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Spin-polarized electron momentum density distributions in Pd1ÀxCox alloys
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The spin-polarized momentum densities of disordered single-crystal Pd12xCox have been studied using the
magnetic Compton scattering technique, for the compositionsx50.6 and 0.28. Magnetic Compton profiles
have been measured along the three principle crystallographic directions in each sample, and compared with
theoretical profiles calculated using the Korringa-Kohn-Rostoker coherent-potential approximation method.
The calculated and measured spin-polarized momentum distributions, as revealed by their magnetic Compton
profiles, are in excellent agreement. However the calculated spin moment for the composition withx50.6 is
some 10% smaller than that measured experimentally, and forx50.28, the deviation becomes 15%. These
differences are attributed to the effect of order in the samples, which becomes increasingly important in the
Pd-rich side of the phase diagram. The orbital component to the magnetization has been determined as 0.08 and
0.18mB for Pd0.4Co0.6 and Pd0.72Co0.28, respectively.
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I. INTRODUCTION

It is well known that alloys containing small concentr
tions of 3d ferromagnetic impurities such as Fe~Ref. 1! and
Co in a Pd matrix dramatically alter the paramagnetic beh
ior of Pd, inducing ferromagnetism in the alloy. Crangle2 and
later Bozorthet al.3 demonstrated that Pd becomes ferrom
netic when alloyed with,1% Fe or Co.

In this paper we report the use of magnetic Compton s
tering~MCS! to determine the spin and orbital moments, a
the spin-polarized electron momentum distributions~EMD!
in ferromagnetic Pd-Co alloys. We are able to test the ex
to which the self-consistent-field–Korringa-Kohn-Rostoke
Coherent-potential approximation ~SCF-KKR-CPA!
~Green’s-function! method models these fundamental pro
erties and show that the observed anisotropies in the E
are associated with the low-momentum electrons in
minority-spin band.

Pd is a nearly ferromagnetic metal having a large Sto
enhancement of approximately 10. Dilute solid solutions
Co in Pd are often referred to as systems exhibiting g
magnetic moments due to the large polarizability of the
4d bands of the host, by the 3d moments of the impurity
ions. This has led to many investigations of the alloy syst
in the last three decades as the polarization of the elec
cloud surrounding a Co atom in the dilute alloy regime is
the order of 7mB .4

More recently investigations of modulated layered str
tures of Pd and Co have renewed interest in the alloy sys
as they exhibit large perpendicular anisotropy, a la
magneto-optical Kerr effect,5 and enhanced Co moments6

This has led to renewed theoretical efforts to model both
multilayered and the bulk alloy systems.7,8

Recent work has mainly centered on the magnetic x-
0163-1829/2001/65~2!/024442~7!/$20.00 65 0244
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circular dichroism~MXCD! technique,6,11 which relies upon
the validity of the sum rules9 in order to extract values fo
the spin and orbital moments from the experimental dichr
signal. However, there is no simple relationship between
spin moment and the dichroism signal. Interpretation of
MXCD signal therefore relies upon theoretical assumptio
of the sum rules in order that the spin and the orbital m
ments may be extracted from the dichroic absorption sig
unlike the MCS technique where the ground-state spin m
ment, and its spin-polarized momentum distribution, is d
duced empirically from the experimental data. MXCD on
Pd-Co multilayers6 has shown that, in these systems, Co
quires an enhanced orbital moment of 0.25mB , which is
twice that found in metallic Co.

Here we have investigated bulk alloys in the ser
Pd12xCox ~x50.4 and 0.28!, using magnetic Compton sca
tering to determine the spin-polarized momentum den
distributions along the three main crystallographic directio
The experimental data are compared with KKR calculatio
in order to examine the effect of compositional order on b
the spin moment in the alloy and the magnitude of the 3d-4d
hybridization, as one goes from the Pd-rich to the Co-r
side of the phase diagram. The technique of magnetic Co
ton scattering is solely sensitive to the spin-polarized el
trons and thus samples only the spin moment; after comp
son with bulk magnetization measurements the orb
moment can be deduced, without thenecessityof theoretical
models. Furthermore the magnetic Compton profile is
tremely sensitive to the various interband hybridizations t
occur as a result of a local moment in a metallic matrix, sin
it samples the momentum contributions of all spin-polariz
electrons from all bands. Thus the total spin moment
sampled directly. It is therefore an ideal technique for de
mining if the spin interaction is modeled correctly by theo
©2001 The American Physical Society42-1
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The shape of the magnetic Compton profile intrinsically c
ries information about the overall localization of the m
ment, as the momentum-space wave function is related to
real-space wave function via a Fourier transform. The abi
to comment upon the localization of the spin moment is
useful asset12 when making comparisons with the theoretic
magnetic Compton line shapes. The localization of the m
ment and its interaction with the surrounding conduct
electrons, i.e., thes-d interaction, is the mechanism tha
drives the magnetism. The experimental spin-polarized m
mentum density profiles have been compared with those
culated using the Green’s-function KKR approach. The qu
ity of the agreement observed between theory a
experiment is excellent; from the results, the induced Pd
Co moments are inferred, and by comparison with superc
ducting quantum interference device magnetization meas
ments the magnitude of the Co orbital component is a
deduced.

Co forms a congruent solid solution with Pd across
entire range of compositions, with a chemically order
phase existing at the composition Pd3Co. Disordered single-
crystal samples of Pd40Co60 and Pd72Co28 were produced us
ing the Bridgman technique using starting elements ofN
purity. The samples for the magnetic Compton investigat
were cut from the resulting boule in the form of thin discs
830.1 mm. The samples were oriented in such a manne
to have the 100, 110, and 111 crystallographic directions
the plane of the disk, allowing the scattering vector to
aligned with each direction by an azimuthal sample rotati
The composition of each sample was checked using an
ergy dispersive x-ray technique, and the structure of
samples was verified using back reflection x-ray Laue p
tography.

II. MAGNETIC COMPTON SCATTERING

The Compton effect is observed when high-energy p
tons are inelastically scattered by electrons. The scatte
photon energy distribution is Doppler broadened, since
electrons have a finite momentum distribution. If the scat
ing event is described within the impulse approximatio10

the measured Compton spectrum is directly proportiona
the scattering cross section.13

The Compton profile is defined as a one-dimensional~1D!
projection onto the scattering vector of the electron mom
tum distributionn(p), where the scattering vector is take
parallel to thez direction:

J~pz!5E E n~p!dpxdpy . ~1!

The integral ofJ(pz) is the total number of electrons per un
cell.

MCS is a probe uniquely sensitive to the spin compon
of a material’s magnetization. If the incident beam has
component of circular polarization, the scattering cross s
tion contains a term that is spin dependent.14 In order to
isolate the spin dependence one must either flip the sam
direction of magnetization parallel and antiparallel with r
spect to the scattering vector or change the ‘‘handedness
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the photon helicity. Either method results in a magne
Compton profile~MCP!, Jmag(pz), that is dependent upon
only the unpaired spin in the sample, and is defined as the
projection of the spin-polarized electron momentum dens

Jnag~pz!5E E @n↑~p!2n↓~p!#dpxdpy . ~2!

Here n↑(p) and n↓(p) are the momentum densities of th
majority- and minority-spin bands. The integral of the MC
is the total spin moment per formula unit~F.U.! in the
sample. MCS is an established technique for determin
spin-polarized electron densities.15–17Within the impulse ap-
proximation the method is insensitive to the orbit
moment.18 Unlike MXCD MCS samples all the spin
polarized electrons regardless of their binding energies
wave-function symmetries.

III. EXPERIMENT AND DATA ANALYSIS

The magnetic Compton profiles of Pd0.4Co0.6 and
Pd0.72Co0.28 resolved along the three major crystallograph
directions were measured at the high-energy beam
ID15A at the European Synchrotron Radiation Facil
~ESRF!, France. The experiment was performed in transm
sion geometry atT530061 K. An incident-beam energy o
200 keV was selected using a Si 311 monochromator in L
geometry. At these photon energies, which are desirable
optimum resolution and interpretation within the impulse a
proximation, reversing the helicity of the incident photons
not yet practical. The spin-dependent signal was isolated
reversing the sample’s magnetization vector using a 1-T
tating permanent magnet. Circular polarization was produ
by selecting a beam approximately 2mrad below the orbital
plane of the synchrotron,19 this value being chosen to max
mize the ratio of magnetic scattering to statistical noise in
charge scattering. A degree of circular polarization of ab
45% was obtained. The energy spectrum of the scattered
was measured using a Ge detector at a mean scattering
of 170°. The momentum resolution of the magnetic Comp
spectrometer, taken as the full width at half maximu
~FWHM! of the instrument response function, was 0.40 a
~where 1 a.u.51.99310224kg m s21!.

The total number of counts in the charge Compton p
files was 23108, corresponding to a statistical precision
62% in the resulting MCP, in a bin width of 0.1 a.u. Sinc
the MCP is the difference between two charge Compton p
files, components arising from spin-paired electrons a
from most sources of systematic error are effectively c
celed out. The data were corrected for energy-dependen
tector efficiency, sample absorption, and the relativistic sc
tering cross section. The magnitude of the magnetic mult
scattering was determined to be no more than 0.012%.
profiles were corrected for multiple scattering using the te
nique described by Felsteiner, Pattison, and Cooper.20 After
checking that the resulting spectra were symmetric ab
pz50, the profiles were folded to improve the effective s
tistics. The profile areas were normalized to an absolute s
moment scale using Fe data taken under the same condit
2-2
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IV. CALCULATION OF Jmag„Pz… USING
THE SCF-KKR-CPA METHOD

The spin-dependent momentum densities of Pd0.4Co0.6
and Pd72Co28 were calculated using the KKR Green’
function method21–23 within the CPA~Refs. 24–26! and the
atomic sphere approximation.27 Our approach has been t
calculate the momentum densityn(p) and integrate directly
around a contour in the complex energy plane. The isotro
potentials are placed onto a crystal lattice structure, whic
turn invokes directional anisotropies in the calculated wa
functions. The exchange-correlation component of the po
tial was described in the local spin-density approximat
~LSDA!.28 The method is described more fully elsewhere29

The momentum density is given, in terms of the Gree
function G(p,z), by

n~p!52E dE

p
f ~E!Im G„~p!;E1 ih…, ~3!

wheren(p) is expressed as an integral over realE above the
axis byh. f (E) denotes the Fermi factor~since our calcula-
tions are done at finite temperature!.

Double integration of the momentum densityn(p) along
the crystallographic direction results in the determination
the charge Compton profileJ(pz). The solid solution of Co
in Pd was simulated using a disordered arrangement of at
on an fcc lattice with the experimentally determined latt
spacing of 7.00 and 7.22 a.u. for Pd0.4Co0.6 and Pd72Co28,
respectively. The averaging over the disorder is done
equately by the coherent-potential approximation. The ca
lations were performed on a grid of 65 points on the comp
energy contour. The directional charge Compton profiles~in-
cluding contributions from the core and the valence el
trons! behaved as expected in the large momentum regio
the profile showing a free-atom-like monotonic decrease
zero. A similar calculation was performed for pure Co on t
same fcc lattice for comparison.

In this regime the Co spin moment was determined to
1.77 and 2.01mB per atom for Pd0.4Co0.6 and Pd72Co28, re-
spectively. The induced spin moment on the Pd site w
determined as'0.21mB per atom for both samples. Thi
yields a total spin moment of 1.15mB per formula unit for
Pd0.4Co0.6 and 0.71mB for Pd0.72Co0.28, which are in reason-
able agreement with those measured previously.32,8 The re-
sulting theoretical charge Compton profiles were convolu
with a Gaussian of FWHM 0.4 a.u. to simulate the expe
mental resolution function and thus allow a direct compa
son with experiment. The theoretical MCP’s were then p
duced by taking the difference of the resolution-broade
spin-up and -down charge Compton profiles.

V. RESULTS AND DISCUSSION

A. Pd0.4Co0.6

The experimental spin-polarized Compton profiles
Pd40Co60 are compared with the calculated profiles in Fig
1–3 for the crystallographic directions 100, 110, and 1
respectively. The experimentally determined spin mom
for this composition given by the integrated area of the M
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@Eq. ~2!# was 1.2860.02mB per formula unit~see Table I!,
which is in reasonable agreement with that calculated. T
KKR calculated spin moment is underestimated at this co
position by'8%. This discrepancy between the theoretic
and experimental spin moments is illustrated in the inset
Figs. 1–3, for the three crystallographic directions measu
where each profile is normalized to the experimental a
calculated spin moments.

The total moment measured using an Oxford Instrume
12-T vibrating sample magnetometer was determined
1.33060.001mB per formula unit. Assuming that there i
negligible orbital contribution to the induced Pd moment t

FIG. 1. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.4Co0.6 resolved along the 100 crystallo
graphic direction. The dotted line indicates the calculated magn
profile for pure Co on an fcc lattice~data are normalized to hav
equal areas to facilitate comparison!. The inset shows the experi
mental~circles! and calculated~full line! KKR data normalized to
the experimental and calculated spin moments.

FIG. 2. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.4Co0.6 resolved along the 110 crystallo
graphic direction. Details for the main figure and the inset are id
tical to those stated for Fig. 1.
2-3
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orbital contribution per Co atom is then 0.0860.02mB . This
value is in reasonable agreement with those calculated
Erikssonet al.30 who quoted an orbital moment in metall
fcc Co as 0.12mB using the linear muffin-tin orbital~LMTO!
method with spin-orbit coupling and 0.07mB with no spin-
orbit coupling, and also those of Igarashi and Hirai31 who
used a tight-binding scheme with and without enhancem
to calculate the orbital moment of fcc Co as 0.085 a
0.135mB , respectively.

If the experimental and calculated profiles are renorm
ized to have the same area, i.e., the same moment, exce
agreement between the line shape of the experimental
calculated profiles is observed for all three directions. U
klapp features in the experimental profile are correctly m
eled by the calculation as is the region at low momentu
The dotted lines in Fig. 1–3 show the magnetic Comp
profile calculated for fcc Co; it is clear that the calculati
for the alloy Pd0.4Co0.6 gives far better agreement of th
Compton profile line shape in the region 0–2 a.u. for the 1
direction as compared to the fcc Co MCP, whereas in the
and 111 directions the improvement is less dramatic. An
duced moment on a 4d band, as is thought to occur in thes
alloys, will have a similar spin-polarized momentum dist
bution to that of a 3d band, in that the spin-polarized mo
mentum distribution will persist to'6 a.u. It is therefore
difficult to separate quantitatively the contribution from t

FIG. 3. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.4Co0.6 resolved along the 111 crystallo
graphic direction. Details for the main figure and the inset are id
tical to those stated for Fig. 1.

TABLE I. Experimental and calculated spin and derived orbi
moments for Pd0.4Co0.6 and Pd0.72Co0.28.

Pd0.4Co0.6 Pd0.72Co0.28

MCS spin moment@mB f.u.21# 1.28~2! 0.85~5!

KKR spin moment@mB f.u.21# 1.15 0.71
Total moment@mB f.u.21# 1.33 0.9
ML @mB Co21# 0.08~2! 0.18~5!
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4d Pd moment and that from the Co 3d moment. In the case
of Pd0.4Co0.6 there appears to be only a slight difference b
tween the experimental profile and that of the calculated
Co in this region, implying that any 4d Pd moment is very
small. The conduction-electron polarization component
the magnetism~which is important in the region of,2 a.u.!
appears to have a significant directional dependence~see
Sec. V C!.

B. Pd0.72Co0.28

The experimental spin-polarized Compton profiles
Pd72Co28 are compared with the calculated profiles in Fig
4–6 for the crystallographic directions 100, 110, and 1
respectively. The experimentally determined spin mom
for this composition was 0.8560.05mB per formula unit, see
Table I, which is in good agreement with that determin
previously.32 This yields an orbital contribution per Co atom
of 0.1860.05mB , which is again in good agreement wit
that quoted by Miyahazaet al.11 The calculation underesti
mates the spin moment by'15%.

Again, when the profiles are renormalized to the sa
area~i.e., spin moment! excellent agreement between calc
lated and measured line shapes is observed and Umk
features coincide in the calculated profile and the experim
tal MCP. If one compares the calculated profiles f
Pd0.72Co0.28 and fcc Co, a larger deviation is observed
higher momenta, as one may expect if a 4d-type moment is
induced on the Pd. Again in the 100 direction the calcula
profile for Pd0.72Co0.28 yields an improved fit over that pre
dicted for pure fcc Co in the low-momentum region of th
MCP. Conversely the low-momentum spin distribution alo
the 111 direction for Pd0.72Co0.28 appears to be wholely Co in
character.

-

l

FIG. 4. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.72Co0.28 resolved along the 100 crystallo
graphic direction. The dotted line indicates the calculated magn
profile for pure Co on an fcc lattice~data are normalized to hav
equal areas!.
2-4
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C. Majority- and minority-spin bands for Pd 0.4Co0.6

From the directional magnetic Compton profiles t
majority- and the minority-spin band momentum density d
tributions may be calculated, thus:

J~↑ !maj5
1
2 @J~pz!charge1J~ ṗz!spin#, ~4!

J~↓ !min5
1
2 @J~pz!charge2J~pz!spin#, ~5!

whereJcharge(pz) and Jspin(pz) are the charge and magnet
Compton profiles, respectively. Here the majority and min
ity bands are dominated by contributions from the core l
els. In order to separate the spin-polarized majority- a

FIG. 5. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.72Co0.28 resolved along the 110 crystallo
graphic direction. The dotted line indicates the calculated magn
profile for pure Co on an fcc lattice~data are normalized to hav
equal areas!.

FIG. 6. The experimental MCP~circles! and calculated KKR
MCP ~full line! for Pd0.72Co0.28 resolved along the 111 crystallo
graphic direction. The dotted line indicates the calculated magn
profile for pure Co on an fcc lattice~data are normalized to hav
equal areas!.
02444
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minority-spin band contributions from those of the core-lev
components the difference between two crystallographic
rections is evaluated, resulting in the determination of
directional dependence of the majority- and minority-sp
band momentum densities:

DJ~↑ !111-1005@J~↑ !maj1112J~↑ !maj100#. ~6!

The majority- and the minority-spin band momentu
density anisotropic distributions for Pd0.4Co0.6 have been
evaluated for the 111-100 and the 110-100 crystallograp
directions, compared with the resolution-corrected distrib
tions calculated from the KKR spin-polarized momentu
densities, and presented in Fig. 7. The agreement is a
excellent, showing that the KKR method correctly mode
the aspherical component of the spin density. It is clear fr
Fig. 7 that above'0.5 a.u., the directional differences in th
majority and minority bands are similar in periodicity an
amplitude; at higher momenta the distributions are eff
tively isotropic. Differences appear at very low momen
(pz,0.5 a.u.), where it is clear that the greater anisotropy
associated with the minority band electrons.

This is evidence that the anisotropic contribution to t
magnetism in PdCo alloys is influenced by the minority ba
electrons. Comparing the directional profiles in Figs. 1–
there is a large degree of anisotropy in the low (pz
,0.5 a.u.) region. From the directional spin band anisot
pies it is tempting to infer that the anisotropic distributio
occurs mainly due to contributions from the minority-sp
band components of the magnetization.

VI. DISCUSSION

The fact that the calculated and measured magn
Compton line shapes give such good agreement, wherea
overall spin moments show a discrepancy, at first see
anomalous. However there are several points at which

tic

tic

FIG. 7. The majority-~upper plots! and minority-~lower plots!
spin band Compton profile anisotropies calculated for the 111-
and 110-100 directions~circles! compared with the resolution
corrected~0.4 a.u.! calculated KKR anisotropies~full line!.
2-5
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model may not fully represent the actual material. These
the failure of the theoretical model to determine correctly
exchange splitting, i.e., inclusion of the CPA in the calcu
tion to average over the disorder in the model, and the
that the calculation assumes total disorder of the solid s
tion of Co in Pd whereas our sample had a finite degree
order. Further one must consider that although the LS
works well for elemental ferromagnets in the 3d series it
may not be perfect when applied to a disordered binary al
These differences will now be discussed more fully.

In the Pd12xCox system, the nearest-neighbor interacti
between Co and Pd is a critical factor for the induced m
ment on the Pd site.8 The calculation assumes complete d
order across the fcc lattice and this is of course not the c
in our samples, where the structural order parameter has
determined as 0.5 and 0.2 for Pd0.72Co0.28 and Pd0.4Co0.6,
respectively. The number of nearest-neighbor Co-Pd inte
tions is reduced from four to three as one moves from
ordered to the disordered regime, thus the induced mom
of Pd is reduced. The induced Pd moment has been ca
lated as 0.38mB in the ordered phase of Pd3Co and 0.24mB
in the case of the disordered alloy. Thus the overall s
moment is 0.82 for Pd3Co and 0.725mB f.u.21 for
Pd0.75Co0.25. Applying the values for the ordered system
our sample and assuming that our sample has a characte
local environment similar to Pd3Co then, the calculated spi
moment becomes 0.87mB f.u.21, which is closer to the ex-
perimental value. The orbital moments deduced
Pd0.4Co0.6 and Pd0.72Co0.28 in Table I differ by a factor of'2.
This difference is attributed to the effect of composition
order, i.e., the number of nearest-neighbor interactions on
crystalline electric field and the spin-orbit coupling facto
The values we calculate are in good agreement with th
measured and calculated previously by a number of diffe
methods.

When the difference between the experimental and ca
lated spin-polarized momentum densities are closely ex
ined ~see the insets to Figs. 1–3!, it is apparent that there ar
simply not enough spin-polarized electrons in the calcula
profiles. The agreement between the calculated and meas
spin moments is good for both the compositions measu
The fact that the theoretical model does not accurately
culate the spin moment, yet correctly calculates the mom
tum density distribution, has been observed before33 in band-
structure calculations for Ni and in KKR-type calculations34

for Fe3Si. The differences between the calculated and m
sured spin moments in our case are similar to those foun
Dixon et al.33 in Ni, which indicates that the LSDA is a
reasonable approximation in the case for this binary 3d alloy.
The reasons for the theoretical discrepancy may be the v
tion of lattice spacing between that measured experimen
and that calculated; also one must consider the inclusio
the CPA to deal with the disorder in this system, which w
effect the calculated spin moment.

Despite this, the KKR model predicts correctly the loc
ization of the spin moment. This is in contrast with the ca
02444
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for Fe, where LMTO and full potential augmented plan
wave models incorrectly derive thed-band localization and
thus fail to model correctly the low-momentum compone
to the magnetic Compton profile.12 A similar systematic de-
viation is observed in the case of Pd0.72Co0.28, but here the
deviation is slightly larger. We attribute these discrepanc
to the effects of order in the samples since the Pd indu
moment is critically dependent upon this parameter. It
clear then that the spin moment in the PdCo alloy serie
strongly influenced by disorder in the sample. Previous
terpretation of the PdCo alloy series in the dilute limit usi
the KKR method has assumed that Co sites represent a lo
moment impurity, producing a spin polarization in neighbo
ing Pd sites. Summation of the induced Pd polarizat
across a number of coordination spheres results in an
hanced moment in the cluster. The spin-polarized density
states4 resulting from the aforementioned model implies th
impurity spin-downd bands are strongly hybridized with th
host spin-downd-band electrons. This hybridization is a
sumed to occur over the wholed band. The magnetic Comp
ton profiles for Pd0.72Co0.28 when compared with the KKR
Compton profiles for the alloy and fcc Co clearly show th
the effect of introducing Co into the Pd host matrix is a bro
hybridization of the Co 3d with the Pd 4d band. This is clear
evidence that the single-site impurity approach is valid
this system.

VII. SUMMARY

From our results it is clear that the KKR method of ca
culating spin-polarized momentum density distributions
the PdCo system gives good results; we have attributed
viations of the calculated spin moment to the effect of ord
in our experimental samples. From this it is clear that
alloy system is strongly dependent on the order parame
The good agreement between the line shapes of the ca
lated and experimental magnetic Compton profiles dem
strates that the 4d-3d-band hybridization is modeled well b
the KKR calculation and that, within our experimental res
lution function ~0.4 a.u.!, the magnetic Compton profile i
insensitive to compositional order. The good agreemen
the low-momentum components of the magnetic Comp
profiles, and the directional anisotropies, illustrate that
s-d interaction in the alloy system is also well modeled.
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