the numerical
analysis quite lengthy and expensive in computer
time. Second, the lack of detailed structure in the
spectra of these alloys makes it unlikely that a
unique fitting based on a certain number of config-
urations can be achieved.

It was decided, therefore, to base the analysis
on a continuous distribution of hyperfine fields. In
the simple model of Fig. 5 this is equivalent to re-
placing the seven individual curves by their sum,
which is the solid top curve.

As a first attempt, a Gaussian distribution of
fields was assumed to fit the experimental data.
From the simple model of Fig. 5 this would appear
to be a fair approximation. It was found using this
approach, however, if the outer peaks were fitted
well, the predicted absorption in the central part
of the spectrum was much lower than was actually
observed. This implies that there are significant
contributions to the absorption coming from Fe
sites with small hyperfine fields. The actual dis-
tribution therefore has a "tail" on the low-field
side. In the numerical calculation, the following
empirical formula was found to well represent the
P(H) functional form:

( I/[(H-H, )'+-,'a', ], O~H&H,

o'2
2

0 1 H&Hp . (4)

The two forms are matched in value at H= Ho, and
P(H) is normalized numerically so that

J P(H) dH= 1 .
Typical fittings achieved with this model are shown
as solid lines in Figs. 6 and 7, and the correspond-

ing field distributions in Figs. 8 and 9. In Tables
I and II the parameters obtained by a least-squares
analysis are given.

As the temperature increases and approaches the
transition temperature, the Mossbauer spectrum
narrows and the hyperfine field distribution shifts
to lower fields (Figs. 10 and 11). It is clear that
the procedure used thus far is not valid near T,.
First, the approximation pH» e qQ is not satis-
fied and not valid in this region. Also the spectrum
of a distribution of fields will approach a single
peak instead of a quadrupole-type spectrum as T
approaches T,.

In Fig. 12 the Mossbauer spectrum of amorphous
Fe44Pd36P2o is shown in the vicinity of the transi-
tion temperature (T, = 320 K). Two questions of
importance to the magnetic properties of these al-
loys are how rapidly does the average hyperfine
field approaches zero in this region and how well
defined is the transition temperature actually. An

exact analysis of the Mossbauer spectrum in this
region is much too complicated.

The approach to be followed here is similar to
that used by Dunlap and Dash in their analysis of
Co I'd alloys by a thermal scanning technique. In
their experiments the full Mossbauer spectrum was
not measured, but only the transmission rate with
fixed source and absorber as a function of tempera-
ture near the Curie point. The problem here is
complicated by the fact that a distribution of hyper-
fine fields exists even at T= 0 K, and by the lack
of cubic symmetry.

For simplicity in the analysis, the average value
of the hyperfine field obtained at 4. 2'K (well below
all Curie points) is assigned to each Fe atom as
its saturation value. Around each Fe atom we
consider a cell in which the magnetization is de-

TABLE II. Parameters obtained from analysis of Mossbauer-effect data at 77 K based on Eq. (4).

Composition

Fe44Pd36P2p
Fe40Pd40P20
Fe36Pd44P20
Fe32Pd48Pgo

Q (mm/s ec)

0.098 (0.009)
0.133(0.005)
o.ovo (o.oil)
0.111(0.018)

(mm/sec)

0.500 (0.027)
0.643 (0.017)
0.511(0.032)
O. 495(O. O46)

Ho(kOe)

265. 9 (2. 4)
257.4(1.V)

248. 0 (3.3)
194.2(6.6)

ooae)

152.0(5.24)
151.8(2. 5)
183.7(6.9)
21O. 4(4. 6)

Z, (kae)

38.5(l. 8)
36.9(1.5)
36.5(2.V)

42. e(5.4)
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curves are the fittings based on Eq. (4).

FIG. 11. Temperature dependence of the hyperfine field
distribution for the amorphous Fe44Pd36P2p alloy.

termined by the local concentration of Fe atoms
and the temperature. The Fe atoms are assumed
to be distributed throughout the material in a ran-
dom fashion. If the cell has N atoms altogether
then the probability of finding n Fe atoms is

f (n)=
I

x "(1-x)"-".(N
I, n

(5)

For a reasonable size cell (more than 50 atoms)
we can write to an excellent ayyroximation

further assume that H(T)/H(0) and M(T)/M(0) vary
with temperature for each cell according to the
molecular field approximation

H(T) M(T) / 3S M(T)/M(0)
H(0) M(0) ' (8+ 1 T/T,

where

I I I I I I

Fe44 Pd36 Ppo

+(n) 1 /[2&&n (1 x)]1/2e-(n-n) /2n((-x) (6)
303'K

where n= xN is the average number of Fe atoms
yer cell.

The local Curie temperature is assumed to be
a function of n. Since the experimental results
indicate a fairly well-defined transition, the tran-
sition temperature of a cell does not vary too rap-
idly with n. Thus

T,(n) = T,(n)+ ' (n —n)+ ~ ~ ~
dT.

tl-0

O
I—
Q
CL
O
(A

LLI

I—

LLI
0

3I3'K

321'K

Letting T,(n) = T, and (dT,/dn)„=„= a, we obtain

/(T )= 1/[2&&/T ) ]~/ &rc rc& /~&-~rc&- (6)

where (&T,) = a n(1 —x). n. T, is a direct measure
of the width of the transition.

To calculate the hyperfine field distribution we

-2 0 2

VELOCITY (mm/sec)

FIG. 12. Mossbauer spectra of the Fe44Pd36P» alloy near
the transition temperature.
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TABLE III. Parameters obtained from analysis of
Mossbauer spectra near the transition temperature.

10.8—

Temperature
Compo s ition ( K) r, ( I) Zr, ('K) a (koe)

Fe44Pd36P20
Fe44Pd36 P20

Fe44Pd36P20

303
313
316

317.7 7.98
319~ 3 3 ~ 71
319~ 7 2 ~ 25

63.4
46. 0
33.6

~ 10.7—
X

0-
O
Z.'
UJg 10.6—
c'
UJ
CL

B,(x) = cothi
2

x —
2

coth
2

2S+ 1 (2S+1 1 x
2$

10.5—

is the Brillouin function for spin S. From the
temperature of the experiment, the average Curie
temperature T„and ~T„ it is possible to cal-
culate the hyperfine field distribution and the re-
sulting Mossbauer spectrum. To analyze the ex-
perimental data, T, and b T, are treated as pa-
rameters to be varied to best fit the data. Once
they have been determined, the average hyperfine
field can also be calculated. Table III gives the
parameter value s obtained from the experimental
data of Fig. 12 using S= 1. These results are typi-
cal of those seen in the lower -Fe-concentration
samples, indicating a rather well -defined magnetic
transition with a width of the order of a few de-
gre es.

B. Variation of Transition Temperature with Fe
Concentration

The Mossbauer results just described give sev-
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FIG. 14. Frequency measurement for the Fe&4Pd, 6P&0

alloy.

eral transition temperatures directly, and place
upper and lower bounds on the rest. To give a
more precise value to these intermediate points,
the inductance measurements described earlier
were used. For those alloys with x~ 28 (T, &77 K),
the results obtained are in agreement with Moss-
bauer -effect results, in view of the experimental
uncertainty in the exact composition of the foils.
Results of the frequency measurements for foils
in this range are typical of a ferromagnetic ma-
terial, in which a large and sudden decrease in
inductance at the Curie point is observed. This
change occurs over a temperature interval of a
few degrees, in approximate agreement with
Mossbauer results, as shown in Fig. 13 for a
Fe~sPd, pPpp amorphous alloy.

For the alloys of composition x ~ 24, a dramatic
change in the nature of the effect is seen. The
change in frequency -or inductance shown in Fig.
14 is exceedingly small compared to the sample
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FIG. 15. Magnetic transition temperature vs iron concentra-
tion for the amorphous Fe+dpp Ppp alloys.
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with only 4% more Fe. For the alloys with even
less Fe, the frequency change is so small it is
difficult to accurately determine the transition
point. Several alloys of lower Fe concentration
were measured with the inductance bridge described
earlier. Approximately 100 mg of each sample
were used. An extremely small inductance change
was observed at the transition temperature.

The transition temperatures determined by these
three methods are shown in Fig. 15. The most
significant feature of the variation with Fe concen-
tration is the sharp change in slope "t about x = 26.
If the upper portion of the curve were extrapolated,
it would appear that there would be no magnetic
transition below approximately 25% Fe.

IV. DISCUSSION

A. Mossbauer Effect

l. Electronic Configuration of Fe in the
AmoxPhous Fe-Pd-P A/loys

The relative constancy of isomer shift and aver-
age hyperfine field with respect to variation in
composition indicates that the electronic state of Fe
in these amorphous alloys does not change drasti-
cally with concentration, as the measured saturation
moment might imply. On the basis of the isomer-
shift calibration of Walker et al. and the data of
Fig. 2, Fe would be assigned an electronic config-
uration of 3d ' 4s ' .

This assumes that the atom is electrically neu-
tral. Since the host is metallic, this is probably
a quite reasonable assumption. It is not valid to
merely scale the electronic moment with hyper-
fine field, since the separate contributions are not
known. A magnetic moment of 2. 1p,~ per Fe atom,
approximately independent of concentration, would
be compatible with the observed hyperfine field.
The decrease in saturation moment at 8. 4 kOe ob-
served is attributed to increased difficulty in sat-
urating the alloys as the Fe concentration de-
creases.

2. Variation of Hyperfine Field Distribution uith
Fe Concentxati on

Discussion of possible Pd d band polariza-
tion. The nature of the hyperfine field distribution
in the amorphous Fe-Pd-P alloys is quite different
from that observed in crystalline Fe Pd alloys.
In a series of such alloys ranging in composition
from Fep 4Pd99 6 to Fe43Pd57 measurements of the
Mossbauer spectrum at 4. 2 'K (well below all
Curie points) showed that the hyperfine field was
essentially unique —that is, all six lines in the
spectrum had essentially equal linewidth, which was
the same as that observed above the Curie point.
A rapid increase in the magnitude of the hyperfine
field was observed in the range 0-12 at.% Fe, after

which the value leveled off at approximately 335
kOe. These observations were shown to be con-
sistent with a long-range polarization of the Pd
conduction band. This polarization varies ex-
tremely slowly over distances compared to the av-
erage spacing between Fe atoms (thus giving a uni-
que field), and does not oscillate in sign. From
neutron-diffraction experiments Low has esti-
mated the range of this spin polarization to exceed

G

10 A in Fep p5Pd99 q5 Although a very large mo-
ment per Fe atom is observed (-10',s), the mo-
ment of the Fe atom itself is only about 3p,&. The
remainder resides on the polarized Pd atoms. The
maximum value of moment per Pd atom is only
about 0. 06 ',~, but the unusually long-range inter-
action encompasses many Pd atoms (- 100).

These results are pertinent to the discussion here
because the possibility of this type of polarization
has been suggested to explain the high value of p.,f f
in the Fe-Pd-P alloys and also in related amor-
phous Pd-Si alloys with dilute Fe ' or Co impur-
ities. Since p, ,«- Gp, ~ in the Fe„Pdsp P2p alloys
with x & 25, it is inconsistent to assume such a
large moment could exist on the Fe atom itself.

To contrast the Fe Pd results with those ob-
tained here for the amorphous Fe-Pd-P alloys, the
most obvious difference is the very broad distribu-
tion of hyperfine fields which exists in the amor-
phous material. On the scale of Fig. 7, the distribu-
tion function for a typical Fe Pd alloy would be es-
sentially a 5 function in comparison with those
shown. Second, there is a pronounced increase
in the width of this distribution with increasing Fe
concentration for the amorphous alloys. The sim-
ple model presented in Sec. III showed that a finite
width was expected, merely because of the random
fluctuations in local atomic arrangement. It was
also suggested that one of the dominant effects to
be considered in the distribution of hyperfine fields
was the electron-transfer effect from phosphorus.
Since the P content remains constant, this effect
alone cannot explain the increase in width observed
in the higher-Fe-concentration alloys.

There are also contributions to the hyperfine
field from the conduction electrons, which may be-
come polarized through the Buderman-Kittel-
Kasuya-Yosida (RKKY) 7 interaction and contri-
bute to the observed hyperfine field. In Fe Pd al-
loys, this polarization, which normally oscillates
in sign with distance from the magnetic mordent,
becomes so enhanced by the exchange interaction
that it no longer oscillates and acquires a very
large range. ' For a long-range interaction of
this type, the hyperfine field distribution remains
very narrow and merely changes its position with
varying concentrations.

The broad hyperfine field distributions shown in
Fig. 7 argue strongly against a long-range polariza-
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H= Hj+Hz (io)

where Hj represents contributions which are ap-
proximately independent of the Fe concentration
x, and Hz the factors which may change appreciably
with x. Since the Fe moment appears to be almost
constant in magnitude over the composition range,
the second group comprises basically contributions
from the conduction electrons.

Included in Hj are the dominant core-polarization
term and the smaller effects due to possible or-
bital and dipolar contributions. The latter should
not depend greatly on x. Also in this category are

tion of this type. There are also several other
reasons for thinking that polarization of the Pd
matrix does not play a large role in these amor-
phous alloys. First of all, the presence of phos-
phorus as an electron donor should greatly reduce
the polarization of the Pd matrix. It is a well-
documented fact that Pd tends to assume a diamag-
netic state in alloys. ' Pd often acts in alloying
as if 0. 6 holes per Pd atom existed in its 4d band.
In the Pd-H system, for example, at a ratio H/Pd
= 0. 6 the Pd 4d band appears to be completely full,
and the material is diamagnetic. This effect is
also observed when many other higher-valence
elements are substituted into Pd. Specific-heat
measurements indicate a low density of states in
these alloys. One can also substitute Fe for Pd in
Pd-H, up to approximately 10% Fe. A Mossbauer
study of two such alloys showed a considerably
reduced transition temperature relative to an Fe Pd
alloy of the same percentage Fe. Hyperfine field
and isomer-shift results showed that the Fe atoms
retained approximately their same state as in
Fe Pd, however, It is quite interesting to note that
the p,„,obtained from susceptibility measurements
was essentially constant in the range 0-9%%u~ Fe with
the large value of (5. V-5. 9)ps, although it was
clear that the Pd d band is completely full.

A similar band-filling effect of this type might
be expected for the Fe-Pd-P alloys, and it is un-
fortunate that the amorphous range does not extend
to lower Fe concentrations. Amorphous
Fe„Pd80 „Sizz alloys can be made in the dilute range
(0-V%%uo Fe), however, and show magnetic properties
quite similar to the low-Fe-concentration Fe-Pd-P
alloys (incomplete saturation, high p, ,«, diffuse
magnetic transition from magnetization measure-
ments). The host PdsoSizo has a very low suscepti-
bility (y- 10 -1.0 emu/g), indicating a filled d
band.

b. Nature of the hyPe+ine field distribution: rela-
tion to Rondo effect. In an attempt to put the dis-
cussion of P(H) on a more quantitative basis, we
can use the following model: Considering the
hyperfine field H as a random variable, we sepa-
rate the contributions to H into two categories,

the electron-transfer effects from phosphorus
discussed earlier. It was argued there that the
probability distribution from these contributions
should have the approximate form

1 (H) —Hq) l(
Pt(Ht)=

(2 &s)i/2 exp 2&2 j
To calculate P2(Hz) we need a model which rep-

resents the most relevant interactions in producing
conduction-electron spin polarization. One mecha-
nism is the RKKY interaction between the Fe mo-
ments and the conduction electrons. Since the
arrangement of the Fe atoms is governed by the
radial distribution function, Hz should be statisti-
cally independent of H&. In such a case the prob-
ability distribution for H= H~+Hz can be obtained
from a convolution of the separate probability dis-
tribution functions:

P(H) = jPj(H') P2(H —H') dH' .
The response of a free-electron gas to a point

magnetic moment leads to an oscillatory spin po-
larization (RKK& interaction):

cos2k~ x sin2k~ x
@RKKv(~)=P (~) -P (~)=PO

(2h ', s —;2 ', 4

(i3)
where x is the distance from the magnetic moment
and k~ is the Fermi wave vector. The RKKY in-
teraction produces a spatially nonuniform spin po-
larization, and therefore leads to a broadening of
the hyperfine field distribution. This effect is
quite evident in NMR studies, and was first ob-
served in dilute CuMn alloys. '

In Fig. 8 the width of the central peak in P(H) in-
creases by roughly a factor of 2, which means that
broadening effects due to conduction-electron po-
larization are comparable to those from other fac-
tors. The RKKY interaction is capable of effects
of this magnitude, as was shown in Mossbauer ex-
periments by Stearns and Wilson. By introducing
impurities in the Fe lattice, they were able to veri-
fy the oscillatory nature of the conduction-electron
spin polarization, although the magnitude was
roughly seven times that predicted by Eq. (13).
This was presumably due to the neglect of electron-
electron interactions in the analysis which leads
to the RKKY form factor. It was found that the
spin polarization from one Fe atom at a nearest-
neighbor Fe nucleus leads to a hyperfine field of
approximately 26 kOe. It is clear, therefore, that
in the concentration range of the Fe-Pd-P alloys
these effects can produce a broadening of sufficient
magnitude to agree with experimental results.

A calculation of P(Hq) would then proceed as fol-
lows: Knowing po, k~, and the Fe arrangement,
we can calculate P(Hz) using Eq. (13). Only the
average distribution of Fe atoms can be obtained
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tdf= n, , +n,, [x(0.8 —x)]"'. (18)

The trend in &H observed can be well approxi-
mated by such a formula with Az= 20 kOe and 4~
= 145 kOe.

One feature of the probability distributions in
Fig. 8 which cannot be explained by this simple
model is the large "tail" effect seen at low fields.
The reason for this discrepancy can be understood

from the radial distribution function, so the actual
calculation would have to consider all possible Fe
arrangements weighted with the appropriate prob-
ability. This type problem is well suited to nu-
merical methods such as Monte Carlo techniques.

There is one other factor to be considered be-
fore embarking on such an approach —the short
mean free path of the conduction electrons in a
disordered structure. It is known that the ampli-
tude of the magnetization oscillations decreases
with decreasing mean free path. This effect can
be described qualitatively by the intuitive formula37

(14)

where A is the mean free path for conduction elec-
trons. This effect was verified by Heeger et al. ,
who observed a decrease in NMR linewidth when
nonmagnetic impurities (which decrease the mean
free path) were introduced into the CuMn system.
In amorphous materials, the mean free path must
be extremely short. It can be estimated from the
simple conductivity formula

o= ne'7. /m .

(The measured resistivity of the Fe-Pd-p alloys
is in the range 160-180 p, Q cm. ) The mean free
path A is simply v&T. Assuming that n and v& are
characteristic of a noble metal such as Cu, we
find that A- 3 A (on the order of the interatomic
spacing). The range of the RKKY polarization
should be drastically reduced in such a situation,
and should not extend appreciably beyond nearest
and next nearest neighbors.

The complicated numerical approach outlined
above, therefore, is not necessary. The argu-
ments of Sec. III can be applied immediately, with
the only difference being that n in Eq. (2) comes
from the RKKY spin polarization, and n is now the
number of Fe nearest neighbors. Again the prob-
ability distribution should have a form similar to
the Gaussian distribution, with average value Hz

and standard deviation ~~.
In the convolution of P, (H, ) and Pz(Hz) according

to Eq. (12), the resulting shape will again be ap-
proximately Gaussian with H=Hz+H~, 6= hz+ 6&.
If the RKKY polarization is basically limited to
nearest neighbors, n.2~x ~ (0. 8 —x) for the
Fe„Pdso „P20 alloys (from the binomial distribution).
Therefore,

as follows: The calculation just outlined would
predict the distribution of saturation fields which
exist in the material. To get the actual P(H) dis-
tribution, we must consider the effective fields
(dynamical effects) which act on the magnetic mo-
ments. For example, in an effective field theory,
the actual hyperfine field measured corresponding
to a given magnetic moment p. is

H = H„,H, (p h/h T),
where h is the effective (Weiss) field at that site.
Our model just proposed has really been concerned
with P(H„,). In order to obtain P(H), we must in
addition know P(h).

In the amorphous Fe-Pd-P alloys the existence
of a Kondo-type resistivity minimum implies that
there are spins in low effective fields, even in the
concentrated alloys. It has been shown theoretical-
ly that the effect of spin-spin correlations is to
produce an internal field which suppresses the
Kondo effect. If the spins are locked into parallel
alignment, the spin-flip-scattering process (which
gives rise to the resistivity minimum) cannot oc-
cur. The appearance of the "tail" on the observed
low-field P(H) distribution is a confirmation of the
possibility of a Kondo effect in these amorphous
alloys. These smaller hyperfine fields come from
Fe atoms which reside in low effective fields and
are weakly coupled. These moments are quasifree
and can participate in the spin-flip scattering.

3. Variation of Quadrupole Splitting with Fe
Concentxati on

At first thought it is difficult to assess the mean-
ing of the increase in quadrupole splitting with de-
creasing Fe concentration shown in Fig. 3. As-
suming that the short-range order remains con-
stant, the only change is to gradually replace Pd
by Fe. Since the main electrostatic effects are
due to phosphorus (because of its large charge con-
trast), and its concentration is fixed, this variation
may seem quite puzzling. The discussions of the
previous sections show how a possible resolution
of this question may be achieved. From the is-
omer-shrift and hyperfine field results, the elec-
tronic state of the Fe atoms remains roughly un-
changed throughout the composition range. How-
ever, it seems reasonable to assume that the 4d
shell of Pd is full. If we think of phosphorus as
an electron donor to palladium, then the electron
transfer depends only on the concentration of Pd.
Hence the local-charge perturbation should be
proportional to (0. 8 —x). Since electric field ef-
fects are proportional to this quantity, q(x) o- (0.8
-x). Actually this predicts that the quadrupole
splitting would vanish at x= 0. 8, whereas in reality .

we would undoubtedly have a small quadrupole
splitting even in an amorphous FespPpp alloy. Thus
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we should write

—,
' e q Q = Qo(0. 8 —x) + Qq . (18)

Figure 16 shows the curve for Qo= 1.0 mm/sec,
and Q~ = 0. 2 mm/sec. Any numerical agreement
with such a simple model is clearly in part for-
tuitous. However, the model is consistent with
the earlier discussion and accounts for an effect
which seems quite mysterious otherwise.

B. Magnetic Properties

High-Fe-Concentration Alloys: x ~ 25

From the experimental data presented in Sec. II,
in particular the transition temperature curve of
Fig. 15, it seems appropriate to divide the dis-
cussion of the magnetic properties of the amor-
phous Fe-Pd-P alloys into two sections. In this
section we will discuss the alloys with 25 &x~ 44.
In this range the alloys appear to be good examples
of amorphous ferromagnets. Hence they are good
candidates for evaluating several recent theories
of the magnetization in this type of material.

For these alloys we can use the hyperfine field
distributions obtained to study the dependence of
magnetization on temperature. Since Hn (S,), a
plot of H= fo" I'(H) HdH vs temperature should be
a measure of the zero-field magnetization of the
sample. We can therefore compare the experi-
mentally observed magnetization with that predicted
theoretically.

Handrichs has recently given a treatment of the
amorphous ferromagnet on the basis of the molec-
ular field approximation. Starting from the Heisen-
berg-Dirae Hamiltonian,

(19)

the amorphous nature of the material is taken into
account by allowing random fluctuations in the ex-
change integrals J,&. It is found that the effect of
these fluctuations is to produce the following equa-
tion of state for the (reduced) magnetization:

o = —,
' ILB, [(1+5 ) x] + B,[(1 —5)xg, (20)

where x= 38/(S+ 1) (g/r), 7 = T/T„and 5 is a mea-
sure of the fluctuations. For 5 & 1 no ferromagne-
tism exists at any temperature.

A numerical calculation was performed for vari-
ous values of 6 and is compared with the experi-
mental data in Fig. 1V. The effect of increasing
structure fluctuations is a decrease in the hyper-
fine field, while the Curie point remains unchanged.
The magnetization has infinite slope at T= T,. The
failure of the theory to account for the low-temper-
ature behavior is a characteristic of all molecular
field theories, and results from the inability to
predict the low-temperature excitations (spin
waves). Qualitatively, however, the prediction
that the fluctuations have reduced the magnetization
relative to the order state (5 = 0) seems to be veri-
fied.

A recent calculation by Montgomery et al,
treats the disordered Heisenberg ferromagnet by
a Green' s-function technique. Although this theory
is not strictly applicable to an amorphous material
but rather a disordered alloy, the general conclu-
sions are expected to remain valid. The density
of spin wave states, the ferromagnetic Curie tem-
perature, and the magnetization were found as a
function of disorder. The randomness of the alloy
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T, = T (1 —(6/Z)P), (21)

where To is the transition temperature for the or-
dered case and Z is the number of nearest neigh-
bors. The magnetization curves retain their char-
acteristic shape and are merely flattened slightly
from the perfect crystal case.

It is difficult to quantitatively assess the agree-
ment of this approach with the amorphous ease,
since the numerical calculations involved must be
made for a specific type of lattice. Nevertheless,
the general conclusion that the magnetization is
flattened relative to the perfect-crystal case is
seemingly valid. For example, in crystalline Fe
at T/T, = 0. 25, the magnetization has dropped only
2%, while for the amorphous alloys shown in Fig.
17 it is reduced - 5-6%.

2. I ore-Fe-Concentxati on A/loys: x & 25

a. Critical concentration effects. The experi-
mental results point to the existence of a critical

was taken into account by defining a parameter P
such that

P= j /3JO,

where j is the mean-square deviation in exchange
integrals from the average value Jo. The param-
eter P thus defined is a measure of the disorder
analogous to 5 in Handrich's molecular field the-
ory. It was found that the density of spin wave
states changes markedly with disorder. The main
effect of increasing P is to introduce a low-energy
peak in the density of states, which results in the
reduction in Curie temperature according to

concentration for ferromagnetism in the amorphous
Fe-Pd-P alloys at approximately 25% Fe. There
have been several calculations of critical concen-
tration for crystalline lattices based on the Heisen-
berg-Dirac Hamiltonian. Elliot et al. ' have
shown that this critical concentration is indepen-
dent of the spin S or the strength of exchange cou-
pling J, and depends only on the topology of the
lattice. Moreover, x, (the critical concentration)
is the same for both the Heisenberg and Ising
models. To show this, the high-temperature sus-
ceptibility X was expanded in a power series of x,
the concentration. The critical concentration x,
is obtained from an analysis of the radius of con-
vergence of this power series. The following val-
ues were found for the simple-cubic (sc), body-
centered-cubic (bcc), and face-centered-cubic (fcc)
lattices: x, =0. 28, 0. 22, and 0. 18, respectively.

Sato et al. have also discussed critical concen-
tration effects based on other approximations to the
Heisenberg Hamiltonian. They find that the molec-
ular field approximation, which predicts T,~ x
(and therefore has no critical concentration), is
completely inadequate in treating the case of dilute
magnetic alloys with short-range interactions.
This failure of the MFA is due to the averaging
technique adopted. One can show, in fact, that
the molecular field theory is exact only in the limit
of Z (the number of nearest neighbors) becoming
infinite. The neglect of short-range order effects
in the MFA is manifested in its inability to predict
the curvature in 1/jt vs T plots just above T„and
also in the prediction that the magnetic contribution
to the specific heat drops abruptly to zero above T,.
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TABLE IV. Critical concentration for nearest-neighbor
interactions. (Z is the coordination number of the
lattice. )

Lattice

sc(Z = 6)
bcc(Z = 8)
fcc(Z =12)

Expansion method

0. 28
0.22
0.18

Average
coordination number

0.333
0.25
0.166

Cluster
variation

0.20
0.143
0.091

y = Np'/3k(T —8), (22)

where K is the number of clusters per unit volume
and p, is the moment per cluster. Assuming there
are n Fe atoms per unit volume and z Fe atoms
per cluster, then N=n/z and p, =zpr, . In this sit-

Several other effective field theories, which do
attempt to treat short-range order effects, are
considerable improvements in accounting for these
effects. It appears that the longer the range of the
interaction, the more applicable the MFA may be.
This may be the reason for its semiquantitative
success in FeI'd, where there are unusually long-
range interactions. In amorphous materials, where
short-range interactions are dominant, the MFA
is not expected to be a good approximation.

Two such predictions for critical concentrations
are given by the average coordination number
(ACN) method and the cluster variation (CV) the-
ory. The ACN treatment is essentially a gener-
alization of Bethe's method for dealing with order-
disorder phenomena in alloys. It is found that a
critical concentration is reached when xZ = 2. The
other method (CV) gives x, = I/(Z —1). Table IV
gives a summary and comparison of these esti-
mates for the three different methods.

In the amorphous Fe-Pd-P alloys there is no
lattice on which to count nearest neighbors. How-

ever, it is known from the RDF that the metal-
metal concentration number is about 10-11. With
this value for Z, the predicted critical concentra-
tion would be in the range of 10—12'%%up. Since only
0. 8 of the atoms are metallic, x, should be be-
tween 8-16 at. %%u&Fe. Experimentally x, =25%%uq . It
is reasonable that x, for an amorphous structure
should be greater than the ordered case, and re-
cent theories predict that the Curie point of the
amorphous structure is reduced relative to the
ordered case.

b. Evidence against sNPerParamagnetisnz.
Below the critical concentration, there is no long-
range ferromagnetism. The observation of a hy-
perfine field shows that some kind of local magnetic
order persists, however. If the alloys in this
range are indeed superparamagnetic, we can esti-
mate the average "cluster" size and number of Fe
atoms per cluster from the observed p, ,«value.
In the paramagnetic region,

uation

n (zi/, F )2 n//. r '
3k (T —8) 3k (T —8)

(23)

Thus by grouping into clusters of z atoms each, the
susceptibility is increased by a factor of z, or the
effective moment by a factor z' . Since p, gf f 6 for
the amorphous Fe-Pd-P alloys and p, F,= 3, there
are only about four Fe atoms per cluster on the av-
erage. If Pd contributed to the net moment, this
value would be even smaller. In the composition
range 13 &x ~25, the clusters would contain 16-32
atoms on the average. Since the RDF indicates an

0
atomic radius of 1.4-1.5 A, 20 atoms would oc-
cupy a volume V of only -3&&10 cm .

If the clusters are noninteracting, thermal fluc-
tuations will occur at a rate

e-Kv /kT 109 -eIcv A/T sec-1 (24)

In order to observe a hyperfine field, f„,~ &f„
For Fe", fL „=-107 sec '. To be consistent with
the result that a hyperfine field is observed at 4. 2
'K, we find from Eq. (24) that the condition on the
anisotropy energy constant K is K& 10 ~ erg/cm .
This is greater than an order of magnitude larger
than Fe. It would be difficult to explain such a
large value for the amorphous alloys, where there
would seem to be no crystallographic axis to even
define a preferred direction. One would expect the
anisotropy energy to be much lower than in the crys-
talline case. In fact, amorphous Fe-P-C alloys
exibit magnetoelastic properties which indicate this
is the case. '

Another characteristic effect seen in superp3ra-
magnetic materials is noticeably absent in the amor-
phous Fe-Pd-P alloys with x& 25. Because of the
distribution of cluster sizes, there are always a
wide range of transition temperatures evident in the

~ t

Mossbauer spectrum. If the Fe24Pd56Pgp alloy were
superparamagnetic, we would expect to see some
evidence of hyperfine splitting at 77 'K, since its
transition temperature is just below this tempera-
ture (T, -60 'K). Similarly, for Fe„Pd,BP,O at 4. 2

K, some quadrupole component should be seen
from paramagnetic Fe atoms which happen to be in
an uncoupled state. Furthermore, the frequency
and inductance-bridge results indicate a rather
well-defined transition temperature, which seems
to correspond to the value extrapolated from Moss-
bauer effect. If the alloys were superparamagnetic,
the transition temperature obtained from the two
different techniques would vary greatly because of
the difference in measurement time. In the Moss-
bauer effect, the average hyperfine field is obtained
over a Larmor period (- 10 ~ sec), while the induc-
tance bridge is essentially a static measurement
(oscillator frequency =1 kHz). For example, small
particles of nickel ferrite (NiFe304) of average size
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168 A show paramagnetic behavior in magnetiza-
tion measurements at all temperatures, but exhibit
a stable hyperfine field pattern in Mossbauer ex-
periments up to 628 'K, where a gradual narrowing
of the pattern sets in. The corresponding Curie
point of the bulk material is 858 K.

c. Nature of the magnetic state: comparison
uith the AuFe system. The magnetic properties
of the amorphous Fe-Pd-P alloys are in many ways
analogous to those observed in AuFe alloys. 4

Below approximately 16/o Fe, the alloys respond
only weakly to an external magnetic field. The
susceptibility results give a large p.,«, which ap-
proaches the value corresponding to S = 2(p, ff,
= 5. 92) near this critical concentration. The tran-
sition-temperature-vs-iron-concentration curve
also shows a sharp change in slope in this region,
as shown in Fig. 18.

The reason for the apparent similarity between
the two systems is not obvious at first sight.
However, the model for the magnetism in these
alloys proposed earlier shows why the analogy may
be expected. In that discussion it was argued that
the effects of Pd 4d electron polarization are neg-
ligible because of electron transfer from phospho-
rus. If the 4d shell of Pd is filled, it has the same
electronic configuration as Ag, except for a slight
difference in s electron density. In this model
phosphorus plays no direct role in the magnetism
except to fill the 4d shell of Pd and provide possible
conduction electrons to the systexn. It is well
established that alloys of 3d transition metals (Cr,
Mn, Fe, or Co) with elements of the IB group
(Cu, Ag, Au) show anomalous magnetic proper-
ties. ' The systems CuFe and AuFe are good ex-
amples of this effect. It would be interesting to
compare the magnetic properties of the amorphous
Fe-Pd-P alloys with AgFe alloys. Unfortunately,
Fe is only very slightly soluble in Ag (- 0. 0004/o
Fe). 6 Therefore a direct comparison is impos
sible.

V. SUMMARY AND CONCLUSIONS

Alloys of the form Fe„Pd,o „P20 (13 &x & 44) have
been quenched from the liquid state into an amor-
phous structure using the "piston and anvil" tech-
nique. Mossbauer-effect measurements have been
used to determine the distribution of hyperfine
fields in these materials as a function of composi-
tion and temperature. Despite the presence of a
combined electric quadrupole and magnetic inter-
action in the magnetically ordered alloys, the
Mossbauer spectra can be analyzed in terms of a
hyperfine field distribution alone. This simplifica-
tion arises from the fact that structure fluctua-
tions in the amorphous alloys lead to a completely
random angle between the magnetic field direction
and the principle axis of the efg at the nucleus. The
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FIG. 18. Magnetic transition temperature vs iron concen-
tration in Au& „Fe„alloys.

only effect of the electric quadrupole interaction
is therefore to broaden the observed six-peak
spectrum resulting from the magnetic hyperfine
interaction. The hyperfine field distributions in
the amorphous Fe-Pd-P alloys are found to be ex-
tremely broad (width - 100 kOe), with a maximum
at approximately 290 kOe which is relatively in-
dependent of concentration. The increased width
observed in the higher-Fe-concentration alloys re-
sults from the spin polarization of the conduction
electrons. From these results it has been con-
cluded that the electronic configuration of Fe re-
mains approximately constant throughout the entire
composition range. The magnetic moment per Fe
atom is about 2 p&. The Pd atoms appear to play
little role in the magnetism, since the Pd 4d shell
has been filled due to electron transfer from phos-
phorus. The quadrupole splitting observed above
the transition temperature is consistent with this
model. Phosphorus thus plays a dual role in af-
fecting the Pd d band and also in allowing the for-
mation of the amorphous structure.

On a microscopic scale, there is a drastic change
in the magnetic properties of the Fe-Pd-P alloys
at approximately 26 jq Fe. The transition-tempera-
ture-vs-Fe-concentration curve shows a sharp
change in slope in this region. Above this critical
concentration, the alloys are amorphous ferro-
magnets. The temperature dependence of the mag-
netization for these alloys agrees fairly well with
recent theoretical predictions. Below the critical
concentrations, the short-range exchange interac-
tions which produce the ferromagnetism are unable
to establish a long-range magnetic order. The
local magnetic ordering which occurs must be due
to some indirect exchange interactions thxough the
conduction electrons. In many respects, the be-
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havior of the Fe-Pd-P amorphous alloys parallels
that observed in the A.uFe system. This might be
expected, since the electronic configuration of Pd
is the same as the noble metal Ag if its d shell is
filled.

One of the most significant features of the amor-
phous state is the fact that correlations between
neighboring spins in such a material are greatly
reduced. This makes possible the existence of
Kondo spin-flip scattering even in quite concen-
trated alloys. Only those spins which are in weak
effective fields can contribute to the Kondo effect.
The hyperfine field distributions obtained experi-
mentally confirm the existence of such weakly cou-
pled spins.

This model of Fe atoms interacting on a random
lattice can explain the observed magnetic properties
without introducing any concepts such as super-
paramagnetism or concentration-dependent magnet-
ic moments for the Fe atoms. It also shows the
connection between the magnetism in such apparent-
ly dissimilar amorphous alloys as ferromagnetic
FeppPgpCy and Fe„Pd,p „Sipp (0 & x 7). The large
critical concentration observed in the Fe-Pd-P al-
loys provides further support for the statement that
spin-spin correlations are greatly reduced in the
amorphous state. This seems to be more than just

a question of a short mean free path for the conduc-
tion electrons, since the alloys can be magnetically
ordered in the dilute region.

To investigate the magnetic ordering in the less-
concentrated alloys (x& 25), Mossbauer experi-
ments in large external fields should be quite use-
ful. Specific -heat measurements at low tempera-
tures should also show a large contribution from
the quasifree spins in weak effective fields. The
detailed analysis may be quite complicated, how-
ever, since there is no base alloy (PdppPpp) to use
in the subtraction of the nonmagnetic contributions.

Finally, it should be noted that the Mossbauer
effect is at present the only technique by which one
can determine the complete distribution of hyper-
fine fields in these materials. The unusual widths
of the distributions would make an NMR absorption,
for example, so broad that no useful information
could be obtained. Thus it represents a unique tool
in the study of magnetism in amorphous materials,
and should become even more important in future
developments in this field.
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The ferromagnetic transition temperatures of MnAsgb~ „solid solutions for 0 «x «1 have
been measured as a function of pressure up to 4. 5 kbar. Previous work has shown that for
the solid solutions in the concentration range 0. 9 & x «1 the magnetic transition is first order
and is accompanied by a hexagonal-to-orthorhombic structure transformation, while for 0 «x

0. 9 the magnetic transition is second order with no structural change. We have found that
the initial pressure derivative of the transition temperature (BT~/BP) changes discontinuously
in the narrow concentration range 0.87 & x~ 0. 90, further demarcating the first- and second-
order regions. We also find that substituting Sb for As in the first-order region increases the
critical pressure P, which stabilizes the orthorhombic phase to the lowest temperature. This
further supports Goodenough's observation of a critical molar-volume range in which the first-
order transformation occurs. The solid solutions which exhibit second-order behavior are
analyzed using an itinerant-electron ferromagnet model.

I. INTRODUCTION

The isomorphic metallic compounds MnAs and
MnSb have different magnetic properties which are
believed to be due to differences in the Mn-Mn
separation distance. For increasing temperature,
MnAs exhibits a first-order ferromagnetic (FM)
to paramagnetic (PM} transition at 313 'K which
is accompanied by a change in crystal symmetry
from the hexagonal NiAs structure (B8,) to the
orthorhombic MnP structure (B31). (Hereinafter
we use FM to denote ferromagnetic, ferromagnet,
or ferromagnetism, and similarly for PM. ) On
further heating, a second-order transition involv-
ing a change from a low-spin PM to a high-spin
PM phase and a change in crystal symmetry from
the orthorhombic (B31}to hexagonal structure'

(B8,) is observed at 398 'K. On the other hand,
MnSb has a second-order FM to PM transition at
572 'K with the crystal structure remaining hex-
agonal (B8,) through the transition. A complete
series of solid solutions is formed by MnAs and
MnSb in which the hexagonal lattice parameters
decrease monotonically from MnSb to MnAs.

The various magnetic transition temperatures
and crystal structures of the solid solutions,
MnAs„Sb& „as reported by Sirota and Vasilev and
Goodenough et al. ' are summarized in Fig. 1.
Here, for increasing temperature, T, denotes
the FM-to-PM transition temperature, T' denotes
the PM-to-PM transition temperature at which the
effective moment decreases, and T, is a PM-to-
PM transition temperature at which the effective
moment increases and the crystal structure changes


