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Magnetocrystalline anisotropy in „111… CoPt3 thin films probed
by x-ray magnetic circular dichroism
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Angle-dependent x-ray magnetic circular dichroism experiments have been performed at both the Co and Pt
L2,3 edges in two epitaxial~111! CoPt3 thin films grown at 690 and 800 K. The analysis of the angular
variations of the 3d orbital magnetic moment shows two different magnetic behaviors: a strong perpendicular
magnetocrystalline anisotropy~PMA! for the film grown at 690 K and an almost isotropic behavior for the film
grown at higher temperature. The same analysis at the PtL2,3 edges suggests that the 5d electrons play an
important role in the PMA. Our results correlate the appearance of PMA with the existence of anisotropic
structural effects induced during the codeposition process.@S0163-1829~98!07534-1#
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I. INTRODUCTION

Recently, ultrahigh-vacuum preparation methods such
molecular beam epitaxy~MBE! have been appealing route
to fabricate new materials for short-wavelength magne
optic ~MO! recording. In this respect, Co/Pt or Co/Pd mul
layers, which may exhibit strong perpendicular magnetocr
talline anisotropy~PMA! and a large Kerr rotation at sho
wavelengths, have been extensively studied.1–3 Co-
evaporated Co-Pt thin films have also shown strong P
with 100% remanence and enhanced MO signals with
spect to Co/Pt multilayers.4 In epitaxial CoPt3 thin films,
PMA was clearly shown to be dependent on the grow
temperature.5,6 Strong PMA~unexpected for a cubic lattice!
was observed in films coevaporated around 690 K and
related to the existence of anisotropic chemical local or
~yielding the formation of microscopic Co-rich and Co-po
planar local regions!.7,8 In contrast, films grown below 500 K
and above 800 K present no PMA. These changes were
related to their isotropic fcc structure which is disordered a
orderedL12 type, respectively. Such changes in chemi
local ordering would result from~i! the competition between
surface and bulk diffusion and~ii ! the tendency of Pt atom
to segregate at the advancing free surface during growth
690 K, surface diffusion is the dominant diffusion proce
and the atomic arrangements~i.e., the formation of these
microscopic Co-rich and Co-poor regions! built at the
growth surface are simply frozen; at 800 K enhanced b
diffusion tends to destroy them, favoring the formation of t
L12-type equilibrium phase, and below 500 K surface diff
PRB 580163-1829/98/58~10!/6298~7!/$15.00
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sion is too weak.6 In these alloy films, the correlation be
tween PMA and the structural state has been establishe
ther by magnetization loops or torque measurements. B
methods are not element specific, cannot distinguish betw
the shape anisotropy and the magnetocrystalline anisot
~MCA!, and characterize MCA in terms of phenomenolo
cal anisotropy energy constants.

In 1995, angle-dependent x-ray magnetic circular dich
ism ~XMCD! measurements performed by Welleret al.9

have provided direct experimental support for the tig
binding approach of MCA proposed by Bruno10 and refined
recently by van der Laan.11 In this model based on a pertu
bation treatment, Bruno shows a direct connection betw
MCA and the anisotropy of the orbital magnetic moment.
this respect, we emphasize that XMCD is certainly the m
direct and sensitive technique to provide a quantitative inf
mation on MCA through separate spin and orbital magne
moment evaluations on specific shells and sites.12,13

In this work, we present high-field angle-depende
XMCD measurements performed at both the Co and PtL2,3
edges in two fcc~111! CoPt3 thin films ~grown at 690 and
800 K!. These two films can be viewed as model systems
our study since they present a large difference in MCA.
anisotropy of the 3d orbital magnetic moment as high a
0.13mB ~per Co atom! is observed for a film grown at 690 K
whereas no significant variation is found for a film grown
higher temperature. The measurements performed at th
L2,3 edges show the same trends. These results correlat
anisotropic short-range chemical order with the appeara
of MCA and emphasize the role of the Pt atoms in the MC
6298 © 1998 The American Physical Society
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II. SAMPLE PREPARATION AND CHARACTERIZATION

~111! CoPt3 thin films were deposited at 690 and 800
under UHV conditions on a mica (0001) substrate, followi
the growth of a 15-nm Ru (0001) buffer layer grown at 9
K.6 The 50-nm-thick films were then covered by a 1.5-nm
layer to prevent oxidation. The deposition rates of Co and
monitored by two quartz balances, were 0.005 and 0.
nm/s, respectively. The structural characterization was
formed in situ by a reflection high-energy electron
diffraction ~RHEED! analysis andex situby x-ray diffraction
~XRD!.6 The RHEED patterns observed along the azimu
@1010# and @1120# of Ru revealed the high quality of ou
~111! epitaxial films on the Ru buffer. The XRD measur
ments performed on a high-resolution x-ray Philips diffra
tometer using CuKa radiation confirmed the fcc-type stack
ing, with a lattice parameteraf cc equal to 0.3852 and 0.383
nm for the films grown at 690 and 800 K, respective
Based on the composition dependence of the lattice par
eter in the fcc CoPt bulk alloys, the corresponding platin
composition is equal to 75% and 68%, respectively. Comp
mentary XRD measurements in transmission were car
out at the French synchrotron facility, LURE, below the C
K absorption edge. These measurements show a long-r
chemicalL12-type ordering only for the film grown at 80
K. The absence of such ordering for the film grown at 690
indicates that the alloy is chemically disordered in the
lattice.

Before giving more details about the structure of t
films, we show in Fig. 1 the magnetization hysteresis loo
The film grown at 690 K exhibits a strong PMA whereas t
film grown at 800 K presents an almost isotropic behav
These results suggest the existence of anisotropic local o
effects in the film grown at 690 K, which were confirmed b
polarized x-ray-absorption fine structure~XAFS! measure-
ments. The analysis of the XAFS spectra performed at
Co K and PtL3 edges has shown preferential Co-Pt pa
together with a decrease of Pt-Pt pairs, when changing f
in-plane to out-of-plane polarization.7 As already outlined,
the existence of such a chemically anisotropic short-ra
order is the consequence of a dominant surface diffus
associated with a Pt segregation along the advancing su

FIG. 1. Superconducting quantum interference device~SQUID!
hysteresis magnetic loops for two epitaxial~111! CoPt3 thin films
measured at 30 K with the field applied parallel~dashed line! and
perpendicular~solid line! to the film plane. Left panel: film grown
at 690 K. Right panel: film grown at 800 K.
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during growth. Therefore, the film grown at 690 K may b
seen as a stacking of alternating Pt-rich and Pt-Co pla
local regions along the growth direction. The growth te
perature that determines the dominant process between
face and bulk diffusion is the key parameter to obtain suc
microstructure.6

III. EXPERIMENTAL DETAILS

X-ray-absorption spectra~XAS! were measured at the Eu
ropean Synchrotron Radiation Facility~ESRF! in Grenoble
~France! on the ID12A~Pt L2,3 edges! and ID12B~Co L2,3
edges! beamlines. The straight section ID12 is equipped w
two undulators, Helios-I and Helios-II, that cover an ener
range from soft~0.5–1.6 keV! to hard ~3–22 keV! x rays,
respectively.14 These beam lines have been specially d
signed for polarization-dependent x-ray-absorption spect
copy studies: by longitudinal phasing of the undulator ma
netic arrays, either linear or circular polarization can
easily obtained. For the experiments performed at the PtL2,3
edges, the third harmonic of the undulator Helios-II was ch
sen and a double-Si~111!-crystal monochromator ensured th
monochromatization of the beam. At the CoL2,3 edges, the
monochromatic beam was supplied by a grating spectr
eter. Note that the intense circular polarized radiation emit
by both undulators is very well transferred by the optic
elements: the polarization rate is estimated to be 0.9~Pt L2,3
edges! and 0.85~Ref. 15! ~Co L2,3 edges!, respectively.

The XAS spectra were monitoring at room temperature
the total fluorescence yield~TFY! detection mode at the P
L2,3 edges and in the total electron yield~TEY! detection
mode at the CoL2,3 edges. The XMCD signal was obtaine
by reversing the direction of the 4-T applied magnetic fie
keeping the helicity of the incoming beam fixed. For bo
experiments, the direction of the magnetic field generated
a superconducting magnet was parallel to the direction of
incoming beam. In the following discussion,g will denote
the angle between the direction of the incident photon be
and the normal to the surface~i.e., the@111# direction!.

Finally, we emphasize that the experiments performed
the PtL2,3 edges are very challenging since the absorpt
coefficient of a 50-nm CoPt3 film is only about 0.03.

IV. RESULTS

The most direct method for measuring the absorpt
cross section is the transmission technique. For epita
films deposited on thick or opaque substrates, alterna
techniques such as fluorescence~FY! or electron yield~EY!
techniques have, however, to be used.16,17 The FY technique
presents an advantage over the EY technique owing to
bulk sensitivity and the possibility to apply strong magne
fields. Since these two techniques measure the decay o
core hole created in the absorption, they give an indir
measure of the absorption cross section. Assuming a pro
tionality between FY~EY! and the absorption coefficient re
quires therefore a thorough analysis.

Some of the main difficulties encountered in the FY me
surements consist of self-absorption effects, leading to a
tortion of the absorption spectra.18 It is worth noting that
such effects are not observed for dilute species or when
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6300 PRB 58W. GRANGEet al.
penetration depth of the incoming photons is large with
spect to the thickness of the film. At the PtL2,3 edges, the
transmission coefficient is about 0.97 for a 50-nm CoPt3 film
and no sizable self-absorption effects are observed. At the
L2,3 edges, the penetration depth of the incoming x rays
only about a few hundred angstrom. We consequently p
form the measurements in the EY mode, restricting
analysis tog,60°, since the EY also suffers from saturatio
effects at glancing angles.19,20

Finally, we mention that the multiplet effects reported
de Grootet al.21 in the FY measurements are expected to
small at the PtL2,3 edges since the absorption process (p
→5d) is not resonant with the main fluorescence proc
(3d→2p).

A. XMCD at the Co L 2,3 edges

Figure 2 shows typical CoL2,3-edge XAS spectra~and the
corresponding XMCD signal corrected for the incomple
polarization of the x rays! measured with the field applie
parallel and antiparallel to the direction of the incomi
beam. The experimental XAS spectra were normalized s
that the CoL-edge jump is equal to 1. Although XMCD i
strictly defined as the difference in absorption for right a
left circular polarized light, we recall that—in the electr
dipole approximation—inverting the applied magnetic fie
or the circular polarization gives the same results.22 Using
the notations of Arvanitiset al.,23 the angle-dependent or
bital sum rule for XMCD takes the following form:

morb
g 52~2Qg/3R!~102n3d!, ~1!

wheremorb
g denotes the orbital magnetic moment measu

at the angleg, Qg is the integrated dichroism intensity ove
the L3 and L2 edges at the angleg, R is the 3d isotropic
absorption cross section, andn3d is the number of electron
in the 3d shell. To separate the transitions to unoccupiedd

FIG. 2. CoL2,3 absorption spectra of CoPt3 thin film ~grown at
800 K! recorded with parallel~dots! and antiparallel~solid line!
alignment of the direction of the incoming x rays and the magn
zation vector. For this experiment, the direction of the 4-T appl
magnetic field was parallel to the surface normal. The correspo
ing XMCD signal ~corrected for the incomplete polarization of th
x rays! and its integration~dashed line! are also presented. TheP
andQ are the integrals needed in the sum rules.
-
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states~the ‘‘white line’’ ! from the continuum, a simple step
like function was subtracted from the isotropic absorpti
cross section.

For all measurements, the 4-T applied magnetic field w
large enough to saturate the total magnetic moment. Th
fore no additional data corrections are needed. For the
film grown at 690 K, the incidence angle was varied from
to 60° ~every 15°), whereas only two measurements w
performed for the film grown at 800 K~0 and 60°).

Figure 3 shows the result of the integrated dichroism
tensity for the two samples~corrected for the degree of cir
cular polarization of the x rays!. As already outlined, an
angle dependence ofQ, and consequently in the orbital mag
netic moment, when the spins are forced out of the@111#
direction by the applied magnetic field, is the signature
MCA. For the film grown at 800 K, only a small variation i
found in the orbital magnetic moment, with an in-plane co
ponent slightly larger than the out-of-plane compone
These results are inverted from those found for the fi
grown at 690 K: in this case, the orbital magnetic momen
strongly anisotropic and now oriented along the normal
the surface. Assuming uniaxial anisotropy, we can comp
our experimental data with the model of Bruno who sugge
that the 3d orbital magnetic moment varies~at lowest order!
as morb

g 5morb
' 1(morb

// 2morb
' ) sin2g, wheremorb

' and morb
//

denote, respectively, the orbital magnetic moment measu
along and perpendicular to the easy axis of magnetizatio10

Figure 4 shows the good agreement between our experim
tal results and the theoretical prediction, supporting
present model. Taking into account the number of electr
in the 3d shell ~7.75!,24 we found morb

' 5(0.3060.02)mB

and (morb
' 2morb

// )5(0.1360.02)mB , per Co atom.
The difference in the anisotropy of the orbital magne

moment between the films grown at 690 and 800 K~given in

i-
d
d-

FIG. 3. Integrated dichroism signal~corrected for the incom-
plete polarization of the x rays! at the CoL2,3 edges measured fo
different incidence angleg in the two CoPt3 thin films (H
54 T, T5300 K). Upper panel: thin film grown at 800 K (g
50, solid line;g560°, dashed line!. Lower panel: thin film grown
at 690 K (g50, solid line;g515°, dots;g545°, short dashed line
g560°, dashed line!.



ion
a

-
n

th
D

r-
c
th
-P

tu
K
ill

ty
om
s

of

pin

it

0%
s
-
of

a

3

nd
ld

on
in

a-
ef-

it
re,

o-
is of
to

-
as

m

y a

tion
us
ag-
ic

in
ag-
e

he

e-
of

le-

s

p

n
ti
fo

PRB 58 6301MAGNETOCRYSTALLINE ANISOTROPY IN ~111! . . .
Table I! is consistent with the macroscopic magnetizat
measurements~Fig. 1!. Indeed, the shape of the magnetiz
tion hysteresis loop shows~i! a large PMA for the film
grown at 690 K~Ref. 25! and~ii ! an almost isotropic behav
ior for the film grown at 800 K. Note that the magnetizatio
curves obtained for the film grown at 800 K suggest that
magnetization lies in plane, in agreement with our XMC
results.

Moreover, our results are well correlated with the diffe
ence in the structural order. At 690 K, the dominant surfa
diffusion process coupled with the segregation of Pt at
growth surface produces the formation of preferential Co
pairs along the growth direction~i.e., the@111# direction! and
consequently an important broadening in the band struc
along this direction. As compared to the film grown at 800
the orbital magnetic moment in the film grown at 690 K w
be greatly enhanced along the@111# direction and therefore
be strongly anisotropic.26,27

The major interest of XMCD sum rules is the possibili
to determine separately the orbit and spin contributions fr
the total magnetic moment. Using the same notation a
Eq. ~1!, the angle-dependent spin sum rule is written as

mspin27mT
g52

~3Pg22Qg!~102n3d!

R
, ~2!

FIG. 4. 3d orbital magnetic moment~in units of mB /atom),
measured in the~111! CoPt3 thin film grown at 690 K, as a function
of the photon incidence angleg (H54 T, T5300 K). The solid
curve is a fit assuming that the 3d orbital magnetic moment varie
as morb

g 5morb
' 1(morb

// 2morb
' )sin2g, wheremorb

' and morb
// denote,

respectively, the orbital magnetic moment measured along and
pendicular to the easy axis of magnetization~i.e., the@111# direc-
tion for the film grown at 690 K!.

TABLE I. The Co orbital magnetic moment~along the normal
to the surface! and its anisotropyDmorb

3d 5(morb
' 2morb

// ) ~in units of
mB /atom) measured in the two studied~111! CoPt3 thin films
(morb

' andmorb
// denote, respectively, the orbital magnetic mome

measured along and perpendicular to the easy axis of magne
tion!. Note that the easy direction of magnetization lies in plane
the film grown at 800 K~see Fig. 3!.

morb
3d (60.02) Dmorb

3d (60.02)

CoPt3 (Tg5690 K) 0.30 0.13
CoPt3 (Tg5800 K) 0.15 0.02
-

e

e
e
t

re
,

in

wheremspin denotes the spin magnetic moment,28 mT
g is the

magnetic dipole term measured at the angleg, andPg is the
dichroism intensity over theL3 edge at the angleg.

The magnetic dipole term arises from the anisotropy
the spin density within the Wigner-Seitz cell13 and can there-
fore represent a significant contribution to the effective s
magnetic momentme f f spin

g 5mspin27mT
g ~i.e., the quantity

directly determined by applying the spin sum rule! for a
low-symmetry crystal environment or high spin-orb
splitting.29 For 3d metals, Wu and Freeman29 have shown
that the use of the spin sum rule results in an error up to 5
rule for the~001! surface of Ni. In agreement with previou
experimental studies,30 they found, however, that the mag
netic dipole term could be safety neglected in the case
cubic symmetry. Thus, for the film grown at 800 K with
L12-type long-range chemical ordering, neglectingmT

g in the
spin sum rule is certainly a good approximation. Using ad
occupation number of 7.75,24 we obtain mspin5(1.60
60.10)mB per Co atom.

With regard to the large orbital moment anisotropy fou
in the film grown at 690 K, the magnetic dipole term shou
be now more significant. This is confirmed by the variati
of the effective spin magnetic moment itself: we obta
me f f spin5(1.5860.10)mB and me f f spin5(1.4060.10)mB
for g515° andg560°, respectively. To determine sep
rately the spin and magnetic dipole contributions to the
fective spin moment, we follow the arguments of Sto¨hr and
König.31 In 3d transition metals, the effect of the spin-orb
interaction on the magnetic dipole term is weak; therefo
for a uniaxial anisotropy, we can writemT

'12mT
//50, where

mT
' and mT

// denote, respectively, the dipole magnetic m
ment measured along and perpendicular to the easy ax
magnetization. Since the magnetic dipole term, similarly
the orbital magnetic moment, is expected to vary asmT

g

5mT
'1(mT

//2mT
')sin2g ~in the absence of in-plane anisotro

py!, the effective spin magnetic moment should vary
me f f spin

g 5l1b sin2g, where l5(mspin27mT
') and b

5 21
2 mT

' . We derive a spin magnetic moment per Co ato
equal to (1.4460.10)mB and a magnetic dipole termmT of
2(0.01960.003)mB and (0.00960.002)mB for the out-of-
plane and in-plane orientations, respectively.

Although the orbital magnetic moment is enhanced b
factor of about 2 in the film grown at 690 K~see Table I!, the
spin magnetic moment does not show a significant varia
for the two samples. This result is consistent with previo
studies that have clearly pointed out that the Co spin m
netic moment is less sensitive to changes in atom
environment.26,32

B. XMCD at the Pt L 2,3 edges

According to calculations, the strong MCA observed
Co-Pt or Co-Pd systems results mainly from the nonm
netic element.33,34Due to their strong spin-orbit coupling, th
5d (4d) states acquire a sizable orbital polarization@once a
spin polarization is induced by the strong 5d(4d)-3d hybrid-
ization# and therefore give an important contribution to t
MCA. In a naive picture, the 3d electrons would play a
minor role in the MCA, acting only as a ‘‘source of magn
tism.’’ To pursue the understanding of the appearance
MCA in Co-Pt systems, we present in this section ang

er-

t
za-
r
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6302 PRB 58W. GRANGEet al.
dependent XMCD measurements at the PtL2,3 edges on the
CoPt3 thin films under study. The incident angleg was var-
ied from 10° to 60° (10°, 30°, 45°, 60°) for the thi
film grown at 690 K and two measurements were perform
for the film grown at 800 K (30° and 80°).

To our knowledge, only few XMCD experiments hav
been performed at the PtL2,3 edges since the measuremen
of Shütz et al. in 1989.35 For example, Maruyamaet al.have
presented some results concerning the induced Pt mag
moments in TM-Pt3 ~TM5Cr, Mn, Co! bulk alloys.36,37

While the analysis of Pt XMCD spectra requires some ca
only few details have been given in these previous stud
To address this properly, we give in the following discuss
more details and argue that a rough analysis could lea
large errors in the determination of the 5d spin and orbital
magnetic moments.

Figure 5 shows a normalized Pt isotropic absorption sp

FIG. 5. Upper panel: typicalL2,3 isotropic absorption edges o
Pt in the ~111! CoPt3 thin film grown at 690 K~solid curve! and
those of Au in a CuAu3 bulk sample~dots! for g530°. Lower
panel: XMCD signal at the PtL2,3 edges corrected for the circula
polarization rate (H54 T, T5300 K).
d

tic

e,
s.
n
to

c-

trum and the corresponding XMCD signal for the thin fil
grown at 690 K (g530°). The XMCD signal is corrected
for the incomplete polarization of the x rays. As outlined
Mattheiss and Dietz,38 an important feature of theL2,3 ab-
sorption spectra of Pt is that the ratio of theL3 to L2 edge
jumps, r L , deviates from the statistical ratio~i.e., the ratio
corresponding to the degeneracy of the core-hole sta!.
They have experimentally foundr L52.22 in pure Pt and
have attributed this effect to a difference between theR2p1/2

and R2p3/2 radial functions. To account for this effect, w
thus normalize the XAS spectra recorded in the TFY det
tion mode by adjusting the step height ratio to 2.22. T
procedure is far from insignificant since the radial integr
in the sum rules are supposed to be independent of both
energy and the spin direction. We however check that c
recting the sum rules for this effect@for example in Eq.~2!,
substitute (3.22Pg22.22Qg) for (3Pg22Qg)] results in a
discrepancy in the value of the orbital and spin magne
moment lower than 10%. Note that this discrepancy is co
parable to the precision of our measurements.

To separate the transitions to unoccupied 5d states from
the continuum (2p→nd,s), a steplike function~or an arc-
tangent curve! is generally subtracted from the isotropic a
sorption cross section. This procedure has been extens
used for the determination of the 3d near-edge resonance
However, theL3 and L2 Pt edges do not exhibit a stron
‘‘white line’’ and the errors in the determination of the ste
like background, negligible at the CoL2,3 edges, might now
be as large as 40%. For an accurate analysis, we have t
fore compared theL3 and L2 Pt edges with those of Au
measured under the same experimental conditions i
CuAu3 bulk sample. The energy scale of the Au spectra w
expanded by a factor of 1.07 to account for the difference
the lattice parameter, then aligned in energy with the Pt sp
tra on the fine structure and finally normalized to the ed
jump.39

According to this procedure the isotropic absorption cro
section per 5d holes is

R

~102n5d!
5E

L2,3

dv

v S s tot
Pt ~v!2s tot

Au~v!

~n5d
Au2n5d

Pt !
D , ~3!

where*L2,3
(dv/v)@s tot

Pt (v)2s tot
Au(v)# is the integrated in-

tensity of the difference between the isotropic Pt and
d
the
TABLE II. The Pt orbital and spin magnetic moments~in units ofmB /atom) measured in the two studie
~111! CoPt3 thin films. Also the ratiomorb

5d /mspin
5d is given for a more accurate analysis. We assume that

contribution of the magnetic dipole term to the effective spin magnetic moment is negligible.

CoPt3 (Tg5690 K)
g (degree) morb

5d (60.004) mspin
5d (60.02) morb

5d /mspin
5d (60.02)

10 0.058 0.22 0.26
30 0.052 0.23 0.22
45 0.049 0.22 0.22
60 0.044 0.24 0.18

CoPt3 (Tg5800 K)
g (degree) morb

5d (60.005) mspin
5d (60.03) morb

5d /mspin
5d (60.03)

30 0.053 0.23 0.23
80 0.057 0.24 0.24
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PRB 58 6303MAGNETOCRYSTALLINE ANISOTROPY IN ~111! . . .
normalized absorption cross section~i.e., the cross section
divided by the photon energy! over theL3 andL2 edges and
(n5d

Au2n5d
Pt ) is the electron number difference estimated to

1.06.24

Table II reports the values of the orbital and spin ma
netic moments determined from the application of the s
rules @Eqs. ~1! and ~2!# for the film grown at 690 K~the
values have been corrected for both the degree of circ
polarization and the fraction of nonmagnetic Pt atoms in
protective top layer!. Also the ratiomorb /mspin , which does
not depend on both the renormalization factor and the de
of circular polarization, is given for a more accurate analy
We have assumed that the contribution of the magnetic
pole term to the effective spin magnetic moment is negligi
due to the important 5d band broadening.30,39

In agreement with band structure calculations,34 we find a
strong orbital polarization~about 25% of the spin moment!.
Moreover, the ratio of the orbital to spin magnetic mome
decreases when the spins are forced out of the@111# direction
by the external magnetic field. The importance of the pres
result is that it provides direct experimental evidence of
role played by the 5d electrons in the MCA. Since the spin
orbit interaction of the Pt atoms is about 8 times larger th
that of Co, the relative small variation of the Pt orbital ma
netic moment plays, however, an important, if not cruc
role in the appearance of PMA.

Let us now turn to the CoPt3 sample grown at 800 K~Fig.
6 and Table II!. The ratio of the orbital to spin magneti
moment is now roughly isotropic, as already observed for

FIG. 6. The angular dependence of themorb /mspin ratio of Pt
atoms for two~111! CoPt3 thin films grown at 690 K~left panel!
and 800 K~right panel!. We assume that the contribution of ma
netic dipole term to the effective spin magnetic moment is ne
gible. The solid lines are guides for the eyes.
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3d electrons. This isotropy should be obviously correlated
the formation of theL12-type ordering in this film.

Interestingly, the absolute value of the orbital magne
moment measured along the easy direction of magnetiza
is the sames for the samples grown at 690 and 800 K~Table
II !. This differs with previous studies that have found a dire
connection between the enhancement of the orbital mom
and the appearance of MCA in thin films.40 The reason
should be ascribed to the formation of the Pt segregatio
the film grown at 690 K. In such Pt-enriched regions, t
reduced number of Co magnetic neighbors has a strong
pact on the spin polarization of the Pt atoms. We theref
still measure an anisotropy, but the absolute value of
orbital magnetic moment is strongly reduced since, on av
age, fewer Pt atoms contribute to the total Pt magnetic m
ment. These results are in agreement with both theoretic41

and experimental studies:42 By means of resonant surfac
magnetic x-ray-diffraction measurements performed on
surface of a~111! Co3Pt alloy, Ferreret al.42 found that the
magnetic moment of the Pt atoms on the first atomic la
was twice smaller than those in the buried layers. This re
was attributed to the fact that Pt naturally tends to segreg
at surface.

V. SUMMARY AND CONCLUSION

We have performed angle-dependent XMCD experime
at the Co and PtL2,3 edges in two epitaxial~111! CoPt3 thin
films in which the appearance of strong perpendicular m
netic anisotropy was clearly related to anisotropic chem
order effects.6

For the film grown at 690 K, we find a large anisotropy
the 3d orbital magnetic moment (morb

' 2morb
// 50.13mB), re-

lated to the formation of anisotropic structural effects, sho
by previous XAFS measurements.7 For the film grown at 800
K, no sizable variation is found in the 3d orbital magnetic
moment in agreement with its isotropicL12-type chemical
ordering.

The angular dependence of the Pt orbital magnetic m
ment supports the idea that 5d electrons play a crucial role in
the appearance of MCA. For the film grown at 690 K, t
morb /mspin ratio is found equal to 0.26 and 0.18 forg
510° andg560°, respectively, while in the film grown a
800 K, this ratio increases slightly with the incidence ang
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31J. Stöhr and H. König, Phys. Rev. Lett.75, 3748~1995!.
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