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Correlation of spin and orbital anisotropies with chemical order in Fe0.5Pd0.5 alloy films
using magnetic circular x-ray dichroism
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The effects of chemical ordering in thin film Fe0.5Pd0.5 alloys, deposited by molecular-beam epitaxy directly
on a MgO~001! substrate, have been studied using magnetic circular x-ray dichroism~MCXD! at the Pd and
Fe L2,3 edges. This system exhibits perpendicular magnetic anisotropy if grown in theL10 ~001! phase and
in-plane anisotropy in the disorderedg phase. We show that MCXD is a sensitive tool for studying variations
in the spin and orbital magnetic moments due to changes in the chemical order. We obtain quantitative results
for spin and orbital anisotropies and their variations with chemical order in the Fe0.5Pd0.5 alloy system.
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I. INTRODUCTION

Magnetic layers with a strong perpendicular magnetic
isotropy ~PMA! are of great interest for magneto-optic r
cording media with predicted performances of up to 3
Gbit/inch2, in comparison with present commercial ha
disks which have storage densities around 2 Gbit/inc2.
Model systems are studied from a fundamental point
view, in order to get a better understanding of the mic
scopic magnetic properties and their relation with PMA. T
quantitative determination of the magnetic moments a
their anisotropies have been made possible by the applica
of sum rules to magnetic circular x-ray dichroism~MCXD!
data, which allow us to derive element-specific orbital a
spin magnetic moments. Furthermore, angle-depen
MCXD measurements lead to the orbital and spin aniso
pies of the magnetic moments1 that are directly related to th
magnetocrystalline anisotropy energy~MAE!. The orbital
magnetic moment is influenced by the crystal field wher
the spin moment is only indirectly sensitive to it through t
spin-orbit coupling.

PMA can be realized in several different ways, the pr
ciple being to overcome the demagnetizing energy by a
pendicular MAE. In the case of ultrathin surface layers2,3 the
PMA is due to the surface anisotropy while in multilay
systems such as Co/Au, Co/Pd, Co/Pt~Refs. 4–6! it is due to
the interface anisotropy. For thicker layers, as in chemic
ordered binary alloys, e.g., Refs. 7 and 8 on which
present study focuses, it is the bulk MAE that leads to PM
These systems are particularly interesting for magneto-o
recording since, in addition to perpendicular anisotropy,
chemical ordering is accompanied by an increased K
rotation.9

A good candidate is the Fe0.5Pd0.5 system for which we
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were able to produce samples with PMA~Ref. 10! and have
demonstrated the existence of perpendicular magnetic
mains with a size of tens of nanometers.11 This system offers
the possibility of fabricating samples which possess eit
PMA or in-plane anisotropy while remaining in the sam
crystallographic structure, the fct lattice. This contrasts w
other analogous systems like CoPt7 where phase mixing oc
curs which complicates the study. By codeposition
350 °C, theL10 tetragonal structure@CuAu~I!-type# is ob-
tained, where the uniaxial chemical ordering leads to PMA10

We have also shown than PMA is preserved for less orde
cases, also obtained by molecular-beam-epitaxy~MBE!
codeposition but at different temperatures. At room tempe
ture the fully disorderedg phase is obtained, the magnet
moments are no longer perpendicular but in-plane,
sketched on the lower part of Fig. 1.

In this paper, we report on the study of the progression
the magnetic properties in a series of samples with vary
chemical order and hence different MAE’s. We show that

FIG. 1. RHEED control of the growth of a chemically diso
dered~a! and a chemically ordered sample~b!. Theg and theL10

phases are sketched in~a! and ~b!, respectively.
1105 ©1999 The American Physical Society
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TABLE I. Growth, structural, and magnetic data for the Fe0.5Pd0.5 films. The microscopic results are from
MCXD spectroscopy on the PdL2,3 edges at sample orientation of 30°. MAErel51 corresponds to
0.67 MJ/m3.

Tdeposition/°C CO MAErel ML /mB MS
eff/mB ML /mB MS

eff/mB

610 °C 60.05 60.1 TEY TEY FY FY
60.005mB 60.03mB 60.005mB 60.03mB

20 0.0 0 0.031 0.60 0.013 0.51
130 0.1 0.2 0.04 0.59
lbl 0.3 0.82 0.043 0.58

220 0.55 1 0.044 0.60 0.026 0.64
350 0.91 2.04 0.067 0.65 0.05 0.62
410 0.80 1.24 0.054 0.64
510 0.66 1.95 0.049 0.61 0.025 0.68
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MCXD spectroscopy at both the Pd and FeL2,3 edges is
sensitive to the corresponding changes in effective spin
orbital magnetic moments. Quantitative results are obtai
that can provide a further understanding on the microsco
origin of PMA and its relation to chemical ordering.

In Sec. II we describe the specimen used in the exp
ment and give in Sec. III the MCXD results obtained at t
Pd L2,3 and FeL2,3 edges. Section IV discusses the corre
tion between the magnetic moment anisotropies, the che
cal order~CO!, and the MAE.

II. EXPERIMENTAL

A. Sample preparation and characterization

Most of the alloy films were grown by codeposition of F
and Pd directly onto MgO@001# substrates under UHV con
ditions, with typical growth rates around 0.5 Å /s.8 The re-
spective fluxes from the electron guns are controlled by
quartz balances, and calibrated before each deposition
reflection high-energy electron diffraction~RHEED!. For the
same flux of Fe and Pd atoms, we observe in Fig. 1 that
frequency of RHEED oscillations is doubled for an order
sample with respect to a disordered one. This implies that
disordered alloy grows layer-by-layer, whereas the che
cally ordered one grows bilayer by bilayer.

The samples under study here are 300 Å thick FePd fil
deposited at substrate temperatures of 20, 130, 220,
420, and 510 °C. One additional film was made by altern
ing deposition of Fe and Pd, atomic layer wise; we will re
to this sample as layer by layer or lbl. The 420 and
510 °C samples show an increased roughness after de
tion, respectively of 10 and 50 Å , compared to 3 Å for the
other samples. This height modulation happens on a lat
scale of about 1mm. An Al capping of 30 Å was depos
ited on top of each sample to prevent oxidation. The hom
geneous growth of the FePd layers was checked by trans
sion electron microscopy~TEM! in sideview imaging. The
onset of epitaxial growth occurs immediately at the Mg
FePd interface, with regular dislocations present in the fi
30 Å to accommodate the 10% lattice mismatch.

The CO can be quantified by x-ray diffraction using C
5unFe2nPdu, wherenFe andnPd are the relative occupation
of ~e.g.! Fe atoms at the Fe and Pd lattice sites, following
procedure described in Ref. 10. We used the integrated
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tensities obtained from rocking scans for the@001#-@004#
peaks. A completely disordered sample does not show
@001# and @003# superstructure peaks of theL10 phase. The
best ordered samples are obtained at a growth temperatu
350 °C, and have an order parameter aboveS50.9, i.e., 95%
of the atoms are at their correct lattice site.

The FePd bulk alloy in the disorderedg phase~fcc! has a
lattice parametera53.8 Å , while the MBE deposition
leads to the fct tetragonalized phase, due to the strain
duced by the larger MgO cubic substrate (a54.21 Å ). In
our samples the tetragonalization increases slightly with
order parameter, as might be expected. For the 350 °C fi
a53.89 Å andc53.65 Å , while the 20 °C film hasa
53.85 Å and c53.76 Å . The values of the sample
grown at other temperatures reach values in between
range; for the lbl sample,a53.85 Å andc53.72 Å . The
different tetragonalizations are correlated to the CO para
eter and for the lbl and 130 °C samples we have deduced
from the tetragonalization as the rocking curves of@001# and
@003# become too small to be properly integrated.

Magnetic characterization was performed using vibratin
sample magnetometry and superconducting quantum in
ference device~SQUID! measurements.11 The first technique
is used to determine the hysteresis loops, from which
macroscopic MAE is deduced.10 For perpendicular magneti
anisotropy the MAE is larger than the demagnetizing ener
which has a value of 0.6760.1 MJ/m3 ~Ref. 10! or
0.096 0.014 meV/atom in Fe0.5Pd0.5. The ratios of the MAE
to the demagnetizing energy, MAErel are collected in Table I,
where one notices that the onset of a perpendicular easy
takes place atS50.55. The SQUID measurement was us
to determine the saturation magnetization, which is 11
6100 emu/cm3 for all samples. This value corresponds to
average magnetic moment per atom of 1.4660.15mB .

B. MCXD measurements

The MCXD spectra of the PdL2,3 edges, located at 3.33
and 3.173 keV, were measured on beamline ID12A of
European Synchrotron Radiation Facility~ESRF!, Grenoble
by fluorescence yield~FY! detection, and on station 3.4 o
the Synchrotron Radiation Source~SRS!, Daresbury by total
electron yield~TEY!. At the SRS, the sample normal was
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PRB 59 1107CORRELATION OF SPIN AND ORBITAL . . .
30° and 55° relative to the x-ray beam direction. For t
Ge~220! double-crystal monochromator used, the calcula
degree of circular polarization on the sample is 74 and 4
at the PdL3 and L2 edges, respectively. Both edges whe
recorded within the same scan, which was repeated afte
T field switching. At the ESRF, the FY was collected pe
pendicularly to the incident x rays in the horizontal plan
with the sample normal horizontal and at 30° and 60° fr
the beam. The beam characteristics were the same as
previous Fe/Pd multilayer experiment;12 the transmission
through the Si~111! double-crystal monochromator reduc
the 97% circular polarization rate from the HELIOS II u
dulator to 12.6 and 21.9% at theL3 and L2 edges, respec
tively. The samples were magnetized in a cryomagnet b
3T field, large enough to saturate all samples in the ge
etries used. Spectra were recorded by scanning one edg
a given magnetic-field polarity, then switching it and sca
ning the same edge again. Reversing the helicity with
changing the magnetic field resulted in similar signals,
expected. By measuring the Pd edges of the same sam
both at the SRS and the ESRF, we found that the size of
polarization-corrected dichroic signals agreed within 1%
This suggests that the polarization rates given above are
rect.

The FY probes equally the entire 300 Å thick films sin
the photon absorption length at the energy of the Pd edg
around 2mm. Moreover, the self-absorption correction
small, with a maximum of 3% at theL2 edge. In the case o
TEY the probing depth has been studied, cf. Fig. 2, us
two additional wedged samples whose structure is given
the inset. The attenuation depth have been found to be
65 and 10367 Å for the Pd and Au-capped wedges, r
spectively.

In the Pd L2,3 edges shown on Fig. 3, strong x-ra
absorption fine-structure~XAFS! oscillations are present be
yond the white lines. These oscillations are a problem for
normalization, as they vary for samples with different d
grees of chemical order. To reduce this problem we h
taken long scans between the two edges and 200 eV a
the L2 edge. We smoothed the XAFS oscillations in the
two regions with polynomials of second order and extra
lated them to the white lines. As a result we found the t
oretical step ratio of 2:1 for the two edges within 2% for

FIG. 2. Exponential attenuation of the signal from a buried
layer versus wedge thickness. The sample structure is shown i
inset, where arrows indicate the measured thicknesses.
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spectra. We used the same second-order polynomial fit
normalize the spectra prior to subtracting the spectra w
opposite magnetic fields. The resulting dichroic signal w
then corrected for the incomplete polarization of the x ra

The MCXD measurements at the FeL2,3 edges were per-
formed at SRS station 1.1, which is equipped with a sph
cal grating monochromator. The degree of polarization
80% at both edges. The TEY detection used on the FeL2,3
edges corresponds to an escape depth around 20 Å , much
lower than for the PdL2,3 edges. The FeL2,3 absorption
spectra were all recorded in the geometry where the sam
surface is perpendicular to the joint direction of the x-r
beam and the magnetic field. The treatment of the spe
and the background subtraction follows the procedures m
tioned in the literature.15

III. MCXD RESULTS AND DISCUSSION

A. Data analysis and magnetic moments

Figure 3 shows typical normalized x-ray absorption sp
troscopy~XAS! spectra at the PdL2,3 edges and the corre
sponding MCXD difference for a scan sequence of magn

he

FIG. 3. Typical PdL2,3 spectra taken by FY~a! and TEY ~b!.
The XAS spectra are normalized, and the MCXD signals correc
for incomplete polarization. As evident on the XAS white line, t
dichroic signal is very different in intensity between the two me
surements, due mainly to the use of Si~111! and Ge~220! mono-
chromators, respectively.
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1108 PRB 59P. KAMP et al.
field, obtained by FY and TEY. It is clear that the size of t
dichroic effect differs between the two detection modes. T
is due to the different degree of circular polarization. Aft
correction for polarization, very similar MCXD spectra a
obtained.

In order to separate the 2p→4d contributions in the white
lines of the PdL3 and L2 edges from other possible dipo
transitions, we followed the method described in Ref.
Accordingly, we recorded theL2,3 edges of a pure MBE-
grown Ag thin film at both beam lines and normalized a
scaled the Ag XAS spectra to the Pd edges. The integr
difference between the Pd and the Ag absorption spe
leads to the isotropic termA31A2 in the expression of the
sum rules given below. The numbers of holes were take
n4d(Pd)51.36 ~Ref. 13! andn4d(Ag)50.35. The same dat
treatment was used for all PdL2,3 spectra, enabling us to
monitor accurately the changes in magnetic moments f
sample to sample.

The spin and orbital moments were extracted using
sum rules14

P̂•L52
4

3

DA31DA2

A31A2
nh ; ~1a!

P̂•Seff[P̂•S1
7

2
P̂•T52

DA322DA2

A31A2
nh , ~1b!

whereDA2,3 are the integrated intensities over the MCX
signals at theL2,3 edges,nh the difference between the num
ber of Pd and Agd holes, andT is the expectation value o
the magnetic dipole term. Along the x-ray direction defin
by the unit vectorP̂, we will refer to the projections of the
orbital magnetic moment asML and to that of the effective
spin magnetic moment asMeff

S 5MS27MT .
The general trend of the dichroic results, which will b

put on a quantitative basis in Sec. III B, can already be
preciated from Figs. 4~a!–4~c!. The first two figures show the
MCXD signals of the PdL2,3 edges from different samples i
the 30° geometry, taken in the TEY mode. A regular evo
tion of the dichroic peak height is seen on the zoomed sp
tra for both edges, as the MBE deposition temperature
creases from 20 to 350 °C, i.e., as the degree of
increases. In addition, one can notice that the variation of
dichroic signal for the PdL2 edge behaves differently from
that of theL3—the maximum change being 11 instead
20%—indicating that the orbital moment is affected by t
chemical order.

As an example, in Fig. 4~c! a comparison is presented fo
the PdL2 edge recorded by FY, between the 30° and 6
orientations. In contrast to the large intensity variation o
served at 30°, the MCXD spectra taken at 60° exhibit sim
lar peak heights. We infer from these raw data that the s
and orbital magnetic moments measured in the latter ge
etry do not show a significant variation with CO. Moreov
the 60° signals are located within the margins given by
ones at 30°. This indicates a sign change in the magn
anisotropies with chemical order.

Quantitatively, the application of the sum rules leads
the magnetic moments compiled in Table I. Comparing
orbital moments obtained for Pd from TEY and FY, we fin
the latter to be systematically slightly smaller. There may
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several reasons for this difference. First, the fluorescence
nal is not strictly proportional to the absorption coefficien
however, the PdL edges are a favorable case.12 In addition
our samples are thin compared to the photon attenua
length; whereas the TEY is more sensitive to the upper p
of the film. Second, the experimental resolutions and
degree of polarization are different and may lead to slig

FIG. 4. PdL3 edges~a! and PdL2 edges~b! as measured at 30°
with TEY detection. The enlarged peaks show a regular evolut
with chemical order; on~c!, the PdL2 edge is given for two sample
orientations, 30°, continuous, and 60°, dashed line, in the cas
FY mode. The 60° data is confined in range, in contrast with
30° one~cf. text!.
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PRB 59 1109CORRELATION OF SPIN AND ORBITAL . . .
differences. Third, the information in fluorescence and to
yield measurements are averaged over different sample
eas. With FY the Al/FePd and FePd/MgO interfaces cont
ute to the signal. In particular, the interface FePd/MgO
characterized by a 30 Å area with structural defects~dislo-
cations in the FePd lattice!.

One might question the accuracy of the absolute value
the magnetic moments. The application of the sum rules
quires knowledge of the number ofd holes in the valence
band, which is obtained from band-structure calculation. F
thermore, separating the contributions of 4d, 5s, and con-
tinuum transitions by applying the Ag background subtr
tion method leads to some uncertainty. To have an idea
the absolute accuracy, we compared the average mome
SQUID measurements, 1.4660.15mB with the total Fe bulk
moment, taken from Ref. 15 and the total Pd moment m
sured with fluorescence detection which gives 1
60.10mB . Since both techniques are averaging over
whole FePd layer, we believe that the absolute values
correct within 10%.

However, far more important in our analysis are the var
tions between the samples, which are directly obtained fr
the integration over the MCXD curves. Recalling the rep
ducibility of the XAS background between the spectra
opposite magnetic field selected in our data treatment,
Fig. 4, we estimate the relative error to be significan
smaller than the absolute one, as the smooth variation
the CO will confirm below. In Table I, we present for th
different MBE conditions the orbital and spin magnetic m
ments deduced from the measurements performed in the
detection modes in the 30° geometry, together with the
parameter and the relative MAErel. Correlations between
CO, MAErel, ML , andMs are immediately noticeable.

Effective spin and orbital moments measured at 60° a
as anticipated, nearly constant for the different samples.
averaged experimental values obtained with FY are:Ms

eff

50.5860.03mB andML50.03860.005mB . In the TEY de-
tection mode the values collected at 55° are:Ms

eff50.62
60.03mB andML50.04660.005mB .

We now turn to the Fe case. The MCXD spectra on the
L2,3 edges are shown in Fig. 5 for the two extreme cases
and 350 °C, respectively, corresponding to the chemical
ordered and best ordered FePd alloys. These Fe spectr
obtained with perpendicular orientation of the sample(0°).

FIG. 5. FeL2,3 dichroism and the corresponding sum rule in
grals. The sample normal was parallel to the x-ray beam.
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They show a large change with CO and the integrated in
sities, using the sum rules, also evidence this difference
both spin and orbital moments. The effective spin and orb
moments for Fe areMs

eff52.0460.05mB and ML50.42
60.05mB in the chemically ordered sample andMs

eff52.13
60.05mB and ML50.2260.05mB in the disordered one
Compared to bulk bcc Fe, where MCXD measurements g
an orbital moment of 0.09mB ,15 ML is twice as large in the
20 °C sample and four times larger in the ordered 350
one. The spin momentMs

eff is less affected by the chemica
order of the alloy, the changes being within the error ba
The orbital and spin values are close to those reported by
Cannet al.2 for ultrathin Fe/Pd~100! films, where interdif-
fusion favors interface alloying.

B. Correlation with chemical order and MAE

1. Pd magnetic moments and CO parameters

We will mainly base the discussion on the TEY resul
for which a complete set of data is available and theref
the evolution from sample to sample can be followed with
high degree of accuracy. However, for some important
rameters, a comparison with the FY data will be made. T
variation of the CO parameter with the MBE deposition te
perature is simple to interpret. The order increases with te
perature up to a maximum value of CO50.91 at 350 °C.
Then, since the deposition temperatures are getting too c
to the order/disorder transition temperature, the CO start
decrease. The effective spin momentMs

eff and orbital mo-
mentML , deduced from the MCXD data at 30°, are repr
sented as a function of CO in Figs. 6~a! and 6~b!. The
smooth variation of these moments, both fitted with a thi
order polynomial, gives further evidence of the small relat
uncertainty in the treated data. The effective spin mom
goes through a minimum corresponding to the lbl sample
CO50.3, whereas a monotonic variation of much larger a
plitude is observed for the orbital moment. Both quantit
reach their maximum for the most ordered sample. TheML
value is more than doubled between the 20 and 350
samples. Another consequence of these variations relate
the discussion about the relevant range of chemical o
which affects the magnetic properties. It is interesting to o
serve that the dichroic data correlates clearly with the CO

2. Pd spin and orbital anisotropies

Since the TEY measurement at 55° is close to the ma
angle of 54.7° where the spin sum rule gives the pure s
moment instead of the effective moment,16 the experimental
result shows thatMs is independent of the chemical orde
i.e., it is not sensitive to the variation of the crystalline fie
around the Pd atom. Its value isMs50.62mB within 3%.
The insensitivity ofMs to variations of the local arrangemen
could be expected, since it is quadratic in thej/Eex ratio,
wherej is the spin-orbit coupling parameter andEex is the
exchange energy for the Pd 4d-derived bands. This is not th
case for the orbital moment, which is linear in this ratio14

The variation of the effective spin moment at 30°~cf. Table
I! is therefore characteristic of a sizable spin-dipole term.
to now, such a term has been neglected by most auth
Here we have clear experimental evidence of its contribut
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1110 PRB 59P. KAMP et al.
to the spin sum rule. The same conclusion can be dra
using the fluorescence data. For the most ordered case
use the method of Ref. 16 to obtain theMT component par-
allel to the surface 7MT

i 50.032 and 0.024mB , leading to a
large spin dipole anisotropy: 7MT

'27MT
i 520.04 or

20.06mB , in the FY and TEY modes, respectively. A sim
lar argument applies to the orbital moment. At the ma
angle, only the isotropic part of the orbital moment will b
observed,17 and indeed we obtained a value independ
from the local environment:ML

iso50.046 or 0.038mB , in the
electron and fluorescence modes, respectively. The varia
of the orbital moment at 30° is clearly apparent from Table
with the largest value corresponding to the best orde
sample. From the angular data, we deduce the parallel
perpendicular components of the orbital moment in t
uniaxial case by:ML(g)5ML

i
•sin2g1ML

'
•cos2g and 3ML

iso

5ML
'12ML

i , whereg530° is the joint direction of x rays
magnetic field, andMs . For the ordered case, the resultin
orbital moment isML

i 50.028mB from both measurements
The orbital anisotropy isML

'2ML
i 510.05 or 10.03mB ,

from TEY and FY modes, respectively. Repeating the sa
procedure for all samples measured in the electron detec
mode, it is straightforward to deduce the spin and orb
anisotropies between the perpendicular and in-plane di
tions. Their variations, represented in Figs. 7~a! and 7~b!,
follow naturally those of the effective spin and orbital m
ments of Fig. 6. One remarkable feature is that both aniso

FIG. 6. The spin~a! and orbital~b! Pd magnetic moments ar
given versus the CO parameter. The continuous line is a third-o
polynomial fit.
n
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pies go from negative to positive when the CO increas
The orbital anisotropy vanishes near the switching from
parallel to a perpendicular easy axis of magnetization~cf.
Table I, MAErel51).

3. Macroscopic and microscopic MAE

The macroscopically determined MAE increases rat
linearly with the CO, as seen in Fig. 7~c!. It is zero for the
disordered 20 °C sample and reaches a relative value of
at 350 °C. There is, however, some scatter for the 420

er

FIG. 7. Evolution of spin~a! and orbital~b! anisotropies of the
Pd magnetic moments in TEY mode with CO. The global mac
scopic MAE is given in~c!.
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PRB 59 1111CORRELATION OF SPIN AND ORBITAL . . .
510 °C samples. This can be ascribed to the fact that
model used to determine the MAE assumes the samples
thin flat layers, whereas in reality they present a high deg
of roughness at elevated deposition temperatures.

In the limit that the ground-state spin-orbit couplingj is
small compared to the crystal field and to the exchange
teractionEex, one can express the microscopic MAE acco
ing to Ref. 18 as

MAE52
j

4mB
@~ML

'2ML
i !↑2~ML

'2ML
i !↓#

1
3j2

2mBEex
~7MT

'27MT
i !. ~2!

For a quantitative prediction of the first term one needs
know the difference between the Pd spin↑ and ↓ d states,
whereas only the sum can be obtained from the MCXD m
surements. If we neglect the spin↓ part, the first term would
lead to a too large value of 1.7 meV per Pd atom in
ordered case. We recall that the macroscopic magnetic re
is 0.18 meV per atom. Concerning the second term, the c
dition Eex@j breaks down since, for the Pd 4d-derived
bands in FePd, bothj5Eex50.17 eV. Indeed, the secon
term would give much too high a contribution~around 15
meV per Pd atom!, using our result for the magnetic dipo
anisotropy. However, we will assume in the following tha
more realistic second term is still linear in the spin anis
ropy 7MT'27MTi. It is clear from Figs. 7~b! and 7~c! that
the orbital anisotropy decreases the MAE. In the case of
magnetic dipole anisotropy, the MAE first increases for
less ordered samples; then fromS50.3, its contribution adds
to the orbital part to decrease the MAE. More quantitat
predictions on the microscopic understanding of the Pd c
tribution to MAE will await ab initio calculations and the
experimental results presented here provide a stringent
for such calculations.

Looking to the Fe moments in the 20 and 350 °C samp
we observe a variation ofML andMs

eff different from those
of the Pd moments. The effective spin moment decrea
from 2.13mB (20 °C) to 2.04mB (350 °C), while the orbital
moment increases from 0.22mB (20 °C) to
0.42mB (350 °C). These values bear similarities with tho
measured by Le Cannet al.2 The spin moments are smalle
than those from pure Fe,Ms

eff52.19mB , while the orbital
moments are strongly enhanced compared to pure Fe,ML
50.09mB . The SQUID measurements on FePd, that do
see the spin and orbital anisotropic components, give an
erage magnetic moment per atom of 1.46mB . The average
of the total Pd moment measured in FePd at 60° with fl
J

e
be
e

-
-

o

-

e
ult
n-

-

e
e

e
n-

st

s,

es

t
v-

-

rescence detection and of the total Fe moment from pure
is 1.45mB . Lacking angular Fe data, we suggest the Fe m
ments measured in FePd at 55° to be the same as the
ones. Under this assumption, we find an MAE of 0.24 me
atom for Fe. This value is only slightly larger than the ave
age, macroscopically determined MAE, which would su
gest that the Pd atoms make an important contribution to
overall MAE.

IV. CONCLUSION

We have shown that in FePd binary alloys which exhi
PMA, the MAE and the magnetic moments are strongly c
related to the CO. The FePd system is an ideal model
such a study as the local magnetic anisotropy effects on b
Pd and Fe are large, while the crystallographic structure
simple and does not change with the CO.

We have used MCXD to determine the Fe and Pd s
and orbital moments, as well as their evolution as a funct
of CO, with a high degree of accuracy. Macroscopic te
niques such as SQUID were unable to detect this evolut
The induced Pd moments are quite large, similar to pure
and the Fe orbital moments are strongly enhanced, reac
values close to those of surface layers.

By using the angular dependence of MCXD we have
termined unambiguously the orbital and spin dipole aniso
pies, which vary smoothly with the CO, as characterized
x-ray diffraction. These anisotropies are key parameters
the microscopic and element-specific MAE, and both co
tribute to favor the PMA at large CO. A more comple
understanding of the MAE will require a strong interpla
between our results andab initio band-structure calculations

Our approach, using the MCXD technique, can be used
a relatively simple method to determine whether PMA c
be achieved by alloy ordering or by multilayered structur

The FePd system is a well suited candidate for the tra
verse MCXD geometry,17 since the variations of orbital an
spin anisotropies could be measured with even higher a
racy and give additional information on their orientation f
both elements.
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