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Magnetocrystalline anisotropy in (111) CoPt; 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
L, 3 edges in two epitaxia(111) CoPg thin films grown at 690 and 800 K. The analysis of the angular
variations of the 8 orbital magnetic moment shows two different magnetic behaviors: a strong perpendicular
magnetocrystalline anisotropgi?MA) for the film grown at 690 K and an almost isotropic behavior for the film
grown at higher temperature. The same analysis at tHe, Pedges suggests that thel ®lectrons 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 prodé&3163-18208)07534-1

[. INTRODUCTION sion is too weak. In these alloy films, the correlation be-
tween PMA and the structural state has been established ei-
Recently, ultrahigh-vacuum preparation methods such ather by magnetization loops or torque measurements. Both
molecular beam epitax¢yMBE) have been appealing routes methods are not element specific, cannot distinguish between
to fabricate new materials for short-wavelength magnetothe shape anisotropy and the magnetocrystalline anisotropy
optic (MO) recording. In this respect, Co/Pt or Co/Pd multi- (MCA), and characterize MCA in terms of phenomenologi-
layers, which may exhibit strong perpendicular magnetocryseal anisotropy energy constants.
talline anisotropy(PMA) and a large Kerr rotation at short In 1995, angle-dependent x-ray magnetic circular dichro-
wavelengths, have been extensively studiéd. Co- ism (XMCD) measurements performed by Wellet al®
evaporated Co-Pt thin films have also shown strong PMAhave provided direct experimental support for the tight-
with 100% remanence and enhanced MO signals with rebinding approach of MCA proposed by Brufi@nd refined
spect to Co/Pt multilayers.In epitaxial CoPy§ thin films,  recently by van der Laat.In this model based on a pertur-
PMA was clearly shown to be dependent on the growthbation treatment, Bruno shows a direct connection between
temperatur&® Strong PMA (unexpected for a cubic lattite MCA and the anisotropy of the orbital magnetic moment. In
was observed in films coevaporated around 690 K and wakhis respect, we emphasize that XMCD is certainly the most
related to the existence of anisotropic chemical local ordedlirect and sensitive technique to provide a quantitative infor-
(yielding the formation of microscopic Co-rich and Co-poor mation on MCA through separate spin and orbital magnetic
planar local regions’® In contrast, films grown below 500 K moment evaluations on specific shells and sites.
and above 800 K present no PMA. These changes were cor- In this work, we present high-field angle-dependent
related to their isotropic fcc structure which is disordered andKMCD measurements performed at both the Co and Bt
orderedL1, type, respectively. Such changes in chemicaledges in two fcd111) CoPg thin films (grown at 690 and
local ordering would result fronii) the competition between 800 K). These two films can be viewed as model systems for
surface and bulk diffusion angi) the tendency of Pt atoms our study since they present a large difference in MCA. An
to segregate at the advancing free surface during growth. Aanisotropy of the @ orbital magnetic moment as high as
690 K, surface diffusion is the dominant diffusion process0.13ug (per Co atomis observed for a film grown at 690 K,
and the atomic arrangementse., the formation of these whereas no significant variation is found for a film grown at
microscopic Co-rich and Co-poor regionduilt at the higher temperature. The measurements performed at the Pt
growth surface are simply frozen; at 800 K enhanced bulk_, ; edges show the same trends. These results correlate the
diffusion tends to destroy them, favoring the formation of theanisotropic short-range chemical order with the appearance
L 1,-type equilibrium phase, and below 500 K surface diffu-of MCA and emphasize the role of the Pt atoms in the MCA.
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during growth. Therefore, the film grown at 690 K may be
seen as a stacking of alternating Pt-rich and Pt-Co planar
local regions along the growth direction. The growth tem-
perature that determines the dominant process between sur-
face and bulk diffusion is the key parameter to obtain such a
microstructuré.
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X-ray-absorption spectigXAS) were measured at the Eu-
-450 I ropean Synchrotron Radiation FacilitESRP in Grenoble
4 2 0 2 4 - 0 1 (France on the ID12A(PtL, 3 edgeg and ID12B(Co L, 3
H(T) edges$ beamlines. The straight section ID12 is equipped with
two undulators, Helios-1 and Helios-Il, that cover an energy
FIG. 1. Superconducting quantum interference dey®&@UID) range from soft(0.5-1.6 keV to hard(3—22 ke\} x rays,
hysteresis magnetic loops for two epitaxiall) CoPt thin films  respectively** These beam lines have been specially de-
measured at 30 K with the field applled paralldashed |In§3 and signed for po|arization_dependent X_ray_absorption Spectros_
perpendiculgl(solid line) _to the film plane. Left panel: film grown copy studies: by longitudinal phasing of the undulator mag-
at 690 K. Right panel: film grown at 800 K. netic arrays, either linear or circular polarization can be
easily obtained. For the experiments performed at the,Rt
edges, the third harmonic of the undulator Helios-Il was cho-
(111) CoP4 thin films were deposited at 690 and 800 K sen and a double-8i11)-crystal monochromator ensured the
under UHV conditions on a mica (0001) substrate, followingmonochromatization of the beam. At the Cg3 edges, the
the growth of a 15-nm Ru (0001) buffer layer grown at 900monochromatic beam was supplied by a grating spectrom-
K.® The 50-nm-thick films were then covered by a 1.5-nm Pteter. Note that the intense circular polarized radiation emitted
layer to prevent oxidation. The deposition rates of Co and Pty both undulators is very well transferred by the optical
monitored by two quartz balances, were 0.005 and 0.02@lements: the polarization rate is estimated to be(Bt® , 3
nm/s, respectively. The structural characterization was peredge$ and 0.85(Ref. 15 (Co L, ; edge$, respectively.
formed in situ by a reflection high-energy electron-  The XAS spectra were monitoring at room temperature in
diffraction (RHEED) analysis anax situby x-ray diffraction  the total fluorescence yiel(lTFY) detection mode at the Pt
(XR_D).6 The RHEED patterns observed along the azimuthd., ; edges and in the total electron yie(@#EY) detection
[1010] and[1120] of Ru revealed the high quality of our mode at the Cd., ; edges. The XMCD signal was obtained
(111 epitaxial films on the Ru buffer. The XRD measure- by reversing the direction of the 4-T applied magnetic field,
ments performed on a high-resolution x-ray Philips diffrac-keeping the helicity of the incoming beam fixed. For both
tometer using ClK « radiation confirmed the fcc-type stack- experiments, the direction of the magnetic field generated by
ing, with a lattice parametes; ... equal to 0.3852 and 0.3831 a superconducting magnet was parallel to the direction of the
nm for the films grown at 690 and 800 K, respectively.incoming beam. In the following discussiomy, will denote
Based on the composition dependence of the lattice paranthe angle between the direction of the incident photon beam
eter in the fcc CoPt bulk alloys, the corresponding platinumand the normal to the surfacee., the[111] direction.
composition is equal to 75% and 68%, respectively. Comple- Finally, we emphasize that the experiments performed at
mentary XRD measurements in transmission were carriethe PtL, 3 edges are very challenging since the absorption
out at the French synchrotron facility, LURE, below the Co coefficient of a 50-nm CoPRfilm is only about 0.03.
K absorption edge. These measurements show a long-range
chemicalL 1,-type ordering only for the film grown at 800 IV. RESULTS
K. The absence of such ordering for the film grown at 690 K
indicates that the alloy is chemically disordered in the fcc The most direct method for measuring the absorption
lattice. cross section is the transmission technique. For epitaxial
Before giving more details about the structure of thefilms deposited on thick or opaque substrates, alternative
films, we show in Fig. 1 the magnetization hysteresis loopstechniques such as fluorescerE®’) or electron yield(EY)
The film grown at 690 K exhibits a strong PMA whereas thetechniques have, however, to be us&t. The FY technique
film grown at 800 K presents an almost isotropic behaviorpresents an advantage over the EY technique owing to its
These results suggest the existence of anisotropic local ordeulk sensitivity and the possibility to apply strong magnetic
effects in the film grown at 690 K, which were confirmed by fields. Since these two techniques measure the decay of the
polarized x-ray-absorption fine structugAFS) measure- core hole created in the absorption, they give an indirect
ments. The analysis of the XAFS spectra performed at theneasure of the absorption cross section. Assuming a propor-
Co K and PtL edges has shown preferential Co-Pt pairstionality between FY(EY) and the absorption coefficient re-
together with a decrease of Pt-Pt pairs, when changing fromuires therefore a thorough analysis.
in-plane to out-of-plane polarizatidnAs already outlined, Some of the main difficulties encountered in the FY mea-
the existence of such a chemically anisotropic short-rangsurements consist of self-absorption effects, leading to a dis-
order is the consequence of a dominant surface diffusiotortion of the absorption spectti.lt is worth noting that
associated with a Pt segregation along the advancing surfaseich effects are not observed for dilute species or when the

Il. SAMPLE PREPARATION AND CHARACTERIZATION
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FIG. 2. Col, 3 absorption spectra of Cofthin film (grown at gl
800 K) recorded with paralle(doty and antiparallel(solid line) )
alignment of the direction of the incoming x rays and the magneti- -10 ' ' '
zation vector. For this experiment, the direction of the 4-T applied 780 800 820
magnetic field was parallel to the surface normal. The correspond- PHOTON ENERGY (eV)
ing XMCD signal(corrected for the incomplete polarization of the
X ray9 and its integration(dashed ling are also presented. The FIG. 3. Integrated dichroism signétorrected for the incom-
andQ are the integrals needed in the sum rules. plete polarization of the x raysat the CoL , 3 edges measured for

different incidence angley in the two CoP§ thin films (H
=4 T, T=300 K). Upper panel: thin film grown at 800 Ky(
=0, solid line;y=60°, dashed line Lower panel: thin film grown
at 690 K (y=0, solid line;y=15°, dots;y=45°, short dashed line;
60°, dashed ling

penetration depth of the incoming photons is large with re
spect to the thickness of the film. At the Pj ; edges, the
transmission coefficient is about 0.97 for a 50-nm Gdifn -
and no sizable self-absorption effects are observed. At the cb
L, 3 edges, the penetration depth of the incoming x rays istates(the “white line”) from the continuum, a simple step-
only about a few hundred angstrom. We consequently pefiike function was subtracted from the isotropic absorption
form the measurements in the EY mode, restricting oulcross section.
analysis toy<60°, since the EY also suffers from saturation  For all measurements, the 4-T applied magnetic field was
effects at glancing anglé$*° large enough to saturate the total magnetic moment. There-
Finally, we mention that the multiplet effects reported by fore no additional data corrections are needed. For the thin
de Grootet al** in the FY measurements are expected to beilm grown at 690 K, the incidence angle was varied from 0
small at the PL, 3 edges since the absorption procesp (2 to 60° (every 15°), whereas only two measurements were
—5d) is not resonant with the main fluorescence procesgerformed for the film grown at 800 KO and 60°).
(3d—2p). Figure 3 shows the result of the integrated dichroism in-
tensity for the two sample&orrected for the degree of cir-
cular polarization of the x rays As already outlined, an
angle dependence @f, and consequently in the orbital mag-
Figure 2 shows typical Ch, y-edge XAS spectrgand the  netic moment, when the spins are forced out of fh#&1]
corresponding XMCD signal corrected for the incompletedirection by the applied magnetic field, is the signature of
polarization of the x raysmeasured with the field applied MCA. For the film grown at 800 K, only a small variation is
parallel and antiparallel to the direction of the incomingfound in the orbital magnetic moment, with an in-plane com-
beam. The experimental XAS spectra were normalized sucponent slightly larger than the out-of-plane component.
that the CoL-edge jump is equal to 1. Although XMCD is These results are inverted from those found for the film
strictly defined as the difference in absorption for right andgrown at 690 K: in this case, the orbital magnetic moment is
left circular polarized light, we recall that—in the electric strongly anisotropic and now oriented along the normal to
dipole approximation—inverting the applied magnetic fieldthe surface. Assuming uniaxial anisotropy, we can compare
or the circular polarization gives the same restftslsing  our experimental data with the model of Bruno who suggests
the notations of Arvanitiet al,?® the angle-dependent or- that the 3l orbital magnetic moment varigat lowest order
bital sum rule for XMCD takes the following form: asmY,,=m’ +(m{,—md ) sirfy, wherem},, andm’
denote, respectively, the orbital magnetic moment measured
along and perpendicular to the easy axis of magnetization.
Figure 4 shows the good agreement between our experimen-
tal results and the theoretical prediction, supporting the
wherem?,, denotes the orbital magnetic moment measuregresent model. Taking into account the number of electrons
at the angley, Q7 is the integrated dichroism intensity over in the 3d shell (7.75,2* we found mj,=(0.30=0.02)ug
theL; andL, edges at the angle, R is the 3 isotropic  and (mé,b—mg,b)=(0.13i 0.02)ug, per Co atom.
absorption cross section, angy is the number of electrons The difference in the anisotropy of the orbital magnetic
in the 3 shell. To separate the transitions to unoccupidd 3 moment between the films grown at 690 and 80@ken in

A. XMCD at the Co L ,3edges

M, =— (2Q7/3R) (10~ nyy), &)

orb ™
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0.33 — . . . - - . wherem,;, denotes the spin magnetic moméhtny is the
CoPt 1 magnetic dipole term measured at the anglendP” is the
_ 030 T:693K T dichroism intensity over the; edge at the angle.
ﬁm ¢ The magnetic dipole term arises from the anisotropy of
3 027} the spin density within the Wigner-Seitz ¢éland can there-
. fore represent a significant contribution to the effective spin
S 0o magnetic momentng; pir=Mspin— 7MY (i.e., the quantity
directly determined by applying the spin sum pufer a
021 L low-symmetry crystal environment or high spin-orbit
] splitting2° For 3d metals, Wu and Freem&hhave shown
0.18 . . . . . . that the use of the spin sum rule results in an error up to 50%

0 10 20 30 40 50 60 rule for the(001) surface of Ni. In agreement with previous
Y (degree) experimental studie¥, they found, however, that the mag-
netic dipole term could be safety neglected in the case of
FIG. 4. 3d orbital magnetic momentin units of ug/atom),  cubic symmetry. Thus, for the film grown at 800 K with a
measured in thel.ll) CoP4 thin film grown at 690 K, as afunctilon L1,-type long-range chemical ordering, neglect'mé in the
of the photon incidence angle(H=4 T, T=300 K). The solid gy gym rule is certainly a good approximation. Usingda 3
curv? |s_a 11|t assuming thf\t thedDrbital ma?netlc mc/)/ment varies ocupation number of 7.7, we obtain Mepin=(1.60
asmY,,=mg,+ (M, — mé,p) sirfy, wherem;,, andm{,, denote, +0.10)ug per Co atom
respectively, the orbital magnetic moment measured along and pef- V.Vithlurg ard to the Ia.r e orbital moment anisotropy found
pendicular to the easy axis of magnetizatioe., the[111] direc- in the filmg 9 h ic dipol Py hould
tion for the film grown at 690 K growrl a.t.690 K, t_e .magnettlc pole term S. O!J
be now more significant. This is confirmed by the variation
of the effective spin magnetic moment itself: we obtain
Mest Spin=(1.58i 010),uB and Mest spin:(1-4o——'_ 010)/1/8
for y=15° and y=60°, respectively. To determine sepa-
rately the spin and magnetic dipole contributions to the ef-
fective spin moment, we follow the arguments of l8tand

Table | is consistent with the macroscopic magnetization
measurement&-ig. 1). Indeed, the shape of the magnetiza-
tion hysteresis loop show6) 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 magnetization . " . . .
curves obtained for the film grown at 800 K suggest that thé«)n'g'sl. In 3d wransition metal;, the effec.t of the .sp|n-orb|t
magnetization lies in plane, in agreement with our XMCD'mer""Ct'.On.on the magnetic dipole Ferm IS ",V,ea"* therefore,
results. for a un|a>5/|al anisotropy, we. can wnte# + 2m;=0, whgre
Moreover, our results are well correlated with the differ- my and my denote, respectively, the dipole magnetic mo-
ence in the structural order. At 690 K, the dominant surfacdnent measured along and perpendicular to the easy axis of
diffusion process coupled with the segregation of Pt at thénagnetization. Since the magnetic dipole term, similarly to
growth surface produces the formation of preferential Co-Pthe orbital magnetic moment, is expected to varynas
pairs along the growth directidie., the[111] direction and =+ (m—mg)sir?y (in the absence of in-plane anisotro-
consequently an important broadening in the band structurgy), the effective spin magnetic moment should vary as
along this direction. As compared to the film grown at 800K, Mt spin=A + sirfy, where Az(mspm—7m#) and B
the orbital magnetic moment in the film grown at 690 K will =%'my;. We derive a spin magnetic moment per Co atom
be greatly enhanced along thel1] direction and therefore equal to (1.44 0.10)ug and a magnetic dipole termy of
be strongly anisotropit®?’ —(0.019+0.003)ug and (0.0090.002)ug for the out-of-
The major interest of XMCD sum rules is the possibility plane and in-plane orientations, respectively.
to determine separately the orbit and spin contributions from  Although the orbital magnetic moment is enhanced by a
the total magnetic moment. Using the same notation as ifactor of about 2 in the film grown at 690 (§ee Table), the
Eq. (1), the angle-dependent spin sum rule is written as  spin magnetic moment does not show a significant variation
for the two samples. This result is consistent with previous
(3P7"—2Q7)(10—n3y) studies that have clearly pointed out that the Co spin mag-
- R ' (2 netic moment is less sensitive to changes in atomic
environment®-32

mspin_ 7m‘¥:

TABLE I. The Co orbital magnetic momerialong the normal

to the surfackand its anisotroppp m3¢, = (mg,,— m{,;) (in units of B. XMCD at the Pt L, 3 edges

ug/atom) measured in the two studigd1l) CoPt thin films According to calculations, the strong MCA observed in
(ms,, andm/, denote, respectively, the orbital magnetic momentcq-Pt or Co-Pd systems results mainly from the nonmag-
measured along and perpendicular to the easy axis of magnetizgatic element®3*Due to their strong spin-orbit coupling, the
tion).. Note that the easy direct_ion of magnetization lies in plane for5d (4d) states acquire a sizable orbital polarizaonce a

the film grown at 800 K(see Fig. 3 spin polarization is induced by the strond(®d)-3d hybrid-
ization] and therefore give an important contribution to the
MCA. In a naive picture, the @ electrons would play a
CoPg (T4=690 K) 0.30 0.13 minor role in the MCA, acting only as a “source of magne-
CoPt (T4=800 K) 0.15 0.02 tism.” To pursue the understanding of the appearance of
MCA in Co-Pt systems, we present in this section angle-

m3% (+0.02)  Am3% (+0.02)
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trum and the corresponding XMCD signal for the thin film
grown at 690 K ¢/=30°). The XMCD signal is corrected
for the incomplete polarization of the x rays. As outlined by
Mattheiss and Diet?® an important feature of the, ; ab-
sorption spectra of Pt is that the ratio of thg to L, edge
jumps,r_, deviates from the statistical rati@e., the ratio
corresponding to the degeneracy of the core-hole states
They have experimentally found =2.22 in pure Pt and
have attributed this effect to a difference betweenRAgv2
and R?Ps22 radial functions. To account for this effect, we
thus normalize the XAS spectra recorded in the TFY detec-
tion mode by adjusting the step height ratio to 2.22. This
procedure is far from insignificant since the radial integrals
in the sum rules are supposed to be independent of both the
energy and the spin direction. We however check that cor-
recting the sum rules for this effeffior example in Eq(2),
substitute (3.2R7—2.227) for (3P?”—2Q")] results in a
discrepancy in the value of the orbital and spin magnetic
moment lower than 10%. Note that this discrepancy is com-
parable to the precision of our measurements.

To separate the transitions to unoccupiet Sates from
the continuum (p—nd,s), a steplike function(or an arc-
tangent curveis generally subtracted from the isotropic ab-
sorption cross section. This procedure has been extensively
used for the determination of thed3near-edge resonance.
However, theL; and L, Pt edges do not exhibit a strong
“white line” and the errors in the determination of the step-
like background, negligible at the dg, 3 edges, might now
be as large as 40%. For an accurate analysis, we have there-
fore compared the.; and L, Pt edges with those of Au,
measured under the same experimental conditions in a
(tuAUG bulk sample. The energy scale of the Au spectra was
expanded by a factor of 1.07 to account for the difference in
the lattice parameter, then aligned in energy with the Pt spec-
tra on the fine structure and finally normalized to the edge

NORMALIZED TFY

0.00 v A.l.'# A AAA"

-0.04

T=300K 7

H=4T
-0.08 |- 1

11.55 13.27 1331

XMCD

1159
PHOTON ENERGY (keV)

FIG. 5. Upper panel: typicdl , 5 isotropic absorption edges of
Pt in the(111) CoPg thin film grown at 690 K(solid curve and
those of Au in a CuAy bulk sample(dotg for y=30°. Lower
panel: XMCD signal at the At ; edges corrected for the circular
polarization rate fi=4 T, T=300 K).

dependent XMCD measurements at theL Pt edges on the
CoP4 thin films under study. The incident angjewas var-
ied from 10° to 60° (10°, 30°, 45°, 60°) for the thin

for the film grown at 800 K (30° and 80°).

To our knowledge, only few XMCD experiments have
been performed at the B}, ;3 edges since the measurements
of Shitz et al. in 1989%° For example, Maruyamet al. have ump
presented some results concerning the induced Pt;g]%gnehc According to this procedure the isotropic absorption cross
moments in TM-Rf (TM=Cr, Mn, Cg9 bulk alloys™ section per B holes is
While the analysis of Pt XMCD spectra requires some care,
only few details have been given in these previous studies.
To address this properly, we give in the following discussion
more details and argue that a rough analysis could lead to
large errors in the determination of thel Spin and orbital - ) ) )
magnetic moments. Whereszys(dw/w)[amt(w)—U (w)] is the integrated in-

Figure 5 shows a normalized Pt isotropic absorption spectensity of the difference between the isotropic Pt and Au

d_w( Ufgt(w)—oﬁﬂ(w)) @

o]
(10-nsg) Ly @ (ngy—nk}

Au
tot

TABLE II. The Pt orbital and spin magnetic momeifiits units of ug /atom) measured in the two studied

(111 CoP4 thin films. Also the ratiang‘r’b/mg’gm is given for a more accurate analysis. We assume that the

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

CoPt (T4=690 K)

y (degree) m3%, (*+0.004) m3Sin (+£0.02) My M3pin (+0.02)
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
CoPt (T4=800 K)
y (degree) m>%, (+0.005) m3%in (+0.03) M/ M3pin(*0.03)
30 0.053 0.23 0.23
80 0.057 0.24 0.24




PRB 58 MAGNETOCRYSTALLINE ANISOTROPY IN(11)) ... 6303

0.30 T

T 3d electrons. This isotropy should be obviously correlated to
CoPt, the formation of thd_1,-type ordering in this film.
027} | T,=690K { b T=800K Interestingly, the absolute value of the orbital magnetic
moment measured along the easy direction of magnetization
is the sames for the samples grown at 690 and 8@Udble
II). This differs with previous studies that have found a direct
connection between the enhancement of the orbital moment
and the appearance of MCA in thin filfi%.The reason
should be ascribed to the formation of the Pt segregation in
the film grown at 690 K. In such Pt-enriched regions, the
reduced number of Co magnetic neighbors has a strong im-
pact on the spin polarization of the Pt atoms. We therefore
015 =530 2560 75 0 15 30 45 60 75 still measure an anisotropy, but the absolute value of the
orbital magnetic moment is strongly reduced since, on aver-
¥ (degree) age, fewer Pt atoms contribute to the total Pt magnetic mo-
ment. These results are in agreement with both theorétical
and experimental studiéd:By means of resonant surface
magnetic x-ray-diffraction measurements performed on the
surface of a111) Co,Pt alloy, Ferreret al*? found that the
magnetic moment of the Pt atoms on the first atomic layer
was twice smaller than those in the buried layers. This result
was attributed to the fact that Pt naturally tends to segregate
normalized absorption cross secti@ire., the cross section at surface.
divided by the photon energyver theL; andL, edges and
(ng4—ntY) is the electron number difference estimated to be V. SUMMARY AND CONCLUSION
1.06%4
Table Il reports the values of the orbital and spin mag-
netic moments determined from the application of the su

5d
spin

0241 T T 1

5d

orb
|-
Ll
|-
Ll

g 021 .

0.18

FIG. 6. The angular dependence of timg,, /mg;, ratio of Pt
atoms for two(111) CoPt thin films grown at 690 K(left pane)
and 800 K(right pane]. We assume that the contribution of mag-
netic dipole term to the effective spin magnetic moment is negli-
gible. The solid lines are guides for the eyes.

We have performed angle-dependent XMCD experiments
at the Co and P, 3 edges in two epitaxiall1l) CoPt thin
Milms in which the appearance of strong perpendicular mag-

rules [Egs. (1) and (2)] for the film grown at 690 K(the . : . . .
values have been corrected for both the degree of circulagred“grae?;zggg()py was clearly related to anisotropic chemical

polarization and the fraction of nonmagnetic Pt atoms in the For the film grown at 690 K, we find a large anisotropy of

protective top layer Also the ratiom,, /Mg, Which does ; . el = _
not depend on both the renormalization factor and the degr t‘g&ﬁg{ggig?gggsﬁ(c;)fn;?]rigi?rtg@ig) St:?J%rtkij racl).elf:?gcst)s, rsehown
of circular polarization, is given for a more accurate analysis P X

We have assumed that the contribution of the magnetic dipy previous XAFS. meas_uremeﬁtsor the fllm_grown at 890
, o sizable variation is found in thed3orbital magnetic

pole term to the effective spin magnetic moment is negligible ) . .
due to the important & band broadeningf moment in agreement with its isotropicl,-type chemical
In agreement with band structure calculatidhsse find a ordering.

strong orbital polarizatiotabout 25% of the spin moment The angular dependence of the Pt orbital mggnetlc_mo-
Moreover, the ratio of the orbital to spin magnetic momentTeNt supports the idea tha Blectrons play a crucial role in

decreases when the spins are forced out of1hé] direction the appearance of MCA. For the film grown at 690 K, the

by the external magnetic field. The importance of the preserﬁfﬂorb/mspin ratio is found equal to 0.26 and 0.18 for

result is that it provides direct experimental evidence of the L0 andy=60°, respectively, while in the film grown at

role played by the 8 electrons in the MCA. Since the spin- 800 K, this ratio increases slightly with the incidence angle.
orbit interaction of the Pt atoms is about 8 times larger than
that of Co, the relative small variation of the Pt orbital mag-
netic moment plays, however, an important, if not crucial, We are grateful to D. Stoeffler for calculating the number
role in the appearance of PMA. of Co, Pt, and Au holes in thd shells, A. Herr and R.

Let us now turn to the CopPsample grown at 800 KFig. Poinsot for the magnetization measurements, G. Schmerber
6 and Table [). The ratio of the orbital to spin magnetic for the preparation of the CuAtbulk alloy, and J. Arabski
moment is now roughly isotropic, as already observed for théor the MBE growth of the samples.
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