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Theoretical study of magnetic properties and x-ray magnetic circular dichroism of the ordered
Fe0.5Pd0.5 alloy
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A detailed theoretical study of magnetic and structural properties of Fe0.5Pd0.5 ordered face-centered tetrag-
onal ~fct! alloy, using both the local spin density approximation~LSDA! and the generalized gradient approxi-
mation ~GGA!, is presented. The total energy surface as a function of the lattice parametersa andc shows a
long valley where stable structures may exist. Our calculation using the GGA predicts a magnetic phase
transition from perpendicular to parallel magnetization as a function of the lattice parameter, whereas LSDA
favors always the@001# magnetization axis for all values of the lattice parameters. The spin and orbital
magnetic moments and x-ray magnetic circular dichroism spectra are calculated for the easy@001# and the hard
@100# magnetization axis and for three sets of experimental lattice parameters, and are compared to the
available experimental results on these films. A supercell calculation for a 4 monolayer Fe0.5Pd0.5 thin film
produced similar results. While the spin magnetic moments are in fair agreement with experiment, the orbital
magnetic moments are considerably underestimated. To improve the agreement with experiment we included
an atomic orbital polarization term; however, the computed orbital moments scarcely changed.
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I. INTRODUCTION

Magnetic films with strong perpendicular magnetizati
anisotropy~PMA! are greatly attractive and promising fo
magneto-optical recording devices. Recently, a numbe
chemically ordered binaryd-metal layered systems with pe
pendicular magnetization have been elaborated.1 This direc-
tion of the magnetization is due to the bulk magne
crystalline anisotropy energy~MCA!. The chemical ordering
in these films normally is accompanied by an increased K
rotation.2,3

Fe0.5Pd0.5 alloy as bulk or film has been extensively stu
ied in recent years.4 The bulk alloy at low temperature adop
a disorderedg phase with fcc lattice and lattice paramet
a53.8 Å.5 At 920 K, it exhibits a phase transition toward
an ordered face-centered tetragonal~fct! structure. This
structure is ferromagnetic because theL10 intermetalic phase
is characterized by a high uniaxial MCA.6 Recently, it was
made possible by molecular beam epitaxy~MBE! the pro-
duction of films of this alloy presenting theL10 structure due
to the constraints imposed by the substrates.7–9 These films
present different lattice parameters depending on the pr
ration conditions and the growth temperature.

The spin-dependent electronic structure of the Fe0.5Pd0.5
alloy remains under consideration. Previous first-princip
band calculations of Fe0.5Pd0.5 alloy have been performed fo
the CuAu~pseudocubic! crystalline structure.10–12The MCA
and the anisotropy of the orbital angular momentum h
been investigated theoretically by means of a perturba
technique for the spin-orbit interaction.10,12

It has been recently demonstrated by Welleret al.13 that
x-ray magnetic circular dichroism~XMCD! is also a suitable
technique to probe MCA at an atomic scale, via the deter
PRB 610163-1829/2000/61~1!/599~10!/$15.00
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nation of the anisotropy of the orbital magnetic moment o
specific shell and site. This is because XMCD spectrosc
uses circularly polarized radiation to probe element spec
magnetic properties of alloys.14 Although x-ray absorption
spectroscopy~XAS! probes unoccupied states above t
Fermi energy, the XMCD sum rules15–17 allow the determi-
nation of the spin and orbital magnetic moments of the
sorptive atom. However their application to itinerant sy
tems, in particular to low symmetry systems, is debated si
these sum rules are derived from atomic theory.16,18,19Nev-
ertheless, the difference of the XMCD signal for differe
magnetization axis could be directly related to the MCA.

The theoretical understanding of XMCD of magnetic m
terial is not an easy task, and severalab initio calculations
have attempted to compute the XMCD of transition met
and rare earth compounds.20–25TheL2 andL3 edges involv-
ing electronic excitations of 2p-core electrons towards
d-conduction states have attracted much attention due to
dependence of the dichroic signal on the exchange-split
and the spin-orbit coupling of both initial core and final v
lence states. Wuet al. used the slab linear augmented pla
wave method to study theL2,3 XMCD of Fe but unfortu-
nately they did not compare their data to experimen
results.20 Brouder and co-workers,23 Guo,24 and Ankudinov
and Rehr25 used multiple scattering theory to study XMC
but their method, although successful, has only been app
to systems with few atoms per unit cell. This is becau
multiple scattering methods, which are usually carried ou
real space using large clusters, are very expensive on C
and require a large processor memory. Finally, atomic ca
lations, using crystal field symmetry, are widely applied to
the experimentalM4,5 edges of rare earths and actinide co
pounds and theL2,3 edges of early transition metals. How
599 ©2000 The American Physical Society
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ever, because of the large number of parameters to fit,
difficult to apply this formalism to delocalized 3d states.26

In this work we use the relativistic full-potential linea
muffin-tin orbital method~FP-LMTO! ~Ref. 27! to compute
the structural, electronic, and magnetic properties
Fe0.5Pd0.5 and calculate XMCD spectra and compare our
sults with experiment. In the second section we investig
the ground state and explain qualitatively the stable exp
mental fct structures for a wide range of lattice parame
when grown over different substrates. A supercell calculat
for a 4 monolayer~ML ! thin film is presented. In Sec. III we
present the magnetic properties of Fe0.5Pd0.5. Finally in the
fourth section of this paper we use our method22 to compute
the XMCD spectra for different exchange-correlation pote
tials and for some selected sets of lattice parameters
compare our results to experiment.

II. STRUCTURAL PROPERTIES

In this section we discuss the structural properties
Fe0.5Pd0.5 system with respect to the magnetization axis. T
unit cell contains one atom of Pd and one of Fe and is p
sented in Fig. 1. Experimentally, films of different lattic
constants of this material have been synthesized, and it
found that the measured magnetic properties are diffe
highlighting the importance of the lattice mismatch betwe
the sample and the substrate.7–9 Previous calculations
showed that the results for these properties depend stro
on the type of exchange-correlation potential used to so
Kohn-Sham equations.28 In this work, we use both the local
spin density approximation~LSDA! ~Ref. 29! and the gener-
alized gradient approximation~GGA!.30

Figures 2 and 3 show our calculated total-energy surfa
of Fe0.5Pd0.5 with respect to the value of the lattice parame
a and thec/a ratio within LSDA for the magnetization axi
along the @001# and @100# directions, respectively. Both
graphs show the same characteristics, in particular, an an
monic valley that follows practically an isovolume line. Th
total minimum corresponds to the same lattice parameters
both surfaces (a53.732 andc/a50.984). The total energy
surface forM i@100# lies just above that forM i@001#. The
energy difference between the two magnetization axis
for any set of lattice parameters lies in the range@8 meV, 14
meV#. For the global minimum the energy difference

FIG. 1. Fe0.5Pd0.5 ordered fct alloy can be seen as a system
alternating Fe and Pd layers. The unit cell used in the calculation
also presented.
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11.84 meV. LSDA favors the@001# magnetization axis and
gives no magnetic phase transition as a function of thea and
c lattice parameters.

Figures 4 and 5 show similar total energy surfaces, ca
lated by using the GGA to the exchange-correlati
potential.30 It is interesting to notice that the GGA surface
show a different behavior than these calculated within
LSDA. We observe also a similar valley to the one produc
within the LSDA but it is shifted towards higherc/a values
in agreement with experiment. This shift is expected sin
LSDA is well known to overbind. The minimum of the tota
energy is shallower than the one produced within LSD
This result is also not surprising because of the overbind
nature of LSDA resulting on higher bulk modulus. So
expected GGA reduced the bulk modulus from its LSD
value. The very smooth nature of the bottom of the val
makes it possible for the system to easily change thea and

f
is

FIG. 2. Total energy surface within LSDA and for magnetiz
tion axis along the@001# direction as a function of the lattice pa
rametera and thec/a ratio. The energy step between two contou
is 0.02 eV. We observe the existence of a valley along an isovolu
line which could lead to the possibility of finding stable structur
inside this valley. Such structures could exist due to lattice m
match between the Fe0.5Pd0.5 and a substrate combined with th
temperature effect. The global minimum corresponds toa
53.732 Å andc/a50.984.

FIG. 3. The same as Fig. 2 but forM i@100# direction. The sur-
face has exactly the same form as forM i@001# but lays just above
this surface, so that LSDA favors always the@001# axis in the range
of the studied lattice parameters. Both surfaces have the minim
for the same lattice parameters (a53.732 Å andc/a50.984). The
two global minima are separated by 11.84 meV.
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c/a ratio by applying some external constraint and rema
stable as long as these parameters are located on the
energy valley. The external constraint could arise from
lattice mismatch between Fe0.5Pd0.5 and the substrate, whic
is the case of the samples discussed below. ForM i@001# the
global minimum corresponds toa53.774 andc/a51.022,
whereas forM i@100# the global minimum has moved toa
53.816 Å andc/a50.994. Contrary to LSDA, where no
crossing between the two surfaces occurs, within GGA
two surfaces cross, thus producing two different magn
phases with magnetization parallel or perpendicular to
substrate.

Figure 6 shows the perpendicular and parallel magnet
tion phases within GGA as a function of the lattice parame
a and thec/a ratio. This graph shows three magnetic regio
separated by two transition lines. In the region between th
two lines the MCA is negative favoring the@100# axis. On
this figure we have added also the positions of the glo
minimum for both magnetization axis and the position
three experimental points. The first experimental point c
responds to the sample investigated by Le Canet al. and by

FIG. 4. The same as Fig. 2 but the calculations are within
GGA. The surface shows the same structure as that of LSDA,
the valley is shifted towards higherc/a ratios. This valley passe
through all experimental lattice parameters points. The large dif
ence between LSDA and GGA energy surface shows that
Fe0.5Pd0.5 the results depend strongly on the type of the exchan
correlation potential used. The global minimum corresponds to
point a53.774 Å andc/a51.022.

FIG. 5. The same as Fig. 4 but forM i@100#. The surface has the
same form as forM i@001# but the position of the global minima ha
changed and is now located ata53.816 Å andc/a50.994.
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Boeglinet al., which we define as an elongated face-cente
tetragonal sample~EFCT! and has lattice parametersa
53.73 Å, c53.90 Å (c/a51.046);8,9 the second point rep
resents the disorderedg fcc lattice (a53.8 Å), and is the
ground state for the bulk Fe0.5Pd0.5 alloy ~FCC!;5 and the
third point corresponds to the Kamp’s sample at 623
which is highly ordered~91% of the atoms are in the corre
sites! and we define as compressed face-centered tetrag
~CFCT! and with lattice parametersa53.89 Å, c53.65 Å
and c/a ratio 0.938.7 The FCC point is very close to th
calculated minimum and very close to the zero isolin
CFCT point is inside the region withM i@100# far from the
zero isoline. Experimentally this point is found to have
magnetization axis along the@001# direction in agreemen
with our LSDA calculation but surprising is the discrepan
with our GGA predictions. Notice that our calculations a
limited to calculating the total energy at zero temperat
while the experimental results are obtained at 623 K. Th
thermal effects and shape anisotropy could easily switch
tween the two phases. In this respect, theoretical comp
tion of MCA as a function of temperature is of great intere

In Table I we present our calculated MCA for experime
tal lattice parameters and compare them with the experim
tal MCA values and with other theoretical data. These c
culations have been converged up to 6750k- points in the
Brillouin zone.31 It is surprising that MCA values within
GGA are one order of magnitude larger than these obtai
within LSDA. The only rational explanation for this behavio
is that GGA strictly favors one magnetization axis over t
other one. We should notice here that GGA is a relativ

e
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r-
r

e-
e

FIG. 6. The two lines limit the two different magnetic phas
obtained as a function of thea andc/a lattice parameters within the
GGA. The calculated minima for the two magnetization axes~the
circle is for the @001# direction and the square is for the@100#!,
together with the FCC~up triangle!, and the CFCT point~diamond!
lattice parameters are presented. The last point~side triangle! cor-
responds to the EFCT sample. The phase with the magnetiza
axis along the@100# direction is obtained for large values ofa and
low c/a ratios and the@001# magnetization axis for the remainin
values ofa andc/a.
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602 PRB 61I. GALANAKIS et al.
new functional and has not yet been much tested for
computation of MCA, consequently it does not represent
improvement over LSDA. From this point of view, its us
instead of LSDA is not always justified and it is the com
parison with experiment for each system and property
justifies the use of either LSDA or GGA. In the case
Fe0.5Pd0.5 LSDA seems to be adequate for the prediction
MCA.

The thin film elaborated by Boeglinet al. shows an in-
plane axis contrary to our calculations for the EFCT. W
should notice that there is no experimental measuremen
the MCA for this film and that only the direction of th
magnetization is reported on a disordered 4 ML sam
which is expected to show noncollinear magnetism. T
thick film corresponding to CFCT shows a magnetizat
along the@001# direction in agreement with LSDA. Kamp
et al.7 found for this film a value of 0.37 meV for the mag
netic anisotropy energy~MAE!, more important than LSDA
result ~0.06 meV!. In particular, Daalderopet al.10 used a
unit cell of c/a ratio of 0.96 to compute the MCA within
LSDA by means of the force theorem.32 They found the
magnetization along the@001# axis in agreement with ou
LSDA results and an MCA value of 0.51 meV, much larg
than our value. This high MCA value is probably due to t
use of the atomic sphere approximation~ASA! to the LMTO
method.33 More interestingly, they showed that the magne
elastic anisotropy for this system is at least one order
magnitude smaller than MCA. Solovyevet al.12 used the
same structure within a real-space Green’s function te
nique to find out that the magnetization is along the@001#
axis. However, the MCA value was found to vary from 0.0
meV, when the spin-orbit coupling is treated as a pseu
perturbation taking into account only thed states, up to 0.29
meV, when the spin-orbit coupling for thep states is also
included.12 Here again the atomic sphere approximation
used.

To determine whether the bulk calculations are appro
ate to describe the magnetic properties of the Fe0.5Pd0.5 films,
we performed a supercell calculation of a 4 ML EFCT film.
The memory requirements of our full-potential method lim
the number of atoms per unit cell, so that we cannot acco
for the Pd~100! substrate in our supercell calculations. Bo
LSDA and GGA favor the@001# magnetization axis in agree
ment with the bulk calculations. The supercell calcula
MCA is 0.18 meV/atom within LSDA and 2.14 meV/atom
within GGA, which are comparable to the bulk calculatio

TABLE I. Calculated LSDA and GGA magnetocrystalline a
isotropy~MCA! for ordered Fe0.5Pd0.5 alloy. The MCA is defined as
the difference in total energy between the two magnetization a
MCA5Etot(Mi@100#)2Etot(Mi@001#). The GGA results are one
order of magnitude larger than within the LSDA and for the CFC
it favors the@100# magnetization axis contrary to LSDA. For all th
other cases our results favor the@001# magnetization axis. The ex
perimental result is from Ref. 7.

MCA ~meV! EFCT FCC CFCT

LSDA 0.34 0.24 0.06
GGA 3.56 0.95 20.34
Expt. 0.34
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of 0.17 and 1.78 meV/atom, respectively. The discrepa
between our calculations and experiment for the 4 ML th
film should be attributed to the effect of the structure and
the chemical ordering that are not known for this sample.
should notice here that this film was produced by depos
two Fe layers on top of Pd~100!. The interdiffusion of the Fe
atoms on the Pd surface leads to the creation of a sur
alloy, which is expected not to be ordered. Experimen
lattice parameters were extracted by assuming the creatio
a perfectly ordered 4 ML surface alloy and no further inve
tigation was made.9 Moreover, if the disorder is importan
we expect the magnetic state to be noncollinear.

III. MAGNETIC MOMENTS

In this section we discuss our calculated spin and orb
magnetic moments for the three sets of lattice parame
corresponding to the EFCT, FCC, and CFCT samples.
calculated density of states~DOS! for these three lattice pa
rameters, are dominated by theird orbital contributions. So
the discussion below refers primarily to thed part of the
various DOS curves. The behavior of the DOS is insensit
to the exchange-correlation potential and the magnetiza
axis or the sample. The total density of states~upper panel
Fig. 7! has the typical behavior of a binary 3d-ferromagnet–
4d-metal alloy DOS. The Fe component dominates in
vicinity of the Fermi level, while the Pd shows a broad com
plex d band. The differences in DOS between the spin-
and spin-down resolved DOS~bottom panel of Fig. 7! show
the coupling between Fe and Pd as antiferromagnetic
energies up to 1 eV below the Fermi level. The coupli
becomes ferromagnetic for the total DOS. It is interesting
notice that in the vicinity of the Fermi level the Pd sp

s:

FIG. 7. Fe and Pd total density of states~upper panel! and spin
resolved~lower panel!. Pd has a broad complex typical for 4d met-
als in 3d-ferromagnet–4d-metal binary alloys. The Fe and Pd cou
pling is antiferromagnetic up to 1 eV below the Fermi level but t
total one is ferromagnetic. Near Fermi level it is the spin do
electrons of Fe that dominate the magnetic behavior of the allo
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imbalance is practically zero while for Fe the spin dow
states dominate.

Figure 8 shows the calculated spin magnetic moment
Fe and Pd sites calculated for the EFCT, FCC, and CF
lattice parameters. They are found to be independent of
direction of the magnetization axis. The fact that GGA
known to produce a very atomiclike description of the so
is reflected on larger magnetic moments of the Fe sites c
pared to LSDA values. The overestimation of the Fe atom
character within GGA produces a much lower hybridizati
between Fe-3d and Pd-4d orbitals. Since Pd is paramag
netic, its magnetic moment is primarily due to hybridizati
with Fe. So a reduction in the hybridization amounts to
smaller induced spin-magnetic moments for Pd within GG
Our calculated spin moments compare nicely with previo
calculations. In particular, Moruzzi and Marcus11 performed
calculations for a perfect fcc lattice and found a spin m
netic moment of 2.9mB for Fe and 0.4mB for Pd. Experimen-
tally, Cros et al.34 performed XMCD measurements on th
L2,3 edges of Pd in Fe0.5Pd0.5 multilayers and applied the sum
rules to find a spin magnetic moment of 0.4mB for Pd in
agreement with our results. However, Kamp found that
moments on Fe atoms in various films can vary from 2
60.05mB in ordered samples up to 2.1360.05mB for the
disordered ones.7 These latter values are significantly low
than the calculated values and it is surprising that the m
netic moment for the disordered sample is higher than for
ordered one.

The spin magnetic moments for the 4 ML system a
close to the values for the bulk calculations as can be see
Table II especially for the Pd and Fe atoms that have
same first neighbors as in the bulk@Pd~1! and Fe~2! atoms#.
Pd spin moments are insensitive to the exchange-correla
potential used. The induced moment of the outer Pd~2!, that
has only one Fe layer as neighbor, is smaller than tha
Pd~1! which has two Fe layers. From this comparison

FIG. 8. LSDA and GGA spin magnetic moments of Fe and P
GGA produces a more atomiclike description of the band struc
of Fe0.5Pd0.5 producing higher Fe magnetic moments compared
LSDA. The spin magnetic moments of Pd are induced by hyb
ization. As Fe becomes more atomiclike within GGA, the hybr
ization decreases resulting in a smaller Pd magnetic moment.
spin moments are insensitive to the magnetization direction.
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deduce that the magnetic properties of this alloy seem to
practically insensitive to the thickness of the film but depe
strongly on the lattice parameters.

Figure 9 shows that, contrary to the spin magnetic m
ments, the Fe and Pd sites orbital moments are not isotr
with respect to the magnetization axis. Here the LSDA
bital moments for Fe are much larger than the GGA valu
contrary to the spin moments. We observe also that the
bital moments calculated for the@001# magnetization axis are
larger than the values for the in-plane@100# axis. Notice that
the values of the orbital moments are just the projections
the total orbital moments on the spin-quantization axis a
that we have no information concerning the direction and
total value of the orbital moments. Pd shows exactly an
posite behavior to Fe. The GGA values lay higher than th
of the LSDA and the values for the@001# axis lay lower than
for the @100# axis. The orbital moments on Fe sites are
times larger than for Pd sites, contrary to the spin mome
where the difference was one order of magnitude. This
because orbital moments are not only induced by the s
orbit coupling but also by the crystal field that breaks t

.
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-
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TABLE II. Spin magnetic moments for the 4 monolayer EFC
Fe0.5Pd0.5 calculated using a supercell geometry together with
EFCT bulk ones~inside parentheses!. The calculated values ar
close to the bulk values and especially Pd moments are insens
to the type of exchange-correlation potential used. The induced
ment on the outer Pd~2! that has fewer Fe neighbors is smaller th
for the inner Pd~1! that has two Fe layers as neighbors. The s
moments are isotropic with respect to the magnetization axis.

mspin(mB) Fe~1! Pd~1! Fe~2! Pd~2!

LSDA 3.01 ~2.88! 0.31 ~0.31! 2.95 ~2.88! 0.26 ~0.31!
GGA 3.04~2.99! 0.31 ~0.28! 3.01 ~2.99! 0.26 ~0.28!

FIG. 9. LSDA and GGA orbital magnetic moments for bo
@001# and @100# magnetization axis. Fe orbital moments for th
@001# axis are higher than for the@100# axis and LSDA gives higher
values. For Pd side the behavior is exactly the contrary to the
site. Notice that the orbital moments are not isotropic with resp
to the magnetization axis.
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604 PRB 61I. GALANAKIS et al.
symmetry. Croset al.34 applied the sum rules and obtaine
an orbital moment of 0.004mB for Pd site, about one order o
magnitude smaller than our calculated values. But beca
the error on the values of the orbital moment obtained fr
the sum rules exceeds easily 0.01mB , we believe that our
result is in qualitative agreement with experiment.20 No in-
formation for the experimental sample is available but pr
ably the discrepancy comes from the effect of the disorde
the sample and from the limited applicability of the su
rules to the 4d system. Regarding the Fe site orbital m
ments, Kamp found it to vary from 0.4260.05mB in the
ordered sample down to 0.2260.05mB for the disordered
alloy,7 much higher than the calculated values. These exp
mental values are about five times larger than the values
the bulk bcc Fe. This difference is surprisingly large insp
that the orbital moment is primary an atomic property. It
well know that both LSDA and GGA underestimate the o
bital moments,35 however, they usually produce the corre
trend as a function of the lattice parameter or the magnet
tion direction.40

To improve our orbital moment results we included
orbital-polarization ~OP! correction to the LSDA Hamil-
tonian. This additional term to the Hamiltonian was deriv
by Brooks35 from an atomic theory but its use in the case
itinerant electrons is not always sufficient to describe el
tronic orbital moments. Table III shows the orbital magne
moments for all the three structures within LSDA and for t
magnetization axis along the@001# direction both with and
without the orbital polarization term. Our calculation show
that this OP term slightly increases the Fe orbital mome
and slightly decreases the Pd ones. Thus the OP term s
to be unimportant for Fe0.5Pd0.5 alloy contrary to bulk Fe
where the inclusion of the OP increases the orbital magn
moment from 0.050mB to 0.085mB improving considerably
the agreement with experiment. These results show tha
failure of LSDA to treat exactly the orbital magnetism c
not always be improved by adding an OP term and that
should also improve the exchange-correlation interaction
well. The later correction is described by the current and s
density functional theory~CSDFT!,36 which treats the Kohn-
Sham and the Maxwell equations in the same footing, ho
ever this formalism is complicated and computationally
volved to be implemented as anab initio method.
Rajagopal37 expanded this approach to include relativis
effects and recently Grayce and Harris38 suggested a mag
netic density functional theory as an alternative to CSD
but it seems that no successful parametrization for non
these new approaches is available yet.39

TABLE III. Orbital magnetic moments within LSDA for mag
netization along the@001# axis. The inclusion of the orbital polar
ization term~Ref. 35! scarcely changes the results contrary to b
bcc Fe where orbital magnetic moment increases by 70%.

morbital(mB) EFCT FCC CFCT

Fe LSDA 0.069 0.070 0.072
LSDA1OP 0.069 0.071 0.073

Pd LSDA 0.021 0.024 0.028
LSDA1OP 0.020 0.023 0.026
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IV. XMCD

The last part of our work concerns the investigation of t
behavior of XMCD of theL2,3 edges of both Fe and Pd site
We performed calculations using both LSDA and GGA a
for both magnetization axis~i! M i@001# and ~ii ! M i@100#.
Experimentally the XMCD spectra have been measured
Kampet al.7 at the FeL2,3 edges for thick~300 Å! films and
by Le Can et al. for thin films @2 monolayers of Fe on
Pd~100!#.8

A. Fe site

Figure 10 shows the LSDA calculated total absorpti
spectra corresponding to the CFCT sample, for the two m
netization axes. For the broadening of the theoretical spe
we used a Gaussian width of 0.4 eV and a Lorentzian wi
of 0.9 eV corresponding to the core-hole effect and to
perimental resolution respectively. These values were u
by Ebert in the case of Fe,21 and by Alouaniet al. for Fe in
Fe nitrides.22 Although different broadenings change the i
tensities of the peaks, they leave unchanged theL3 /L2 inte-
grated branching ratio, which is the most important feat
of these spectra as it enters the sum rules. The absorp
spectra are found to be insensitive to the type of exchan
correlation potential used, and depend only on the magn
zation axis. We notice that forM i@100# the intensity for both
L2 and L3 peaks are larger than forM i@001#. The energy
difference between theL2 andL3 peaks is given by the spin
orbit splitting between thep1/2 andp3/2 core states. The the
oretical value is 12.5 eV and is very close to the experim
tal 12.4 eV value of bulk Fe. Since the core states are
considerably affected by the crystalline environment of Fe
is then expected that the spin-orbit splitting remains pra
cally unchanged in different Fe alloys.

Figure 11 shows the calculated XMCD spectra with
LSDA for lattice parameters corresponding to the thr
samples and for the two magnetization axes. TheL3 /L2 in-

FIG. 10. Total absorption spectra for Fe within LSDA. Th
intensity is insensitive to the magnetization direction. The spin-o
splitting for the 2p core states is 12.5 eV.
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tegrated branching ratio depends only on the magnetiza
axis and is larger in the case ofM i@100#. The CFCT higher
intensities, as compared to the FCC and the EFCT, imp
that the intensities of the two peaks depend primarily on
value of the lattice parametera, and it increases asa in-
creases. BothL2 andL3 peaks show the same behavior as
can be seen in the two small graphs, where we have enla
the area around the two peaks. The calculated numbe
holes in thed-bands are 3.79 and 1.91 for Fe and Pd, resp
tively.

Figure 12 compares ourL2,3 XMCD result for Fe site,
within LSDA and for Mi@001# using the lattice parameters o
the EFCT sample, with the experimental results of Le C
et al.8 We calculated the XMCD spectrum for both the bu
and the 4 monolayer system. We have normalized the th
retical spectrum so that the calculatedL3 peak has the sam
intensity as that of the experimental spectrum. The the
underestimates theL3 /L2 ratio by about 50%~2.70 for ex-
periment, 1.14 for the bulk calculation!. Part of the discrep-
ancy between experiment and theory comes from the
that we performed calculations for a bulk alloy while expe
ment was performed for athin film ~4ML of surface alloy!.
However, the supercell calculation for the 4 monolayer fi
scarcely improves the agreement between theory and ex
ment (L3 /L251.19). This supercell represents a fre
standing film and does not account for the influence of
Pd~100! substrate to determine the electronic structure of
film. The agreement between the theory and experiment
be improved by taking into account the photoexcited elect
core-hole interaction.22 A formalism that can account for thi
interaction has been proposed by Schwitalla and Ebe41

however, the formalism is computationally heavy and
results are not satisfactory. Benedict and Shirley42 have also
developed a scheme to treat this interaction but it is limi
to crystalline insulators.

In Fig. 13 we present alsoL2,3 XMCD results obtained for
the lattice parameters of CFCT structure. Our calcula
branching ratio is much closer than in the case of EF

FIG. 11. XMCD spectra for Fe within LSDA for different mag
netization axis and for the three chosen structures.L3 /L2 integrated
branching ratio is independent from the structure itself. In-pla
spectra and compressed structure lay higher in intensity for b
peaks. GGA produces results similar to LSDA.
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~1.32 for experiment and 1.12 for theory!. The CFCT sample
is a 300 Å thick film,7 so it approaches more the bulk syste
which was not the case for the EFCT sample. Discrepa
comes from the partial disorder of the experimental film a
from the neglect of the photoexcited electron core-hole in
action in the calculations. It is worth mentioning that th
radiation used in the experiments is only; 90% circularly

e
th

FIG. 12. Bulk and supercell calculated XMCD spectrum for t
L2,3Fe edge of expanded fct Fe0.5Pd0.5 alloy compared to the experi
mental thin film spectrum of 4 monolayers Fe0.5Pd0.5 surface alloy
on a Pd~100! substrate~Ref. 8!. The integratedL3 /L2 branching
ratio is underestimated by our calculations (L3 /L252.70 in experi-
ment and 1.14 for the bulk calculation and 1.19 for the super
one!. This underestimation is pronounced by the comparison
tween a bulk calculation and a very thin supported film. The sup
cell calculation for the free 4 monolayer film fails to reproduce t
properties of the supported thin film.

FIG. 13. Theoretical XMCD spectrum forL2,3Fe edge of com-
pressed fct Fe0.5Pd0.5 alloy compared to experimental thick film
deposited on MgO~001! at 623K by molecular beam epitaxy~Ref.
7!. The L3 /L2 integrated branching ratio is underestimated by o
theory but the calculated and experimental values are much cl
than in the case of EFCT~1.32 for experiment compared to 1.12 fo
theory!.
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polarized, and the rest are linearly polarized. Even if
experimental graphs are scaled to account for 100% circ
polarization, they ignore the contribution of the x-ray ma
netic linear dichroism~XMLD !. Furthermore XMLD signal
is much weaker compared to that of the XMCD, so it sho
not influence significantly the experimental spectrum.

B. Pd site

In Fig. 14 we present results within LSDA for the CFC
system and for magnetization along the@100# axis for the Pd
site. The spin-orbit splitting energy of the 2p states of Pd is
one order of magnitude larger than for the Fe site~159.1 eV
compared to 13.5 eV! and compares nicely with the exper
mental value of 160 eV.7 This large value allows the inde
pendent measurement of theL2 and L3 edges. We observe
that the absorption peak for theL3 edge is more importan
than that of theL2 edge. XMCD spectra are also presented
the same figure. Contrary to Fe, LSDA and GGA give d
ferent spectra but the branching ratio does not change
the way we treat the exchange-correlation potential. In F
15 we present theL2 edge for Mi@001# within both LSDA
and GGA and for the three structures. Results are exa
equivalent for theL3 edge and hence are not present
LSDA produces in all cases higher intensities than GGA, a
especially for the EFCT system the difference is quite i
portant. As in the case of Fe as the lattice parametera in-
creases the intensities of absorption increase accordingl
the next figure~Fig. 16! we present the same edge with
LSDA but for both magnetization axis; the results are sim
in the case of GGA. As in the case of Fe, whenM i@100# the
intensities of the peak is more important than whenM i@001#.
The branching ratio still depends primarily on the magne
zation axis.

V. CONCLUSION

We have investigated the magnetic properties of
Fe0.5Pd0.5 ordered face-centered tetragonal alloy under str

FIG. 14. L2 andL3 absorption and XMCD spectra for Pd withi
LSDA for the @100# magnetization axis. The spin-orbit energy d
ference between the two peaks is 159.1 eV close to the experim
tal value of 160 eV. The total absorption spectra is insensitive to
magnetization axis.
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in terms of anab initio relativistic full-potential LMTO
method. The total energy with respect to the lattice para
eters a and c/a shows a valley along an isovolume lin
which could lead to stable structures within this valley. Su
a structure could exist due to lattice mismatch between
Fe0.5Pd0.5 film and the substrate. We predicted a spin ma
netic transition within the generalized gradient approxim
tion ~GGA!, due to the crossing of theM i@100# total energy
surface with that ofM i@001# direction, but not within the
local spin density approximation~LSDA!. In fact LSDA fa-

n-
e FIG. 15. XMCD spectra for theL2 edge of Pd and forM //@001#.
The trends for theL3 are exactly the same. The LSDA gives high
intensities than the GGA, but the branching ratio does not cha
with the exchange-correlation potential. The intensities incre
with the decreasingc/a ratio.

FIG. 16. XMCD spectra for theL2 edge of Pd calculated within
LSDA. The trends for theL3 are exactly the same. The@001# axis
give higher intensities than the in-plane one. The intensities
crease with decreasingc/a ratio. The branching ratio is sensitive t
the magnetization axis.
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vored the@001# magnetization direction for all the values o
the lattice parameters. It is too early to decide whether
results of GGA are superior to these of LSDA because G
is a relatively new functional and has not been tested th
oughly for the computation of the magnetocrystalline anis
ropy energy~MCA!. More testing should be done befo
deciding whether GGA is appropriate for the calculation
such a sensitive property. For the 300 Å thick film LSD
produced the correct magnetization axis while GGA did n
As for the 4 monolayer~ML ! Fe0.5Pd0.5 thin film both LSDA
and GGA failed to produce the correct direction of the ma
netization. However, we should notice that there is no
perimental measurement of the MCA and that only the
rection of the magnetization is reported on a disordere
ML sample which is expected to show noncollinear mag
tism. Therefore an experimental determination of the MC
is necessary before drawing any conclusion regarding
MCA of the Fe0.5Pd0.5 films.

We found that GGA produces a more atomiclike descr
tion of the electronic structure as compared to LSDA a
this behavior is reflected on larger magnetic moments of
site within GGA and the reduction of the Pd induced ma
netic moment which is essentially due to hybridization b
tween Fe-3d orbitals and Pd-5d orbitals. The inclusion of
the orbital polarization term does not change considera
the calculated orbital magnetic moments.
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X-ray magnetic circular dichroism~XMCD! spectra are
calculated within GGA and LSDA for two magnetizatio
axes and for three sets of lattice parameters. Fe site c
puted XMCD spectra are compared to experiments and a
the case of bulk Fe the integratedL3 /L2 branching ratio is
underestimated. A 4 monolayer supercell calculation p
duced results in agreement with our bulk calculations s
gesting that the bulk description of the Fe0.5Pd0.5 films is
appropriate. An improvement of the integratedL3 /L2
branching ratio could be achieved by including the pho
electron core-hole interaction, the temperature, and the
order effects. These contributions are not possible within
T50 K ab initio method and are therefore beyond our cap
bilities.
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