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Experimental and theoretical x-ray magnetic-circular-dichroism study of the magnetic properties
of Co50Pt50 thin films
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An experimental and theoretical investigation of the structural and micromagnetic properties of the Co50Pt50

ordered alloy is presented. The Co-3d and Pt-5d orbital and spin magnetic moments and their anisotropies are
determined by means of angle-dependent x-ray magnetic-circular-dichroism~XMCD! measurements. Our cal-
culated spin magnetic moments of both Co and Pt are in good agreement with our experimental results, while
the orbital magnetic moments are underestimated. The reduction of the 3d and 5d orbital magnetic moments,
observed when the spin magnetic moment is forced out of the easy axis of magnetization, is reproduced by the
theory. The calculated XMCD reproduces semiquantitatively the experimental spectra and underestimates the
so-called branching ratio. The computed magnetocrystalline anisotropy is of the same order of magnitude as
the experimental one with the correct sign.
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I. INTRODUCTION

Molecular-beam epitaxy~MBE! has several capabilitie
not afforded by conventional bulk techniques, that can c
tribute in the fabrication of artificial materials with peculia
properties. In particular, it has been demonstrated that a
able magnetocrystalline anisotropy~MCA! could be
achieved in metastable~111! CoPt3 thin-film alloys, simply
by changing the growth temperature.1,2 The appearance o
this growth-induced chemical anisotropy in thin films grow
around 690 K was closely connected to the formation
anisotropic local order effects@i.e., the formation of small Co
in-plane two-dimensional~2D! clusters embedded in Pt# in-
duced by a preferential surface diffusion together with a
segregation at the growth surface.3 The large perpendicula
magnetocrystalline anisotropy~PMA! found in this system
(107 erg cm23! and its relative small Curie temperatu
~close to 500 K! make CoPt3 thin films good candidates fo
magneto-optic recording applications.4 One should note,
however, that a small increase in the growth tempera
favors the formation of the equilibrium phase, which is of t
L12-type. Consequently, a variation in the MCA by a fact
of about 5 is found for an increase in the growth temperat
of only 60 K.

As mentioned above, the mechanisms that govern M
in CoPt alloy systems are often local order effects and i
therefore difficult for the theory to reproduce the trends o
served in experiments. The situation is, however, much m
simple for Co50Pt50 alloys since a large PMA~up to 4
3107 erg cm23!5 is observed for the ordered tetragon
L10-type equilibrium phase~i.e, alternating layers of pure
Co and Pt atoms, see Fig. 1!. For bulk systems, single or
dered crystals are obtained from the disordered state by
PRB 620163-1829/2000/62~2!/1157~10!/$15.00
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nealing up to 1000 K in the presence of a magnetic field.
thin films grown by MBE, a preferential ordering directio
can be directly achievedvia the effects mentioned above an
by an appropriate choice of substrates. In contrast to wha
observed for CoPt3 thin films, an increase in the growth tem
perature~or, in other words, in the bulk mobility! up to the
order-disordered transition should favor the formation of
L10-type crystal structure and consequently PMA. The
fore, a large and constant MCA can be easily obtained fr
a wide range of growth temperature.

MCA can be probed by many techniques such as tor
or ferromagnetic resonance measurements. Both these m
ods are not element specific, they cannot distinguish betw
the shape and the magnetocrystalline anisotropies and c
acterize MCA in terms of phenomenological anisotropy co
stants. It has been recently demonstrated by Welleret al.6

that x-ray magnetic circular dichroism~XMCD! is also a
suitable technique to probe MCA,via the determination of
the anisotropy of the orbital magnetic moment on a spec
shell and site. This new technique gives therefore a c
picture of the mechanisms involved in the appearance
MCA in thin films.7

Several ab initio calculations have already been pe
formed to investigate the XMCD.8,9 The L2 and L3 edges
involving electronic excitations of 2p-core electrons towards
d-valence states have primarily attracted much attention
to the dependence of the dichroic spectra on the excha
splitting and the spin-orbit coupling of both initial core an
final valence states. For 5d elements dissolved in 3d transi-
tion metals, the spin-orbit coupling of the initial 2p-core
states is large and the resulting magnetic moment is sm
while the opposite is true for the 3d elements. This can lead
to pronounced dichroic spectra as seen by Schu¨tz in the case
1157 ©2000 The American Physical Society
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1158 PRB 62W. GRANGEet al.
of 5d elements dissolved in Fe.10 Calculations performed by
Ebert for a disordered Co80Pt20 system,8 have shown that the
spin-orbit coupling of the final states is rather unimporta
for the XMCD on the Co atom while the exchange splitti
of the 2p-core states made a remarkable contribution. B
obviously, the major contributions came from the spin-or
coupling of the core states and the exchange-splitting of
conduction states. For the Pt atom, the spin-orbit coupling
the core states and the exchange splitting of the conduc
states play the same role as well as the final states spin-
coupling.

Brouderet al.,11,12 Guo,13 and Ankudinovet al.14,15 used
multiple scattering theory to study XMCD but their metho
is time consuming for systems with a large number of ato
Finally, atomic calculations in crystal-field symmetry a
widely applied to describe theM4,5 edges of rare earths an
actinides and theL2,3 edges of transition metals. Because
the large number of parameters to fit, it is difficult to app
this formalism to delocalized 3d states.16

In this paper, we present an experimental analysis on
growth, the macroscopic magnetic properties and the mi
magnetism of a Co50Pt50 thin film grown on a MgO~001!
substrate at 800 K. A special emphasis is given on the de
mination of the Co-3d and Pt-5d orbital and spin magnetic
moments from XMCD measurements. In particular, ang
dependent XMCD measurements outline the mechani
that are responsible for a large MCA in CoPt systems.
nally, an ab initio investigation of the magnetic propertie
~magnetic moments, MCA, XMCD! by means of a fully rela-
tivistic and spin-polarized full-potential linear muffin-tin o
bital method ~FP-LMTO! is presented. The experiment
trends are well reproduced by our theory.

II. EXPERIMENTAL

A. Sample preparation and structural analysis

The 40-nm Co50Pt50 thin film was co-deposited at 800 K
under UHV conditions on a~001! MgO substrate, following
the growth of a 9-nm Pt buffer layer grown at 990 K. Gre
care was taken to clean the substrate and differentin situ
annealing treatments ensured the desorption of H2O and CO
molecules from the surface.17 The rate of deposition wa
0.011 and 0.008 nm.s21 for the Pt and Co atoms, respe
tively. The sample was finally capped with a 3-nm Ru lay

FIG. 1. Schematic representation of theL10-type crystal struc-
ture and corresponding tetragonal unit cell used in the electr
structure calculations. Note that the Co50Pt50 ordered alloy can be
viewed as a film of alternating Co and Pt layers.
t

t
t
e
f

on
bit

s.

f

e
o-

r-

-
s

i-

t

r

to prevent oxidation. The structural analysis was perform
ex situ by transmission electron microscopy~TEM! and
x-ray diffraction ~XRD! measurements. The TEM measur
ments were performed on a high-resolution transmiss
electron microscope~TOPCON, 200 keV! and the XRD
measurements were performed on a high-resolution x
diffractometer using CuKa radiation. TEM measurement
were performed in cross-section and plane view samples,
the incident electron beam is along the MgO@100# azimuth
and the MgO @001# growth direction, respectively. The
electron-diffraction pattern of the cross-section sam
shows the 002 Pt and 002 CoPt diffraction spots~Fig. 2!, and
more interestingly intermediate spots such as the labeled
spot at half the distance between the transmitted beam
the 002 CoPt spot, and also the 021 spot between the 020
022 ones. Such reflections, extinguished in a fcc disorde
CoPt alloy, are the signature of a chemical ordering along
growth direction. The corresponding TEM diffraction patte
of the plane view sample~not shown!, evidence~in addition
of the 200 and 020 CoPt fundamental spots! supplementary
spots, labeled 110, characteristic of aL10-type ordering. The
absence of both the 100 and 010 spots reveals that
L10-type ordered regions with thec axis along the growth
direction are present. We recall that the first observation
the L10 long-range order~LRO! for a ~001! CoPt thin film
grown by MBE was made by Harpet al. in 1993.18 More
recently, the growth of aL10 phase was also achieved in
MBE co-deposited FePd film.19

The MBE process is therefore clearly inequivalent to co
ventional bulk methods for which ordering may occur alo
any principal crystallographic direction. This should be r
lated to two different effects that are discussed in details
the following: ~i! the influence of the buffer layer~ii ! the Pt
segregation at the growth surface. For a growth tempera
of 800 K @close to the order-disorder transition~1100 K!#, we
expect naturally the formation of the tetragonalL10 phase.
The influence of the Pt buffer layer should be regarded as
external constraint for the growth@similarly to the presence
of a magnetic field during annealing for conventional bu
technique~Ref. 5!#: the lattice parameter of Pt fcc is 0.39
nm @that is much larger than thec parameter of theL10

ic

FIG. 2. The microdiffraction patterns obtained by transmiss
electron microscopy in the Co50Pt50 thin film. For this experiment,
the incident electron beam is along the MgO@100# direction. The
asterisks indicate the reflections that are normally absent for a
ordered alloy.
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PRB 62 1159EXPERIMENTAL AND THEORETICAL X-RAY . . .
phase~0.369 nm!, but close to thea parameter of theL10
phase~0.381 nm!#. There is, therefore, a tendency for th
tetragonalization along the@001# growth direction. The oc-
currence of a layer by layer growth can be also greatly
hanced by a dominant surface diffusion associated with
segregation along the advancing surface during growth. T
latter effect can lead to the formation of an alternation
Pt-rich and Pt-poor planar regions perpendicular to
growth direction, similarly to what happens for~111! CoPt3
thin films grown at 690 K.2,20 Finally, these two combined
effects yield the formation of an almost perfect superlatt
constituted of alternating Co and Pt layers perpendicula
the growth direction.

The importance of chemical LRO in the CoPt film can
characterized by an order parameter defined as the differ
between the Co atomic concentrations in the Co-rich
Co-poor ~001! planes. The determination of this parame
from the ratio of the 001 and 002 electron spot intensitie
really inaccurate and it is more judicious to use the x-
integrated intensities of the fundamental and superlattice
flections. Figure 3 shows theu – 2u scans around the 00
superlattice and 002 fundamental peaks~solid curve!; the
dashed curves are the rocking curves around these re
tions. The normal coherence length deduced from the
width at half maximum~FWHM! of the 002 peak~solid
curve! is about 15 nm, and the mosaic spread given by
FWHM of the corresponding rocking curve is equal to 1.
The chemical LRO parameter deduced from the ratio of
x-ray integrated intensities of the superlattice and fundam
tal reflections, corrected for absorption and Loren
polarization factors, is close to 0.660.1. This value repre-
sents an average and apparent LRO through the
thickness of the film. A more precise description of LR
from the analysis of high resolution TEM images will b
published elsewhere.

B. Magnetic measurements

In this section, we first briefly discuss the results obtain
from macroscopic measurements that allow us to determ

FIG. 3. Solid line: specular x-ray diffraction of the Co50Pt50 thin
film grown at 800 K on MgO~001!. Dashed curve: correspondin
rocking curves. The 001 CoPt reflection is the signature of theL10

long-range order~LRO!. Note that the LRO parameter can be d
duced from the ratio of the~001! and ~002! x-ray integrated inten-
sities.
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the total magnetization and the anisotropy energy. The
3d and Pt-5d orbital and spin magnetic moments and th
anisotropies will be determined using angle-depend
XMCD measurements.

Magnetization measurements were performed using
perconducting quantum interference device~SQUID! at 300
K with the field applied parallel or perpendicular to the fil
plane ~Fig. 4!. The total magnetization was found to b
(780650) emu cm23. In the parallel geometry, the satura
tion of the magnetization was not achieved for the range
field available~up to 7 T!, which illustrates the large mag
netocrystalline anisotropy. We note, however, that
sample is fully saturated if the magnetic field is applied
45° or even 60° with respect to the normal to the surfa
(Hsat51 T and 4 T, respectively!.

To determine the anisotropy energy, we have perform
torque measurements using the 45° method proposed
Miyajima and Sato.21 This method ensures a quantitative d
termination of the quantityK5K11K2 ~the sum of the sec-
ond and fourth anisotropy constants! by measuring the mag
netic torque as a function of the magnitude of the appl
magnetic field at a fixed angle, i.e., at 45° away from
direction of easy or hard magnetization axis. From this m
surement~shown in the inset of Fig. 4!, we have deduced aK
value of (3.060.5)3107 erg cm23. This value is slightly
smaller than the one reported by Eurin and Pauleve fr
their magnetic measurements performed on a bulk sin
crystal (K543107 erg cm23!.5 We attribute this difference
to the smallest chemical ordering found in our sample.

1. Probing MCA with XMCD

We now present the results of high-field angle-depend
XMCD measurements at both the Co and PtL2,3 edges in the
Co50Pt50 thin film. In the following sections, these resul
~namely, the determination of the local magnetic mome
on both the Co and Pt atoms and their variation as a func

FIG. 4. The SQUID hysteresis loop measured with the app
magnetic field parallel to the surface normal. Inset: the square o
ratio of the magnetic torqueL to the applied magneticH as a func-
tion of the magnetic torque~dots!. For this experiment, the mag
netic field was applied at 45° away from the normal to the surfa
The solid line is a fit assuming that (L/H)2 varies as
2(M2V/2K)L1(MV)2/2, whereM denotes the total magnetiza
tion, V is the magnetic volume andK5K11K222pM2 ~see Sec.
II B !.
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1160 PRB 62W. GRANGEet al.
of the angle between the x-ray beam and the normal to
surface! will be compared with the results of ourab initio
calculations. For convenience, the derived 3d (5d) orbital
and spin magnetic moments will be expressed per numbe
3d (5d) holes.

The XMCD is defined as the difference in absorption
right- and left-handed circularly polarized light, when th
magnetic field is parallel to the x-ray wave vector. We ha
used the optical sum rules to get a reliable information on
micromagnetism~i.e., the separation and the determinati
of the spin and orbital magnetic moments on a specific s
and site!, directly from the experimental spectra.22,23 Still
currently, the application of the XMCD sum rules—in pa
ticular for low symmetry systems—is debated since
quantity determined from the second sum rule is an effec
spin magnetic momentmspin

e f f ~the spin magnetic momen
mspin and the magnetic dipole termmT, see Fig. 5!.23–25The
determination of the orbital magnetic momentmorb is less
difficult and can be of great importance for the determinat
of MCA.

In some particular cases, Bruno showed that the M
could be related to the anisotropy of the orbital magne
momentEMCA;j(morb

z 2morb
x ), wherej denotes the spin

orbit coupling constant and (morb
z 2morb

x ) is the angular
variation of the orbital magnetic moment~z andx denote two
principal cryotallographic directions!.27–29 The angle-
dependent XMCD measurements have therefore gained
siderable attention from experimentalists since they allow
principle, a quantitative determination of the orbital mome
The advantage of Bruno’s relation is the qualitative expla
tion of the enhancement of the MCA in thin films; at th
surface, the breaking of symmetry leads to a strong dif
ence in the band width for the in-plane and out-of-pla
orbitals.30 This yields strongly anisotropic orbital magnet
moments and therefore a large MCA. Despite the correcti
by van der Laan31 of Bruno’s relation, when holes are als

FIG. 5. The angle dependence of the ground-state magnetic
ments for a 3d transition metal and an uniaxial symmetry~i.e., in
second-order perturbation theory!. g denotes the angle between th
direction of the spin magnetic moment~the direction of the applied
magnetic field! and the normal to the surface, i.e., the@001# direc-
tion. mspin describes a circle whereasmorb (mT) describes an el-
lipse when the magnetic field~large enough to magnetically satura
the sample! is rotated in the~010! plane ~Ref. 31!. For a ‘‘magic
angle,’’ g!557.3°, mT andmspin are perpendicular and the effec
tive spin moment calculated by the sum rules is equal to the
moment.
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present in the spin-up band, it remains difficult to obtain
quantitative value of the MCA energy from XMCD. For th
reason, the magnetic anisotropy energy will be discus
only qualitatively in terms of the orbital magnetic momen
We should, however, state that the main advantage
XMCD over conventional techniques such as torque m
surements is that XMCD is element specific. Therefore,
role of the Pt atoms in the appearance of MCA will be a
discussed.

2. XMCD at the Co L2,3 edges

XMCD experiments were performed at the Europe
Synchrotron Radiation Facilities~ESRF! on the ID12B~Co
L2,3 edges! beamline.32 We have used a collinear geomet
for which the applied magnetic field is parallel to the inc
dent photon beam. The x-ray absorption~XAS! spectra were
monitored at room temperature in the total electron yi
detection mode. For all these experiments, we have fo
that a 5-T applied magnetic field was large enough to sa
rate the sample. The XMCD signal was obtained by reve
ing the direction of the magnetic field, keeping the helicity
the incoming photons fixed. The circular polarization ra
was estimated to be 0.85.33

In the collinear geometry, the angle-dependent orb
sum rule for XMCD takes the following form@we defineg
as the angle between the normal to the surface~z axis,@001#
direction! and the direction of the applied magnetic field#:

morb
g 52~2Qg/3R!h3d , ~1!

wheremorb
g denotes the 3d orbital magnetic moment mea

sured at the angleg, Qg is the integrated dichroism intensit
over theL3 and L2 edges at the angleg ~corrected for the
incomplete polarization of the x rays!, R is the integrated 3d
isotropic absorption cross section~which is angle indepen-
dent!, andh3d is the corresponding isotropic number of hol
in the 3d shell ~see Fig. 6!.

As shown in Fig. 7, the integrated XMCD signal is anis
tropic, and hence via Eq.~1! so is the 3d orbital magnetic
moment~it is reduced by a factor of about 2 forg560° as
can been seen in Table I!. Assuming uniaxial symmetry, the
orbital magnetic moment in the film plane can be evalua
from the following variation:31,34 morb

g 5morb
z 1(morb

x

2morb
z )sin2 g, where x refers to the@100# direction. We

found morb
z /h3d50.10mB and (morb

z 2morb
x )/h3d50.08mB

~per Co atom!, resulting in an anisotropy of the 3d orbital
magnetic moment of 170% of its isotropic value@(morb

z

12morb
x )/3#. By comparison, the value found in a CoPt3 thin

film grown at 690 K was only about 60%.34 Note here that
Bruno’s relation states that the easy axis of magnetiza
lies along the maximum orbital moment direction for ha
ferromagnets. We therefore expect XMCD measurement
confirm the presence of PMA. Finally, typical errors in th
determination of the orbital magnetic moment are of the
der of 10%, while error bars for spin moments vary from 6
to 10% slightly larger compared to previous experiments t
estimated the experimental error bar to be 4% for both
bital and spin moments.24

From the spin sum rule, we derive an effective spin ma
netic moment per 3d hole of 0.75mB (g50°). Although the
contribution of the magnetic dipole term is expected to
small in 3d metals, it cannot be ignored in our case since

o-

in
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PRB 62 1161EXPERIMENTAL AND THEORETICAL X-RAY . . .
L10-type structure is highly anisotropic. The separation
the magnetic moment can bea priori obtained from the
angle dependence of the effective spin magnetic mom
itself.6,35Since, for a 3d transition metal, the magnetic dipol
term only describes a quadripolar term in the spin cha
distribution around the nucleus, it can be written asmT

5Q!Ŝ, whereŜ is a unit vector along the direction of th
spin magnetic moment andQ! is a second-rank tensor wit
vanishing trace. There should therefore exist an an
~known as the ‘‘magic angle’’! for which the projection of
mT along mspin vanishes ~Fig. 5!. For this angle (g!

557.3°), we obtainmspin /h3d50.67mB ~per Co atom!.

3. XMCD at the Pt L2,3 edges

In a previous paper,34 we have outlined the role played b
the 5d electrons in the appearance of MCA. The enhan
ment of MCA found in CoPt systems could result from:~i!
the enhancement in the anisotropy of the Co-3d magnetic
moment due to an anisotropic 3d-5d hybridization,~ii ! the
Pt-5d orbital magnetic moment itself and the associa
strong 5d spin-orbit coupling. For instance, an anisotrop
3d– 5d hybridization causes a large difference in the
plane Vx , and out-of-planeVz , bandwidth of the Co 3d

FIG. 6. Top panel. Solid line: the isotropic absorption cro
section~the half-sum of the absorption spectra recorded for a p
allel and antiparallel alignment of the photon spin and the mag
tization vector! measured at theL2,3 edges of Co in the Co50Pt50 thin
film (g50°). Squares: a step-height function that accounts for
transitions towards the continuum states. The 3d absorption cross
section is the difference between these two latter curves. Lo
panel: the corresponding XMCD signal~the difference in the ab-
sorption spectra recorded for an antiparallel and parallel alignm
of the photon spin and the magnetization vector!. The R and Q
integrals~dots! are the quantities appearing in the orbital sum r
~see text!. The XMCD signal is corrected for the circular polariz
tion rate~0.85!. Note that theQ integral is directly proportional to
the orbital magnetic moment of the 3d shell.
f

nt

e

le

-

d

-

orbitals. In the Co50Pt50 ordered alloy we haveVz.Vx

(mz
orb.mx

orb) and consequently a large PMA.7,36 The XMCD
experiments at the PtL2,3 edges were performed at ESRF o
the ID12A beamline32 in the total fluorescence detectio
mode, using a collinear geometry. The experimental se
for these experiments was the same as for the one use
the experiments performed at the CoL2,3 edges. Note that the
penetration depth of the incoming x rays is about a few m
crons at theL2,3 edges of Pt for a 50 nm CoPt thin films
Therefore, these experiments appeared as rather challen

Figure 8 shows the XMCD signal recorded at theL2,3 of
Pt in the Co50Pt50 thin film for different values of the inciden
angleg. An angle dependence in the Pt-XMCD signal~or, in
other words, in the 5d orbital magnetic moment! is clearly
visible, illustrating the possible role played by the Pt ele
trons in the appearance of MCA.34 From the XMCD spectra,
we can determine directly the ratiomorb /mspin , which does
not depend on the isotropic absorption cross section,

TABLE I. The experimental (morb
exper) and theoretical (morb

theor)
Co-3d and Pt-5d orbital magnetic moments as a function of th
angleg between the spin quantization axis and the normal to
surface. The calculated number of holes for Co and Pt are 2.628
2.480, respectively. Notice that while the theory underestimates
orbital magnetic moments, it reproduces nicely the trends as a f
tion of g. The magnetic moments are expressed inmB per atom.
The error for the experimental values is of the order of 10%, lar
than the experimental error bars, 4%, estimated in the case o
and Co~Ref. 24!.

g morb
exper(3d) morb

theor(3d)

0° 0.26 0.11
30° 0.24 0.09
45° 0.17 0.08
60° 0.11 0.05

g morb
exper(5d) morb

theor(5d)
10° 0.09 0.06
60° 0.06 0.03

r-
e-

e

er

nt

FIG. 7. The angle dependence of the integrated XMCD inten
~corrected for the incomplete polarization of the x rays! at the Co
L2,3 edges in the Co50Pt50 thin film (g50°, solid line;g545°, dots;
g560°, dashed line!.
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1162 PRB 62W. GRANGEet al.
number of holes and the degree of circular polarization@0.9
~Ref. 37!#. We found morb /mspin50.27 and 0.16 forg
510° and 60°, respectively. This illustrates the strong MC
since the spin magnetic moment is an isotropic quantity. T
Pt-5d orbital and spin magnetic moments have been deri
from the application of the sum rules, following a standa
procedure:~i! the L3 andL2 XAS spectra are normalized i
a ratio of 2.2 to account for a difference in the^5dur u2p1/2&
and ^5dur u2p3/2& radial matrix elements and~ii ! the 5d iso-
tropic absorption cross section per 5d hole is expressed in
terms of the difference in the XAS spectra measured at
L3 (L2) edge of Pt in the Co50Pt50 thin film and at theL3
(L2) edge of Au in a Cu50Au50 foil.34,38 Taking into account
the number of nonmagnetic Pt atoms in the buffer layer,
found morb /(h5d

Pt2h5d
Au)50.09mB and 0.06mB ~per Pt atom!

for g510° and 60°, respectively.39 Keeping in mind that the
MCA is related to both the anisotropy of the orbital magne
moment and the strength of the spin-orbit coupling, we e
phasize that the role played by the 5d orbital magnetic mo-
ment, itself, is certainly non-negligible. Moreover, the a
isotropy in the 5d orbital magnetic moment is larger than th
one found in a CoPt3 thin film grown at 690 K, in agreemen
with the larger anisotropy found from torque measuremen34

Finally, in the determination of themorb /mspin ratio, we
have implicitly assumed that the contribution of the magne
dipole term to the effective spin magnetic moment is ne
gible. This assumption is to some extent justified due to
finding of an isotropic effective spin magnetic mome
which should be attributed to the strong delocalization of
5d electrons.38 We found mspin

e f f /(h5d
Pt2h5d

Au)50.35mB and
0.36mB ~per Pt atom!, for g510° and 60°, respectively.

III. THEORETICAL STUDY

In this section we present ourab initio investigation of the
XMCD and the magnetic properties of the Co50Pt50 system.
A similar study has been already performed for the
nitrides.9 We will first present our theoretical model used
calculate the XMCD spectra, the magnetic moments and
MCA. In a second part, the results of our calculations will
discussed and compared to experiment.

FIG. 8. XMCD signals~corrected for the finite rate of circula
polarization! recorded at theL2,3 of Pt in a Co50Pt50 thin film. The
corresponding XAS spectra have been normalized by adjusting
step-height ratio to 2.2~Ref. 34!. g510°, dots;g560°, solid line.
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A. Theoretical model

The calculation of the x-ray absorption for left- and righ
circularly polarized x-ray light is implemented within th
local spin-density approximation~LSDA! by means of the
all-electron fully relativistic and spin-polarized full-potentia
muffin-tin orbital method~LMTO!.40 The space within this
method is divided in two regions: the nonoverlappi
spheres~muffin-tin spheres! centered in each atom and th
interstitial region. The muffin-tin potential is developed ov
the lattice harmonics of the system and the rest of the po
tial is treated using fast Fourier transform. The core electr
are spin polarized and their electronic states are obtaine
solving iteratively the Dirac equation. For the valence ele
trons, the spin-orbit coupling is added to the semirelativis
Hamiltonian; and the total Hamiltonian is solved se
consistently. To calculate the polarization-dependent cr
section we considered the spin quantization axis along
direction of the x-ray beam like in the XMCD experiment
setup presented in Sec. II B. With respect to this axis,
define the left- and right-circular polarization, which corr
sponds to the photon helicity (1\) and (2\), respectively.
We allowed only dipole electron-photon interactions:ê6•p
51/A2(“x6ı“y). The absorption cross sectionsm6 for
left- (1) and right- (2) circular polarized x-ray calculated
at the relativisticj 6 ( l 6 1

2 ) core level in the dipole approxi
mation are given by

m6~v!5
2p

\ (
mj 6

(
n,k

u^ j 6m6uê6•punk&u2

3d~\v2En,k1Ej 6
!, ~2!

where the first sum runs over the core initial states and
second one over the final unoccupied states.

In the above expression, we have neglected the rearra
ment of the electronic cloud after the electron-photon ex
tation due to the creation of the core hole. This char
relaxation process in the case of 3d ferromagnets should be
comparable to the electron-hole recombination, so that
final states are at some extend affected. The local s
density approximation is inadequate for the description
the physical process involving the electron-ho
recombination.41 More details about the inclusion of the co
hole will be discussed in the XMCD subsection.

To compute the electronic properties of Co50Pt50 we used
the experimental lattice constants and a unit cell contain
one atom of Co and one of Pt~see Fig. 1!. We allowed the
spin-polarized core electrons to relax during the se
consistent calculation, and we used the parametrization
von Barth and Hedin for the exchange-correlation poten
and energy.44 We shifted ourk mesh rigidly by half a step
along thex, y, andz axis from theG point in the Brillouin
zone~BZ!, to avoid high symmetry directions and planes
the BZ and consequently any degenerate eigenvalues.

The magnetic anisotropy energy~MAE! can be computed
directly usingab initio methods; it is defined as the differ
ence between the total energy for two different spin qua
zation axis. The biggest contribution to MAE comes usua
from the MCA, whose origin is the spin-orbit coupling, b
there are also contributions related to the strains indu
when we apply a field and oblige the magnetization to rot

he
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from its easy axis. The last contribution, known also as m
netoelastic energy, is not taken into account in our calcu
tions, so from now on we will refer ourselves only to MCA
The number ofk points that we use in the BZ to perform th
integrations depends strongly on the interplay between
contributions to MCA from the Fermi surface and the ba
contribution to the total energy.45 When the former contri-
bution to the MCA is important, a large number ofk points
is needed to describe accurately the Fermi surface.

B. Theoretical results and discussion

1. MCA

Figure 9 shows the results of the calculations of the MC
and its convergence with the number ofk points used to
perform thek-point integral over the Brillouin zone. Th
MCA for our system is the difference in total energy betwe
one of the two in-plane hard axis,@100# or @110#, and the
easy@001# axis. We see almost no difference between
MCA for the @100# and@110# axis and they both converge t
about the same value of 2.2 meV, with respect to the num
of k points. This finding confirms and supports the assum
tion of an in-plane isotropy of the spin and orbital magne
moments. The calculated value can be compared with
experimental result of MCA of Eurin and Pauleve5 of 1.3
meV/~unit cell!, and our experimental value of 1.0 meV/~unit
cell!. Our computed value agrees also with the value of
meV/~unit cell!, obtained by Sakuma using LMTO method
the atomic-sphere approximation.46

2. Magnetic moments

The theoretical spin magnetic moments are calculated
rectly by integrating the partial density of states inside e
muffin-tin sphere. The small contribution of the interstiti
region to the total spin magnetic moment~one order of mag-
nitude smaller than the spin moment on the Pt atom!, which
is difficult to attribute to a specific atom, is neglected. W
have also calculated the orbital magnetic moments indu
by the spin-orbit coupling. The number of holes in thed
bands of Co and Pt, required by the optical sum rules

FIG. 9. Difference in the total energy between one of the t
hard in-plane axis,@110# or @100#, and the easy@001# axis @i.e.,
magnetocrystalline anisotropy~MCA! energy# as a function of the
number of k points in the Brillouin zone. The small differenc
observed in the MCA for the two different in-plane axis is corr
lated to the symmetry of the crystal structure.
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extract the spin and orbital magnetic moments from the
perimental XMCD spectra, are obtained by projecting ea
muffin-tin sphere spin density of states on thed-channel an-
gular momentum. The values we used are 2.628 for Co
2.480 for Pt. In Tables I and II, we present the experimen
and theoretical orbital and spin magnetic moments, obtai
for different orientations of the spin quantization axis. The
spin magnetic moment is purely induced by hybridizati
and spin-orbit coupling. We expect a reasonable agreem
for the spin magnetic moment, where any difference sho
come from the fact that the sum rules are derived from
atomic theory and their application to itinerant electrons,
though useful, is not exact, especially for Pt where thed
states are much more delocalized than the 3d states of Co.26

At the precision of the experimental results, there is indee
good agreement between the experimental and theore
spin magnetic moments. In contrast, there is a strong disc
ancy for the orbital magnetic moment since LSDA signi
cantly underestimates the orbital moment.47 However, the
behavior of the orbital magnetic moment as a function of
incident angleg is the same for both experimental and th
oretical results. For instance, the computed 3d orbital mag-
netic moment forg560° is 0.45 times the value forg50°,
while the experimental ratio is 0.42. This shows that even
LSDA underestimates the orbital moments, it describes c
rectly the trends, with respect to the angleg.

3. XMCD

As mentioned in Sec. III A we expect a better agreem
between theory and experiment for Pt than for Co, conce
ing the XMCD spectra. In Fig. 10 we have plotted the a
sorption and the XMCD spectra of Co forg50°. We have
scaled our spectra in a way that the experimental and th
retical L3 peaks in the absorption spectra have the same
tensity. The energy difference between theL3 andL2 peaks
is given by the spin-orbit splitting of thep1/2 andp3/2 core
states of 14.8 eV, and is in good agreement with experim
But the intensity of theL2 peak is larger than the correspon
ing experimental peak. We convoluted our theoretical sp
tra using a Lorentzian width of 0.9 eV and a Gaussian wi
of 0.4 eV as proposed by Ebert.8 The Gaussian represents th
experimental resolution while the Lorentzian corresponds
the width of the core hole. As mentioned above, this bro
ening effect is important for 3d transition metals like Co.
The high intensity of the calculatedL2 edge makes the the
oretical XMCD integratedL3/L2 branching ratio of 1.32
much smaller than the experimental ratio of 1.72. This d

TABLE II. The experimental (mspin
exper) and theoretical (mspin

theor)
Co-3d and Pt-5d spin magnetic moments. The Pt spin magne
moment is purely induced by hybridization and spin-orbit couplin
The magnetic moments are expressed inmB per atom. The error for
the experimental values varies from 6% up to 10%, and it is lar
than the experimental error bars, 4%, estimated in the case o
and Co~Ref. 24!.

mspin
exper mspin

theor

Co 1.76 1.79
Pt 0.35 0.37
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crepancy of theL3/L2 branching ratio is not surprising sinc
we do not take into account the photoelectron core-hole
teraction.

An attempt to include the core hole interaction on t
calculated XAS was made by one of us41 using the final-state
rule, i.e., assuming that the final-state energies are meas
and the dynamics of the excitation process are neglec
This results in a static description of the core hole. The at
with a core hole is embedded in a crystal using a super
geometry. It was found that the screening of the core hol
such that the atom with the core hole acquired the sa
number of valence electrons as the next atom in the peri
table, i.e., an Fe atom with a core hole developed a s
magnetic moment closer to that of bulk Co, and the Co
cited atom magnetic moment is closer to that of bulk Ni, a
the Ni excited atom has no magnetic moment like bulk c
per ~see Ref. 41 for details!. This simple static picture of the
electron-hole interaction is insufficient for the description
XMCD because the XMCD through the use of sum ru
describes the ground-state magnetic properties. Brou
et al.12 used also the final-state rule to account for the c
hole effect on theK edge of Fe. Here the core hole is locat
in the 1s state and the final state is ofp character. Both the
XAS and XMCD at theK edge were not much affected b
the presence of the core hole because the Fep states did not
participate much to the screening of the core hole. A co
parison with experiment did not show much of an improv
ment. On the other hand, the calculation of Ankudinovet
al.,15 using multiple scattering cluster code, of theK-edge
XAS of paramagnetic BN showed that the final-state r
works better than in the case of theL2,3 edge of 3d ferro-
magnets. However, it is surprising that the relative chang
the peak intensities in theK-edge spectrum is much mor
pronounced than that of thep density of states despite tha
the dipole matrix elements are known to have a weak ene
dependence. Finally, Schwitalla and Ebert performed rela
istic calculations using time-dependent density functio
theory to account for the core-hole effect but their results
the L2,3 branching ratio of the late transition metals~Fe, Ni,
and Co! were in worse agreement with experiment than th
without core-hole effect.42 To take effectively the core-hole
photoexcited electron interaction, including the dynamics

FIG. 10. Experimental and theoretical isotropic-XAS~XMCD!
spectra at the CoL2,3 edges (g50°). Thetheoretical spectra hav
been broadened by a combination of a Lorentzian and a Gaus
function to account for core-hole effects and experimental res
tion, respectively. We observe a semiquantitative agreement
experiment, although the so-called branching ratio is undere
mated by our calculations.
-

red
d.

m
ll

is
e
ic
in
-

d
-

f
s
er
e

-
-

e

of

y
-
l
r

e

f

the relaxation is a difficult task, and would require the c
culation of a time-dependent two-particle Green’s function43

In conclusion, we believe that a good description of the el
tron hole interaction should improve the branching ratio, a
progress along the work of Zaanenet al.43 is desirable.

Figure 11 shows the difference between the theoretical
XMCD for two different directions of the spin quantizatio
axis. We see clearly that there is a change in the XMC
signal, which is related to the change in the orbital magne
moment between these two directions and consequently
XMCD anisotropy should be proportional to the underlyin
MCA.

In contrast to what is obtained for Co, the results for t
Pt atoms~Fig. 12! show a better agreement with experime
due to the fact that the core hole effect is less intense~core
hole much deeper compared to Co!. For the Pt atom we used
both a Lorentzian~1 eV! and a Gaussian~1 eV! to represent
the core hole effect and a Gaussian of 1 eV width for
experimental resolution. The experimental and theoreticaL2
andL3 edges are separated by a spin-orbit splitting of thep

ian
-

th
ti-

FIG. 11. Difference in the XMCD signal at the CoL2,3 edges
obtained for two different orientation of the spin quantization a
with respect to the@001# direction ~Ref. 48!.

FIG. 12. Experimental and theoretical XMCD signals at the
L2,3 edges (g510°). The theoretical spectra have been broade
by a combination of a Lorentzian and a Gaussian function to
count for core-hole effects and experimental resolution, resp
tively. We observe a semiquantitative agreement with experim
although the so-called branching ratio is underestimated by our
culations.
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core states of 1709 and 1727 eV, respectively. The width
both L2 and L3 edges is comparable to experiment, but t
calculatedL2 edge is much larger. This produces a calcula
integrated branching ratio of 1.49 which is much smal
than the experimental ratio of 2.66. Here again the the
underestimates the branching ratio.

IV. CONCLUSION

We have investigated the magnetic properties of the
dered Co50Pt50 alloy from both an experimental and a the
retical point of view. From angle-dependent x-ray magne
circular dichroism measurements, we have investigated
anisotropic 3d-5d hybridization and the strong Pt spin-orb
coupling that favor a large perpendicular magnetocrystal
anisotropy. The derived spin magnetic moments were fo
to be in good agreement with the results of ourab initio
calculations. We showed that our theory is capable of rep
ducing the experimental trends of the variation of the orb
magnetic moment as the function of the direction of the s
s
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quantization axis. The calculation of the x-ray magnetic c
cular dichroic signal ignoring the electron-hole recombin
tion effect provides a semiquantitative agreement with
experimental spectra of both Co and Pt edges. The unde
timation of theL2,3 branching ratio remains a great challen
for theorists and further theoretical development along
line proposed by Schwitalla and Ebert42 is needed to bring
the theory at the level of the experiment.
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