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Temperature Dependence of the "Fehfs in the Ordered Alloys
FePd, and FePd near the Curie Temperature~
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(Received 15 February 1968)

The temperature dependence of the ~'Fe hfs in ordered FePd3, FePd, and a disordered Fe0.222Pd0. 778 alloy
has been measured, using the Mossbauer eGect near the Curie temperature T,. These measurements yield
values for the critical exponent P of 0.371&0.01, 0.377~0.01, and 0.394+0.02, respectively, in the tem-
perature region 0.85&7/T, &0.99. The values of P obtained for the ordered alloys are higher than the
value P=0.313~0.004 predicted on the basis of a nearest-neighbor Ising model but lie within the range
of values 0.36&P&0.41 derived from a Heisenberg model. The values indicate that the long-range magnetic
exchange interaction, known to exist in dilute Fe-Pd alloys, if it exists in these concentrated alloys, does
not have an appreciable eGect on the value of P. The fact that the present values of P are lower than those
previously obtained (p 0.43) for disordered Fe-Pd alloys containing 10/fJ iron verifies the suggestion
that the latter higher values are due to the presence of a magnetization distribution arising from the spatial
distribution of iron atoms in disordered alloys.

INTRODUCTION

N recent years measurements of the critical-tem-
. perature dependence of the spontaneous magneti-

zation have been made in many magnetically ordered
materials in the hope of relating them to the predictions
of several models for ferromagnetism. In particular,
both theory and experiment' suggest that the following
relationship holds near the critical temperature (T,):
M/MssT =2 (1—T/T, ) ~, where Ms~T is the mag-
netization at O'K, and p and A are constants for a
particular material. There is a large difference in the
values for P of sr and rss predicted on the basis of the
molecular-6eld model with an electively in6nite range
for the magnetic interaction and of the nearest-neighbor
Ising model, while measurements so far have tended to
cluster around the value of P~0.33.'

In this work we present similar measurements on
the Fe-Pd system, which is of interest since it is known
from neutron diGraction studies' at low iron concen-
trations that the ferromagnetic exchange interaction
decreases exponentially with distance and extends to

10 L. Such an interaction was used by Woodhams
et al.' to 6t Mossbauer hyperhne spectra obtained
using a disordered Fep.p2sPdp, g72 alloy. One might there-
fore expect a diRerent value of p than that of 0.33
measured, e.g., for EuS,4 which is thought to behave
like a Heisenberg ferromagnet. Previous Mossbauer

*This work was performed under the auspices of the U. S.
Atomic Energy Commission. Prepared under Contract No.
AT (04-3) -63 for the San Francisco Operations Once, U. S. Atomic
Energy Commission.

'L. P. Kadano8, W, Gotze, D. Hamblen, R. Hecht, E. A. S.
Lewis, V. V. Palciausltas, M. Rayl, J. Swift, D. Aspnes, and J.
Kane, Rev. Mod. Phys. 39, 395 (1967).' G. G. Low and T. M. Holden, Proc. Phys. Soc. (London) 89,
119 (1966).' F. W. D. Woodhams, R. E. Meads, and J. S. Carlow, Phys.
Letters 23, 419 (1966).' P. Heller and G. B.Benedek, Phys. Rev. Letters 14, 71 (1965).
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measurements on disordered Fe-Pd alloys~' in which
there is a distribution of magnetization gave a value
for p=0.43&0.03 for Fes.tsspds. sss and Feo.D75pd0. 925,

while for dilute iron concentrations (~0.4%%u& Fe),
the value of P was considerably larger. It was sug-
gested' r that the higher values of P were due to the
presence of the magnetization distribution arising
from the spatial distribution of iron atoms, and to the
fact that regions of differing magnetization were coupled
via a long-range exchange interaction leading to a
unique Curie temperature. The value of p was even
larger for the dilute alloys because the relative Ructua-
tions in local magnetization become larger as the alloy
becomes more dilute. Because of this, measurements of
p in dilute alloys in which the existence of a long-range
interaction is well established' are dificult because the
true value of P is obscured by the eRect of the distri-
bution in magnetization. These experiments also sug-
gested that the long-range interaction was still appre-
ciable in concentrated alloys. ~

It is therefore of interest to measure the values of P
in the ordered alloys FePd3 and FePd, where the
density of iron atoms is unique, to see if there is any
evidence for long-range interactions in concentrated
ordered alloys which could lead to a larger value of p.

METHOD

In the Fe-Pd system there are two superlattices,
fcc FePds and face-centered tetragonal (fct) FePd,
which exist as single phases over the approximate

~ G. Longworth, W. L. Trousdale, P. P. Craig, and T. A. Kit-
chens, Jr. , Bull. Am. Phys. Soc. 11, 237 (1966).

e W. L. Trousdale, G. Longworth, and T. A. Kitchens, Jr.,
J. Appl. Phys. 38, 922 (1967).' W. L. Trousdale, C. J, Song, and G. Longworth, in Proceed&sgs
of the Second Symposium on Mossbauer Effect Methodology
(Plenum Press, Inc. , New York, 1966), pp. 77-83.
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TABLE I. Linewidths and hyper6ne fields of Fe-Pd alloys.

Alloy
Temperature

('K)

Hyper6ne
6eld
H.ff

(lrOe)

Component linewidth
(mm/sec)

Inner Middle Outer

Ordered
Feo.soPdo. so

RTa
4.2

267.9+1
281~3

0.37~0.01 0.37+0.01 0.37a0.01

Disordered
Feo.soPdo. so

R.T. 320%1 0.38&0.02 0.64&0.03 0.90&0.04

Ordered
Feo.nPdo. z3

Disordered
Feo.2zPdo, z3

R.T.
4.2

R.T.

285.5~1
334+3

278+1

0.37&0.01 0.37&0.01 0.37&0.01

0.41~0.30 0.60~0.04 0.79~0.06

Disordered
Feo.22Pdo, zs

R.T.
4.2

267%1
312~3

0.35%0.01
~ ~ ~

0.52&0.02 0.69&0.03

a Room temperature.

concentration ranges 25—30 at.% Fe and 43—50 at.%
Fe, respectively. The following alloys Fep.268Pdp, 732

and Feo.496Pd0.504 were prepared by melting 99.999%
pure iron and palladium in an induction furnace in
sufhcient quantities to ensure that the losses were less
than 0.1%. The alloy Fep sssPde . 7ss wa. s chosen since a
previously prepared alloy, Fep.248Pdp. »2, remained dis-
ordered after substantial annealing. After being rolled
to foils about 2 mil thick, the alloys were homogenized
by being annealed at 900'C for 4 h, and quenched to
room temperature to form the fcc disordered phase.
The homogeneity and composition were checked using
an electron-beam microprobe device and by spectro-
graphic analysis. The largest impurity found was
100 ppm of silicon, although the presence of oxygen
was not checked. The alloys were then ordered by
being held at 550'C (FePd) and 620'C (FePds) im

mango for about 50 days. X-ray di8raction patterns
were measured before and after ordering with the
following results: disordered FePds, fcc @=3.856~
0.004 A. ordered FePds. fcc a=3.849+0.001 A, dis-
ordered FePd, fcc a=3.803~0.002 A, and ordered
FePd, fct c/a=0. 960&0.005, a=3.86+0.01 A., in good
agreement with previous measurements. ' Since the
samples were initially cold-rolled, there were preferred
crystalline orientations that were not fully removed
after ordering. Thus it was not possible to determine the
long-range ordering parameter 5 conclusively from the
ratios of intensities of normal and superlattice peaks
in the x-ray diffraction pattern. LS is defined as
(r~ —F~)/(1 F~), where r~ is —the fraction of 2 sites
in the alloy occupied by the "correct, " i.e., A atoms,
and F~ is the fraction of A atoms in the alloy; see, e.g.,
Cullity. "$However, in the case of FePd, if one neglects

R. P. Elliott, Constitution of Binary A/toys (McGrsw-Hill
Book Co. , New York, 1965}.' E. Raub, H. Beeskow, and O. Loebich, Z. Metallk. 54, 549
(1963).

'e B. D. Cullity, Elements of X Ray DQ'rae-tion (Addison-
Wesley Publishing Co., Reading, Mass. , 1956).

the normal peaks which show preferred orientation
effects, then a value for 5=0.97&0.03 was found using
four superlattice peaks. The samples therefore appear
to be appreciably ordered.

The Mossbauer spectra were obtained using a con-
stant-acceleration velocity drive and multichannel
analyzer, the emitter being "Co in Pd. For temperatures
above room temperature, a small vacuum furnace and
proportional temperature controller were used, whereby
the absorber temperature could be held constant to
better than 0.2'C.

RESULTS

The spectra obtained for the ordered alloys at room
temperature are shown in Fig. 1. The values of hyper-
fine field are tabulated in Table I together with the
linewidths and fields obtained at 4.2'K. At room tem-
perature there was an appreciable spread in held in the
disordered samples, while the lines in the ordered
samples were narrower and approximately equal in
width. The field in FePd3 at room temperature changed
slightly on ordering from 278+1 to 286&1 kOe, but
there was a decrease in field from 320~1 to 268~1 kOe
in FePd. The change in spatial arrangement of Fe
atoms on ordering could change the field via a change
in the Pd conduction-electron polarization by the Fe
atoms. However, Craig et at." assume that the contri-
butions to the polarization from Fe atoms having one
or more than one Fe nearest neighbor are the same, and
since the probability of having one or more Fe neighbors
in FePds increases by only 3% on ordering, we may
expect only a small change in Geld in FePda. The
decrease in held for Fep.spPdp 5p is presumably due to
the change in structure from fcc to fct when the iron-
iron nearest-neighbor distance increases from 2.69 to
2.73 A.. In the case of FePd, there was a quadrupole

"P. P. Craig, B. Mozer, and R. Segnan, Phys. Rev. Letters
i4, 895 (1965}.
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interaction with a shift in the energy levels of

i4 (e'qQ) Lis(3 cos'8 —1)g =0.215+0.003 mm/sec

(see, e.g., Wertheim"). The widths of the lines in the
ordered alloys at room temperature, 0.37+0.01 mm/sec,
were in good agreement with those obtained above the
Curie temperatures, 0.38&0.02 mm/sec. In addition,
at temperatures 0.86( T/T, (0.99, the outer lines
were 20% broader than the inner lines. These facts
seem to indicate that there could still be a small amount
of disorder present. In FePd, the angle 0 between the
directions of the electric field gradient and the mag-
netic hyperfine field seems to be almost unique, but
there is evidence for an asymmetry in the outer limb
(Fig. 1) of the left-hand outer line. This asymmetry
could be due to a small anisotropic distribution in
angle 0, which could give rise to a combination of a
quadrupole shift in the lines together with a small
amount of quadrupole broadening. Alternatively, this
asymmetry, which is also present to a lesser degree in
ordered FePd3, could be due to the presence of a second
hyperfine field about 10% higher in value than the
main field and with about 10% of the probability of
the main field. It is dificult to see how this could arise;
since the crystal structure is well defined from x-ray
analysis, the impurity level should be small enough not
to produce such a large shift in field, and it seems un-
likely that a small amount of disorder would give rise
to an essentially unique field.

There is some evidence for the presence of two fields
in disordered Fep.~32Pdp 868 from NMR measurements by

"G. K. Wertheim, Mossbauer Egect (Academic Press Inc. ,
New York, 1964).
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FIG. 1. Hyper6ne spectra for ordered Fep.27Pdp. 73 and ordered
Fep.spPdp, bp at room temperature. The solid lines represent the
calculated least-squares 6ts.

Budnick et a/. ," who find fmlds at 317 and 327 koe,
although Craig et alt." find only one field at 327 kOe
using the Mossbauer technique. In the ordered FePd
sample there is also evidence for another field at 400
kOe. This couM be due to the presence of a small
amount of oxidation in the sample, although the field
is considerably smaller than those of the iron oxides.

The isomer shifts obtained for disordered and ordered
Fep.5pPdp, sp and for disordered and ordered Fep, gzPdp. 73

were +0.027&0.005, +0.034&0.005, +0.006+0.006,
and +0.007&0.003 mm/sec with respect to the srFe in
Pd source. Thus the S electron density at the nucleus in
these alloys is slightly less than that in the source.
%ith respect to an iron-metal absorber, this source has
an isomer shift of —0.188+0.003 mrn/sec, which
indicates that the S electron density at the nucleus in
the source is itself less than that in iron metal. From a
comparison of the areas of the transmission curves
obtained at room temperature for different thicknesses
of ordered Fep.27 Pdp. 73 and Fep.spPdp. sp a value for the
recoilless fraction of f~=0.50&0.02 was obtained,
which corresponds on a Debye model to a Debye
temperature 0~=245&10'K. The recoilless fraction of
the source is f,=0.61&0.03.

The Curie temperatures of the alloys were determined
by measuring spectra at 1' intervals for temperatures
where the spectrum had collapsed to a single broadened
1ine. The width of this line was then plotted as a func-
tion of temperature, and there was a sharp discontinuity
in the slope of the curve which allowed the Curie
temperature to be defined to &0.5'C. Values for T,
of 499.1&0.5 and 728.2~0.5'K for FePd, and FePd
were found. These may be compared with the values
513 and 743'K obtained by Fallot'4 and 731'K by
Kuprina et at." from magnetization measurements.
The measurements of Fallot" have been rejected by
Elliot' since they are not in agreement with other
features of the phase diagram for the Fe-Pd system.

Spectra were obtained for temperatures 0.85 &
T/T, (0.99 for FePd and 0.6(T/T, (0.99 for FePds.
The hyperfine fields were determined from computer
fits to the spectra using Lorentzian line shapes. For
T/T, )0.99 the spectrum consisted of a single broad-
ened line, which made analysis difficult. The hyper-
fine field was assumed to be proportional to the mag-
netization, at least close to the Curie temperature. It
is not known whether this proportionality holds for
these alloys, but Craig et at."have shown it to be the
case for a disordered Fep, pp65Pdp. 9735 alloy over an ex-
tended range of temperatures.

The usual method for determining P and A in the
relationship M/Ms~T ——A (1—T/T, ) P is to assume that

~' J. I. Budnick, J. Lechaton, and S. Skalski, Phys. Letters 22,
405 (1966).' M. Fallot, Ann. Phys. (Paris) 10, 291 (1938).

"V. V. Kuprina and A. T. Grigor'ev, Russ, J. Inorg. Chem.
4, 297 (1959).

P. P. Craig, R. C. Perisho, R. Segnan, and W. A. Steyert,
Phys. Rev. 138, A1460 (1965).
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the value of T, is known from other measurements and
to perform a least-squares Gt to the data with two
variable parameters p and A. It seems more meaningful,
however, to allow T, also to be determined in the least-
squares fit. For this purpose, a nonlinear least-squares
program was used which yielded the following values
of the parameters (Fig. 2): for ordered FePd8, 0.85&
T/T, &0.99, p=0.371&0.01, T,=499.6&0.5'K, A =
1.33&0.07, and for ordered FePd, 0.85& T/T. &0.99,
P =0.377&0.01, T.=728.6&1.0'K, A =1.36+0.04.
These values of T, are in good agreement with those
determined from the onset of paramagnetism.

In order to look for the eQect of a distribution in
magnetization on p, another alloy, Feo.222Pdo. i78, was
prepared which was outside the concentration range
for ordered FePdq. Iron enriched to 25% in ~7Fe was
used for this alloy, since losses were not as critical as
for the ordered alloys and hence smaller quantities of
material couM be used. After annealing for 7 days at
600'C, there was no evidence for superlattice lines in
the x-ray diffraction spectrum, so the alloy was as-
sumed to be disordered (a=3.855+0.001 A.). In the
Mossbauer spectrum, the outer lines were roughly
twice as broad as the inner lines (Table I) and the
widths were essentially independent of temperature.
Spectra were measured in the temperature range
0.86& T/T, &0.98. The value of the average hyperfine
Geld was determined from the positions of the centroids
of the lines. Values of the parameters p=0.394&0.02,
T,=475.8+1.0'K, and, ~A =1.43&0.03 were deter-
mined from the least-squares fit (Fig. 2) .
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FIG. 2. Plots of log1pH, ff versus log1p(T —T} for disordered
Fep.g2Pdp. 78, T,=475.8'K, ordered Pep. 27Pdp. 73, T, =499.6'K, and
ordered Fep.spPdp. sp 'jT =728.6'K. The errors are no larger than
the plot ted points.

DISCUSSION

The good agreement between the values for the
Curie temperature T, as determined from the least-
squares analysis and from the disappearance of the
six-line hyperfine pattern encourages us to believe that
the least-squares analysis method is a reliable one to
determine T,. The usual method of allowing only A
and P to vary in the fit, using several fixed values for
T„and determining T, from the best fit to the data
is inferior since the errors obtained in A and P are not
strictly meaningful when a fixed value of T, is used.
The 3-parameter least-squares analysis used here
reveals the presence of correlations between the errors
in P, A, and T,. In the case of the data for Feo 27Pdo 73,

the correlations between the errors in T, and P, T,
and A, and P and A were 0.69, 0.59, and 0.97, respec-
tively. Thus if the value of T, were Gxed at 499.6'K
(derived from the 3-parameter least-squares fit) and
if we were to perform a 2-parameter least-squares Gt to
the data in which A and p were varied, then the stan-
dard deviations in p and A would be reduced from
0.01 to 0.006 and 0.07 to 0.05, respectively. In the 2-
parameter Gt, for a change in T, of one standard
deviation (0.5'K), the value of p also changes by one
standard deviation (0.01), and vice versa.

The values of P obtained for ordered FePd and FePd3
are only slightly higher than those obtained in other
magnetically ordered materials (P~0.33),' and are
much closer to those values than to the value p=0.5
predicted by the molecular-Geld model. The values of
p for ordered and disordered FePd3 are not significantly
different, but it may be that the values for the average
magnetization in the disordered sample as determined
from the positions of the centroids of appreciably
broadened lines are not accurate since they represent
the most probable magnetization, which could diGer
from the average magnetization. In the previous work
on disordered alloys' the values of p were determined
from the spacing of the inner hyperGne lines, which
are also subjected to the overlap of strong neighboring
lines. However, the trend towards higher values of P
in more dilute disordered alloys as compared to the
present ordered alloys conarms the suggestion' that
the higher values arise from Quctuations in magneti-
zation due to the spatial arrangement of iron atoms in
disordered alloys.

one might expect that the long-range magnetic
interaction known to exist for Fe-Pd alloys in which
the iron concentration &5 at.% would become less
eBective in more concentrated alloys where the nearest-
neighbor interactions become appreciable. However,
Trousdale et ul.v have shown that there is still an
appreciable contribution from a long-range interaction
in disordered Fe0.~32Pd0.868. The Mossbauer spectra for
this alloy were fitted on the basis of a simple cell
model in which a given iron atom interacts magnetically
with other iron atoms within a cell via a short-ranged



G. LONGWORTH

interaction and with the average magnetization via a
long-range interaction. From the its, the cell size and
eRective strengths of the interactions were determined.
The two interactions were found to be equally eRective,
while the long-range interaction, 6 A., is comparable
to that in very dilute alloys.

In the present experiment we find no evidence for
the existence of this long-range interaction via its
effect on the value of p, which is not significantly dif-
ferent from the value p=0.35" obtained for pure iron.
However, it was recently pointed out by Fisher' that
the presence of a long-range magnetic interaction of
this form does not necessarily lead to a diRerent value
of p but could instead reduce the size of the critical-
temperature range over which such a value of p is ap-
propriate. The critical-temperature regions obtained
here, however, also seem to be similar to those obtained
for other materials. '

"R.S. Preston, Phys. Rev. Letters 19, 75 (1967).
"M.E. Fisher (private communication).

The experimental values of p obtained here are
higher than the predictions of the three-dimensional
Ising model, ' p=0.313&0.004, and of a modeP based
on a scaling-law analysis, P=0.33%0.03, which starts
from the Ising model and assumes that there exist
relations between the various critical parameters gov-
erning the behavior of the magnetization, susceptibility,
and speci6c heat. There has recently been a prediction
for P by Baker et ttt 's ba. sed on the Heisenberg model,
of 0.36&p&0.41, whose limits enclose the present
values of p.
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Disappearance of a Vibrational Mode in the Ferroelectric
Phase Transition of KH,PO,
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With the aid of a cold-neutron spectrometer, the time-of-Right spectra of KH2PO4 single crystals were
measured arith different orientations of the momentum exchange vector with respect to the crystallographic
axis. In the case where the momentum exchange vector points mainly in the direction of the hydrogen
bond, the temperature dependence of the spectrum was investigated. It was found that below the Curie
temperature a band mode of 50 cm ' disappears, and the mean square displacement of the protons in the
direction of their bonds is strongly lowered.

~ 4HE structure of KH~PO4 in the para- and ferro-..electric phase was established by Bacon and Pease. '

In the paraelectric phase, the protons have two equiva-
lent off-center positions along the hydrogen bond, only
one in the ferroelectric phase, and conform with the
assumptions of Slater's' order-disorder model for the
ferroelectric phase transition in KH&PO4-type ferro-
electrics. Blinc' proposed that the disorder in the
paraelectric phase may be a dynamic one and that
hydrogens may tunnel from one equilibrium position in
the H bond to another, thus producing a reorientation
of Slater's H2PO4 dipoles. Early inelastic neutron

scattering experiments by Pelah et a/. 4 and the "Quc-
tuating double minimum potential well" model of Imry
et al.' suggested the splitting of the ground level of the
double minimum potential well to be about 400—500
cm—'. Recent infrared absorption measurements by
Wiener et al. with samples of diGerent oxygen isotopes
allowed the dednite assignment of a number of infrared
absorption lines, showing also PO4 modes near 500 cm '
at room temperature. Pursuing the search for a "ferro-
electric mode" or a definite measurement of the splitting
energy of the ground state, a number of elastic and
inelastic neutron scattering experiments have been

*Present address: Israel Atomic Energy Commission, Soreq
Nuclear Research Center, Yavne, Israel.
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AZ30, 359 (&955).
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