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Magnetic properties of bcc Fe-Pd extended solid solutions
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~Received 25 July 1996; revised manuscript received 31 January 1997!

Supersaturated Fe-Pd solid solutions were prepared by mechanical alloying. X-ray diffractometry showed
that the as-milled alloys were bcc from 0–26 at. % Pd. Saturation magnetization measurements and Mo¨ssbauer
spectrometry measurements were performed on these powders. Consistent interpretations of both sets of mea-
surements were possible if the magnetic moment at the Pd atom was 0.35mB and constant, and if the magnetic
moments at Fe atoms were enhanced by neighboring Pd atoms in a way similar to the effects of Ni.
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I. INTRODUCTION

There has been a recent growth of research on mate
prepared by mechanical alloying, driven in part by obser
tions of nonequilibrium states of metallic alloys.1–7 Among
the many reports of phases and nonequilibrium microstr
tures prepared by mechanical alloying are reports of
tended solid solubility in materials.5,6,8–13Mechanical alloy-
ing can synthesize solid solutions with broad
compositional ranges than is possible by rapid quench
from high temperatures. The Hume-Rothery rules for
tended solid solubility in a binary alloy predict 5 at. % sol
bility at high temperature when two conditions a
satisfied—the difference in metallic radii of the two eleme
must be no greater than615%, and the electronegativit
must differ by no more than 0.35.14,15 These rules are con
sistent with equilibrium solubility of Pd in bcc Fe: the m
tallic radius difference is 8%,16 the electronegativity differ-
ence is 0.37,16 and the maximum solubility of Pd in bcc Fe
about 3.5 at. % at 810 °C.17 It has been shown recently tha
the same Hume-Rothery criteria for 5% solubility at hi
temperature apply to mechanical alloying at room tempe
ture, but the solubility is 25% in a high-energy mill such
the Spex 8000.18 The promise of such a large range of so
solubility motivated the present study of magnetic proper
of bcc Fe-Pd alloys.

The magnetic properties of fcc Pd-rich Pd-Fe alloys ha
been studied extensively since the experimental indicat
of a giant magnetic moment at the Fe site, reported to
about 12.6mB .

19,20There has been considerably less work
magnetic properties of bcc Fe-rich Fe-Pd alloys.19–22 These
previous studies were impaired by the need to work w
dilute alloys, and have shown both an increase19,22 and a
decrease21 in magnetization with Pd concentration of the b
phase. Two of these studies on dilute alloys19,22 showed that
the magnetic moment at a Pd atom is 0.35mB , and the mag-
netic moments at Fe atoms with Pd neighbors are enhan
Drittler et al.23 used the Korringa-Kohn-Rostoker Green’
function method with the local-density functional approx
mation to obtain the magnetic moment at the Pd site an
predict that dilute substitutions of Pd in bcc Fe will cause
increase in the bulk magnetization of the alloy.

Here we report the results of a study of magnetization
hyperfine magnetic fields in Fe-Pd alloys. X-ray diffractom
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etry showed that that the alloys were single phase bcc fro
to 26 at. % Pd. We report that the bulk magnetization
pends on Pd concentration in a way reminiscent of
Slater-Pauling curves for bcc Fe alloyed with Ni, and w
fcc Fe alloyed with Pt. The hyperfine magnetic fields a
consistent with a constant magnetic moment at the Pd ato
but enhanced magnetic moments at Fe atoms that are in
neighborhood of Pd atoms.

II. EXPERIMENTAL

Alloys were prepared from elemental Fe and Pd powd
of 99.95% purity by mechanical alloying in a Spex 800
laboratory mixer/mill. Each sample of powder was sea
under an argon atmosphere in a hardened steel vial
hardened steel balls in a ratio of 1:5 by mass. Knife edges
the cap of the vial and the body of the vial were used to s
the vial with a copper gasket, and the vial was filled w
argon before sealing. The milling was performed for 14 h
room temperature. Chemical concentrations of Fe, Pd,
Mn were measured in the as-milled powder by atomic em
sion spectrometry. The Fe concentration of the as-mil
powders increased about 1.5 at. % after milling. The M
concentration was less than 0.05 at. %. The oxygen and
bon concentrations were determined by a LECO analysi
be 0.7 and 0.4 at. %, respectively, but some of this co
have been surface contamination.

X-ray-diffraction patterns of the as-milled powders we
obtained at room temperature with an Inel CPS-120 diffr
tometer with a position-sensitive detector using monoch
matized CoKa radiation. Mössbauer spectra were obtaine
in transmission geometry at room temperature with
constant-acceleration spectrometer. The radiation source
10 mCi of 57Co in a Rh matrix. Magnetization at room tem
perature was measured with a rotating sample magnetom
with applied magnetic fields of 240, 280, 320, 390 kA/
$3.0, 3.5, 4.0, and 4.9 kOe%. The system was calibrated b
making measurements on several masses of Fe powder
showed that the accuracy of the system was better t
62 emu/g. Room-temperature magnetization measurem
were also obtained from some samples using a LakeS
7300 vibrating sample magnetometer at applied fields of
to 800 kA/m. The moment meter was calibrated using
11 502 © 1997 The American Physical Society
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99.995% Ni standard traceable to a NIST SRM 772 Ni sta
dard.

III. RESULTS

X-ray diffraction patterns~Fig. 1! show that all as-milled
powders with compositions 0–26 at. % Pd were bcc. Th
lattice parameter of the bcc unit cell was determined by th
method of Nelson and Riley.24 The lattice parameter in-
creases monotonically with Pd concentration, as shown
Fig. 2. This near-linear dependence of lattice parameter
Pd concentration suggests that the as-milled alloys are e
tended solid solutions of Pd in Fe. The broadening of th
x-ray-diffraction peaks is approximately the same for all as
milled materials. The average crystallite size was estimat

FIG. 1. X-ray-diffraction patterns of some as-milled Fe-Pd a
loys.

FIG. 2. X-ray lattice parameters of the as-milled Fe-Pd alloys
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to be 15 nm by using the method of Williamson and Hal25

with the ~110! and ~220! diffractions. The root-mean-squar
strain was determined to be 0.9% from the same method

Mössbauer spectra of some Fe-Pd alloys and pure iron
shown in Fig. 3. Distributions of57Fe hyperfine magnetic
fields ~HMF! were extracted from these spectra by t
method of Le Cae¨r and Dubois,26 and the results are pre
sented in Fig. 4. The most prominent feature is the incre
of the 57Fe HMF with increasing Pd concentration. This is

-

.

FIG. 3. Mössbauer spectra of some as-milled Fe-Pd allo
Lines were reconstructed from the hyperfine magnetic field dis
butions of Fig. 4.

FIG. 4. Hyperfine magnetic field distributions of some Fe-
alloys. Solid curves: from experimental spectra. Dashed cur
from calculation described in text.
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strong indication that the magnetic moment of an Fe atom
increased significantly by the neighboring Pd atoms.

The alloy magnetizations at 390 kA/m are presented
Fig. 5. Two or three samples were prepared for each
concentration, and several measurements were average
each sample. From calibration with three masses of Fe
would have errors of about 0.08mB /atom in absolute magne
tizations. However, we used an equivalent mass of pure F
the calibration standard, whose magnetization was assu
to be 2.18mB /atom. The error bars in Fig. 5 indicate th
standard deviation of the measurements. The magnetiza
of all alloys had saturated once the applied fields reac
about 320 kA/m. Results for 800 kA/m showed a simi
trend with composition, although the increase in alloy ma
netization with Pd concentration was somewhat larger at
kA/m than at 390 kA/m. For the lowest concentrations of P
the addition of Pd to bcc Fe causes an increase in a
magnetization,dM/dc50.7mB . This is consistent with
some results from studies on dilute alloys.19,22

IV. DISCUSSION

For dilute alloys, the magnetization,M (c), increases with
Pd concentration,c. If the substitution of a Pd atom for an F
atom serves to replace a magnetic moment of 2.18mB with a
magnetic moment of 0.35mB ,

23 a positivedM/dc requires
an increase in magnetic moments at Fe sites. The alloy m
netization is therefore~in units of @mB /atom#!:

M ~c!50.35c1~12c!@2.181cdmFe/dc#, ~1!

wheredmFe/dc is a positive increase in magnetic moment
Fe sites. For smallc we find by comparison to the data o
Fig. 5:

dmFe/dc512.53mB , ~2!

FIG. 5. Magnetization of the Fe-Pd alloys at 390 kA/m appli
field at 296 K. Data were all normalized to an assumed value
pure Fe (2.18mB /atom). Circles are experimental data from rota
ing sample magnetometry, triangles from vibrating sample mag
tometry. Curves were calculated as described in text. The curve
not smooth because they were calculated by Monte Carlo sim
tions at several concentrations.
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which is sufficiently large to overcome the decrease in m
netic moments at Fe sites by substitution of Pd atoms. W
out an enhancement of Fe magnetic moments caused
neighboring Pd atoms, the alloy magnetization would ha
the composition dependence ofdM/dc521.83mB , indi-
cated by the line labeled ‘‘dmFe/dc50’’ in Fig. 5. This line
quickly falls well outside the error bars of our data.~This
type of dependence ofM on composition is typical for non-
magnetic impurities such as Al or Si in bcc Fe.!

The hyperfine magnetic field~HMF! at a particular57Fe
nucleus at position r i , H(r i), has been analyzed
previously27–30as

H~r i !5H01„aCP1aCEPf ~0!…„mFe~r i !2mFe
0
…

1aCEP(
r j

f ~r j !†„d~r j !mPd~r j !

1@12d~r j !#mFe~r j !…2mFe
0
‡, ~3!

where the HMF of57Fe in pure bcc FeH0 is 233.0 T at 296
K. The Kroneker delta,d(r j ), equals 1 if the siter j is occu-
pied by a Pd atom, and zero if it is occupied by an Fe ato
The magnetic moments of Pd and Fe atoms are denote
mPd, andmFe, respectively. The second and third terms
Eq. ~3! are the local and nonlocal contributions to the57Fe
HMF. The second term of Eq.~3! is the perturbation of the
57Fe HMF caused by the change in magnetic moment at
57Fe atom itself. The magnetic moment at an Fe atom
pends on the number of Pd atoms in its nearest-neigh
shells:

mFe~r i !5mFe
0 1(

r j
d~r j !gPd

Fe~ ur j2r i u!, ~4!

where each parametergPd
Fe(r j ) is the perturbation of the mag

netic moment at an Fe atom caused by a Pd atom in itsj th
nearest-neighbor shell, andmFe

0 is the magnetic moment o
an Fe atom in pure bcc Fe. The factor in square bracket
Eq. ~3! is the difference between the magnetic moment a
site in the alloy and a site in pure bcc Fe. This change
magnetic moment affectsH(r i) through the conduction-
electron polarization response parameters:aCEP$ f (r j )%5
$21.15,20.35,10.25%@T/mB#, as determined by calibratio
experiments with nonmagnetic solutes.28,30 The set of
conduction-electron response parameters,aCEP$ f (r j )%, could
be different for large Pd atoms than for solutes such as
and Co. The conduction-electron polarization scales with
magnetic moment located at the site, however. Owing to
small magnetic moment at the Pd atom, the calculation
the HMF is insensitive to the choice of these paramete
The set of conduction-electron polarization paramete
aCEP$ f (r j )%, could also be altered for Fe atoms having
neighbors, but here we assume that Fe atoms with Pd ne
bors polarize the conduction electrons with the same prop
tionality to site moment as do Fe atoms in pure Fe meta

The second set of parameters required to calculate
57Fe HMF are the magnetic moments and their changes w
local chemical environment. We use magnetic moments
2.18 and 0.35mB for Fe and Pd atoms, respectively.19,21,22

With increasing numbers of Pd neighbors, we assume
the magnetic moment at the Pd atom remains unchan
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This is expected for the same reason as for Ni and
atoms,28,29 whosed↑ states are full, having energies belo
the Fermi level. Any increase in the magnetic moment
either a Pd, Ni, or Co atom therefore must occur by a
crease ind↓ occupancy at the atom, causing an energetic
costly loss of charge at the atom. On the other hand, s
there are empty 3d↑ states at Fe atoms, a Pd atom atr j can
shift the balance of both the 3d↑ and 3d↓ electrons of the Fe
atom, leading to a perturbation in the magnetic momen
the Fe atom as in Eq.~4!. The set of magnetic moment pe
turbations of Fe atoms at thej th neighbor position of a Pd
atom, $gPd

Fe( j )%, has been calculated by Drittleret al. as
$0.109,0.021,0.034,0.021,0.011%@mB#. There is a constrain
on these parameters, however, required for consistency
Eq. ~2!:28

dmFe/dc5(
r j

NjgPd
Fe~ j !, ~5!

whereNj is the number of sites in thej th nearest-neighbo
shell. Using $Nj%5$8,6,12,24,8%@sites#, the parameters o
Drittler et al. provide dmFe/dc52.00mB . We have per-
formed our calculations of the57Fe HMF with both the origi-
nal parameters of Drittleret al., and with the parameter
multiplied by the factor of 1.25 required to ensure cons
tency with Eq.~2!.

Equations~1! and ~4! were used to calculate the allo
magnetization,M (c), and the distribution of hyperfine mag
netic fields~HMF!. It is not possible to calculate the HM
distribution analytically with Eqs.~3! and ~4! since multiple
centers are involved for the terms inH(r i). We therefore
calculated HMF distributions and alloy magnetizations
multaneously with a Monte Carlo code describ
previously.30 The Monte Carlo calculation first generat
around an57Fe atom a configuration of atoms that is chara
teristic of a bcc solid solution. The code next evaluates
magnetic moment at each site@0.35mB for Pd, and Fe mo-
ments obtained with Eq.~4!#. The average moment of thi
atom configuration is stored, as is the HMF at the cen
57Fe atom calculated with Eq.~3!. A configuration of atoms
is generated, and a histogram of HMF’s was obtained a
about 1000 configurations.

The curve labeled ‘‘D ’’ in Fig. 5 was obtained from
M (c) of Eq. ~1! when the$gPd

Fe( j )% parameters of Drittler
et al.23 were used directly in Eq.~4!. The magnetization so
calculated is too small at most Pd concentrations. We
tribute this to the$gPd

Fe( j )% parameters of Drittleret al.being
a bit too small. The curve labeled ‘‘D 1.25’’ was obtained
with the set of parameters$gPd

Fe( j )% provided by Drittler
et al.23 after being multiplied by a factor of 1.25 to ensu
consistency with Eq.~2!. Agreement with the experimenta
data is much improved, although the magnetization may
be a bit small at around 15 at. % Pd. Although this discr
ancy is barely above our experimental errors, it would
consistent with the Pd moment increasing to 0.55mB from its
value of 0.35mB in Fe-rich alloys. We believe a more reliab
trend is the decrease in magnetization observed for Pd
centrations above 18 at. %. This trend shows that the m
netization at high Pd concentrations is probably affected
the saturation of the Fe magnetic moment. As an Fe atom
increasingly more Pd neighbors, the magnetic moment of
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Fe atom does not increase steadily, but reaches a satur
value. To implement saturation in the calculation, we
lowed the Fe magnetic moment to initially increase with
concentration as provided by the set of paramet
$gPd

Fe( j )%. At 2/3 of the saturation moment, however, the e
fects of additional Pd neighbors were halved. Finally, no
atoms were allowed to have magnetic moments larger t
the saturation moment, which was an adjustable param
We found that the best fit to the decrease in magnetiza
for Pd concentrations greater than 18 at. % was obtai
when the Fe moment saturated at 3.0mB . This calculated
magnetization curve is shown as a solid line in Fig. 5 w
the label ‘‘D 1.25 S 3.0.’’ This particular calculation used
the$gPd

Fe( j )% parameters of Ref. 23 multiplied by 1.25, a sat
ration of the Fe magnetic moment at 3.0mB , mPd50.35mB ,
andmFe

0 52.18mB .
We calculated the57Fe HMF distribution with the same

parameters used to calculate the alloy magnetization.
histogram of HMF data was convolved with a Gauss
function ~shown in Fig. 4 for 0% Pd! to allow for compari-
son to the experimental line shapes. The HMF distributio
shown in Fig. 4 were obtained for the same parameters
gave the best fit to the alloy magnetization data~i.e., the
$gPd

Fe( j )% parameters of Drittleret al.23 multiplied by 1.25, a
saturation of the Fe magnetic moment at 3.0mB , mPd

50.35mB , andmFe
0 52.18mB!. The agreement between ca

culated and experimental curves in Fig. 4 is good over
full range of Pd concentrations. Without saturation of the
moment, at high Pd concentrations the high-field tail on
calculated HMF distribution, which is absent in the expe
mental distribution, was even stronger than shown in Fig
Incidentally, if the Pd atoms did not enhance the magne
moments of neighboring Fe atoms~i.e., $gPd

Fe( j )%50!, the
mean HMF would decrease to 29.2 T with a Pd concen
tion of 25%.

The model of57Fe hyperfine magnetic fields upon whic
Eq. ~3! is based is known to work well for nonmagnet
solutes that do not perturb strongly the magnetic moment
neighboring Fe atoms. For solutes that cause stronger m
netic disturbances, the model was shown successful for
Fe-Ni ~Ref. 28! and bcc Fe-Co~Ref. 29! alloys. The success
of the HMF calculations shown in Fig. 4 should be cons
ered as much a test of the HMF model as a test of the m
netic parameters of bcc Fe-Pd. It is satisfying that the sa
set of magnetic parameters accounts for both the alloy m
netizations and the hyperfine magnetic field distributions
bcc Fe-Pd alloys. These parameters are$gPd

Fe( j )%
5$0.136,0.026,0.042,0.026,0.014%@mB#, a saturation of the
Fe magnetic moment at 3.0mB , mPd50.35mB , and mFe

0

52.18mB .

V. CONCLUSION

We used high-energy ball milling to synthesize bcc Fe-
alloys with greatly extended Pd solubilities. The alloys we
shown by x-ray diffractometry to be entirely bcc phase
compositions of 26 at. % Pd. We measured the satura
magnetization,M , and the Mo¨ssbauer spectra of these pow
ders. The data of magnetization versus Pd concentration
much like the Slater-Pauling curve for bcc Fe-Ni alloys. W
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found thatdM/dc50.7mB for low Pd concentrations,c. As-
suming a constant magnetic moment at the Pd site
0.35mB , we found that Pd atoms cause a net increase in
magnetic moments at Fe sites ofdmFe/dc52.53mB . At
higher Pd concentrations the magnetic moment at the Fe
saturates to a maximum value of about 3.0mB . The magnetic
behavior of Fe-Pd alloys is much like Fe-Ni and Fe-Pt allo
perhaps since Ni, Pd, and Pt all lie in the same column of
periodic table. Mo¨ssbauer hyperfine magnetic-field distrib
tions were calculated by explicit consideration of the co
and conduction electron responses to the magnetic mom
t
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in the alloys. With no adjustable parameters, these calc
tions provided a reasonable agreement with the meas
HMF distributions of bcc Fe-Pd alloys.
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