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An experimental and theoretical investigation of the structural and micromagnetic properties ofdRg,Co
ordered alloy is presented. The Cd-&nd Pt-5l orbital and spin magnetic moments and their anisotropies are
determined by means of angle-dependent x-ray magnetic-circular-dichfgiiD) 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 ofithe®B5d 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.

[. INTRODUCTION nealing up to 1000 K in the presence of a magnetic field. For
thin films grown by MBE, a preferential ordering direction
Molecular-beam epitaxyMBE) has several capabilities can be directly achieveda the effects mentioned above and
not afforded by conventional bulk techniques, that can conby an appropriate choice of substrates. In contrast to what is
tribute in the fabrication of artificial materials with peculiar observed for CoRtthin films, an increase in the growth tem-
properties. In particular, it has been demonstrated that a turperature(or, in other words, in the bulk mobilijyup to the
able magnetocrystalline anisotropyMCA) could be order-disordered transition should favor the formation of the
achieved in metastabld1l) CoPg thin-film alloys, simply  L1,-type crystal structure and consequently PMA. There-
by changing the growth temperaturé The appearance of fore, a large and constant MCA can be easily obtained from
this growth-induced chemical anisotropy in thin films grown a wide range of growth temperature.
around 690 K was closely connected to the formation of MCA can be probed by many techniques such as torque
anisotropic local order effecfse., the formation of small Co or ferromagnetic resonance measurements. Both these meth-
in-plane two-dimensional2D) clusters embedded in Pin-  ods are not element specific, they cannot distinguish between
duced by a preferential surface diffusion together with a Pthe shape and the magnetocrystalline anisotropies and char-
segregation at the growth surfat@he large perpendicular acterize MCA in terms of phenomenological anisotropy con-
magnetocrystalline anisotrop®MA) found in this system stants. It has been recently demonstrated by Welteal®
(10" erg cm®) and its relative small Curie temperature that x-ray magnetic circular dichroistXMCD) is also a
(close to 500 K make CoP¥ thin films good candidates for suitable technique to probe MCAja the determination of
magneto-optic recording applicatiohsOne should note, the anisotropy of the orbital magnetic moment on a specific
however, that a small increase in the growth temperaturehell and site. This new technique gives therefore a clear
favors the formation of the equilibrium phase, which is of thepicture of the mechanisms involved in the appearance of
L1,-type. Consequently, a variation in the MCA by a factor MCA in thin films.’
of about 5 is found for an increase in the growth temperature Several ab initio calculations have already been per-
of only 60 K. formed to investigate the XMCB® The L, and L; edges
As mentioned above, the mechanisms that govern MCAnvolving electronic excitations of -core electrons towards
in CoPt alloy systems are often local order effects and it isd-valence states have primarily attracted much attention due
therefore difficult for the theory to reproduce the trends ob-to the dependence of the dichroic spectra on the exchange-
served in experiments. The situation is, however, much morsplitting and the spin-orbit coupling of both initial core and
simple for CggPtyy alloys since a large PMAup to 4  final valence states. Fordselements dissolved ind3transi-
x 10" erg cm °)° is observed for the ordered tetragonal tion metals, the spin-orbit coupling of the initialpXore
L1,-type equilibrium phasdi.e, alternating layers of pure states is large and the resulting magnetic moment is small,
Co and Pt atoms, see Fig). For bulk systems, single or- while the opposite is true for thed3elements. This can lead
dered crystals are obtained from the disordered state by ame pronounced dichroic spectra as seen by &chuthe case
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FIG. 1. Schematic representation of thé,-type crystal struc-
ture and corresponding tetragonal unit cell used in the electronic
structure calculations. Note that the (@&, ordered alloy can be
viewed as a film of alternating Co and Pt layers. FIG. 2. The microdiffraction patterns obtained by transmission

electron microscopy in the GgPt thin film. For this experiment,
of 5d elements dissolved in P8 Calculations performed by the incident electron beam is along the M§@D0] direction. The
Ebert for a disordered GgPt,o syster‘rﬁ have shown that the asterisks indicate the reflections that are normally absent for a dis-
spin-orbit coupling of the final states is rather unimportantordered alloy.
for the XMCD on the Co atom while the exchange splitting
of the 2p-core states made a remarkable contribution. Bu
obV|o_ust, the major contributions came from the_s_pln-orbltx_ray diffraction (XRD) measurements. The TEM measure-
coupling of the core states and the exchange-splitting of thé ents were performed on a hiah-resolution transmission
conduction states. For the Pt atom, the spin-orbit coupling o%“l €Pp 29 K d th
the core states and the exchange splitting of the conduction ectron mlcrtoscope(TOPfCON,d 00 e?]( in t IefXRD
states play the same role as well as the final states Spin_orbggfefasuremen S were per ormde_ on a high-resolution x-ray
coupling. Iffractometer using CKa ra iation. TEM measurements

Brouderet al.'2 Guo® and Ankudinovet al 45 used were pgrformed in cross-section and plane view samples, ie.,
multiple scattering theory to study XMCD but their method the incident electron beam is a}long the Mdjl]DO]'anmuth
is time consuming for systems with a large number of atoms".’md the MgO[001] growth direction, respectively. The

: : - : . électron-diffraction pattern of the cross-section sample
Finally, atomic calculations in crystal-field symmetry are . : )
widely applied to describe thi!, 5 edges of rare earths and shows the 002 Pt and 002 CoPt diffraction spiig. 2), and

- I more interestingly intermediate spots such as the labeled 001
actinides and thé , ; edges of transition metals. Because of : .
' I spot at half the distance between the transmitted beam and
the large number of parameters to fit, it is difficult to apply

) ; . 5 the 002 CoPt spot, and also the 021 spot between the 020 and
this formalism to delocalized Bstates: . A . :
: . . 022 ones. Such reflections, extinguished in a fcc disordered
In this paper, we present an experimental analysis on th

growth, the macroscopic magnetic properties and the microe:opt alloy, are the signature of a chemical ordering along the

. .02 growth direction. The corresponding TEM diffraction pattern
rsTJ%gsrt]reatgn;t(gO% K%itssop:ahé?alfl%p?rzggg igngi?/e'\rﬁl%a(&%])deteg the plane view samplenot shown, evidence(in addition
mination of the Co-8 and Pt-%l orbital and spin magnetic of the 200 and 020 CoPt fundamental spatspplementary

. spots, labeled 110, characteristic df &,-type ordering. The
moments from XMCD measurements. In particular, angle'absence of both the 100 and 010 spots reveals that only

dependent XMCD measurements outline the mechanisms . . ;
that are responsible for a large MCA in CoPt systems. F'}}.lo-type ordered regions with the axis along the growth

P L : . direction are present. We recall that the first observation of
nally, anab initio investigation of the magnetic properties

. the L1, long-range ordefLRO) for a (001) CoPt thin film
(magnetic moments, MCA, XMCIhy means of a fully rela- 0 K 18
tivistic and spin-polarized full-potential linear muffin-tin or- grown by MBE was made by Harpt al. in 1993'. Morg
bital method (FP-LMTO) is presented. The experimental recently, the growth of & 1, phase was also achieved in a

MBE co-deposited FePd fil?.
trends are well reproduced by our theory. The MBE process is therefore clearly inequivalent to con-

ventional bulk methods for which ordering may occur along

Il. EXPERIMENTAL any principal crystallographic direction. This should be re-
lated to two different effects that are discussed in details in
the following: (i) the influence of the buffer laydii) the Pt

The 40-nm CgyPts, thin film was co-deposited at 800 K segregation at the growth surface. For a growth temperature
under UHV conditions on &01) MgO substrate, following of 800 K[close to the order-disorder transitiéhl00 K)], we
the growth of a 9-nm Pt buffer layer grown at 990 K. Greatexpect naturally the formation of the tetragondl, phase.
care was taken to clean the substrate and diffeirergitu ~ The influence of the Pt buffer layer should be regarded as an
annealing treatments ensured the desorption @ Hnd CO  external constraint for the growflsimilarly to the presence
molecules from the surfacé.The rate of deposition was of a magnetic field during annealing for conventional bulk
0.011 and 0.008 nm$ for the Pt and Co atoms, respec- technique(Ref. 5]: the lattice parameter of Pt fcc is 0.392
tively. The sample was finally capped with a 3-nm Ru layernm [that is much larger than the parameter of thd.1,

tto prevent oxidation. The structural analysis was performed
ex situ by transmission electron microscogffEM) and

A. Sample preparation and structural analysis
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FIG. 3. Solid line: specular x-ray diffraction of the £Bt;, thin FIG. 4. The SQUID hysteresis loop measured with the applied

film grown at 800 K on MgQO(001). Dashed curve: corresponding magnetic field parallel to the surface normal. Inset: the square of the
rocking curves. The 001 CoPt reflection is the signature oL.the  ratio of the magnetic torquie to the applied magnetiel as a func-
long-range ordefLRO). Note that the LRO parameter can be de- tion of the magnetic torquédots. For this experiment, the mag-
duced from the ratio of th€001) and (002 x-ray integrated inten-  netic field was applied at 45° away from the normal to the surface.
sities. The solid line is a fit assuming thatL{H)? varies as
—(M2V/2K)L+ (MV)?/2, whereM denotes the total magnetiza-
phase(0.369 nm), but close to thea parameter of thé.1,  tion, V is the magnetic volume ank=K,+K,—27M? (see Sec.
phase(0.381 nm]. There is, therefore, a tendency for the I B).
tetragonalization along thg001] growth direction. The oc-
currence of a layer by layer growth can be also greatly enthe total magnetization and the anisotropy energy. The Co-
hanced by a dominant surface diffusion associated with a F3d and Pt-3l orbital and spin magnetic moments and their
segregation along the advancing surface during growth. Thianisotropies will be determined using angle-dependent
latter effect can lead to the formation of an alternation ofXMCD measurements.
Pt-rich and Pt-poor planar regions perpendicular to the Magnetization measurements were performed using su-
growth direction, similarly to what happens f@t11) CoPt perconducting quantum interference devi&&QUID) at 300
thin films grown at 690 K&?° Finally, these two combined K with the field applied parallel or perpendicular to the film
effects yield the formation of an almost perfect superlatticeplane (Fig. 4). The total magnetization was found to be
constituted of alternating Co and Pt layers perpendicular t¢780+50) emu cm?. In the parallel geometry, the satura-
the growth direction. tion of the magnetization was not achieved for the range of
The importance of chemical LRO in the CoPt film can befield available(up to 7 T), which illustrates the large mag-
characterized by an order parameter defined as the differeneetocrystalline anisotropy. We note, however, that the
between the Co atomic concentrations in the Co-rich andample is fully saturated if the magnetic field is applied at
Co-poor (001 planes. The determination of this parameter45° or even 60° with respect to the normal to the surface
from the ratio of the 001 and 002 electron spot intensities ifH,,=1 T and 4 T, respectively
really inaccurate and it is more judicious to use the x-ray To determine the anisotropy energy, we have performed
integrated intensities of the fundamental and superlattice reorque measurements using the 45° method proposed by
flections. Figure 3 shows thé—26 scans around the 001 Miyajima and Satg! This method ensures a quantitative de-
superlattice and 002 fundamental pedkslid curve; the  termination of the quantitiK =K, +K, (the sum of the sec-
dashed curves are the rocking curves around these refleond and fourth anisotropy constantsy measuring the mag-
tions. The normal coherence length deduced from the fulhetic torque as a function of the magnitude of the applied
width at half maximum(FWHM) of the 002 peak(solid  magnetic field at a fixed angle, i.e., at 45° away from a
curve is about 15 nm, and the mosaic spread given by thelirection of easy or hard magnetization axis. From this mea-
FWHM of the corresponding rocking curve is equal to 1.1°.surementshown in the inset of Fig.)4we have deducedi
The chemical LRO parameter deduced from the ratio of thealue of (3.6-0.5)x 10" erg cm . This value is slightly
x-ray integrated intensities of the superlattice and fundamensmaller than the one reported by Eurin and Pauleve from
tal reflections, corrected for absorption and Lorentz-their magnetic measurements performed on a bulk single
polarization factors, is close to G:0.1. This value repre- crystal K=4x10" erg cm 3).> We attribute this difference
sents an average and apparent LRO through the totab the smallest chemical ordering found in our sample.
thickness of the film. A more precise description of LRO
from the analysis of high resolution TEM images will be 1. Probing MCA with XMCD

ublished elsewhere.
P We now present the results of high-field angle-dependent

XMCD measurements at both the Co and_Rt edges in the

CosgPty thin film. In the following sections, these results
In this section, we first briefly discuss the results obtainednamely, the determination of the local magnetic moments

from macroscopic measurements that allow us to determinen both the Co and Pt atoms and their variation as a function

B. Magnetic measurements
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present in the spin-up band, it remains difficult to obtain a
quantitative value of the MCA energy from XMCD. For this
reason, the magnetic anisotropy energy will be discussed
only qualitatively in terms of the orbital magnetic moment.

[001]
-

orb We should, however, state that the main advantage of
/ XMCD over conventional techniques such as torque mea-
v M pin surements is that XMCD is element specific. Therefore, the
200] role of the Pt atoms in the appearance of MCA will be also
\ discussed.
my

2. XMCD at the Co L, ; edges

XMCD experiments were performed at the European
Synchrotron Radiation Facilitie€SRP on the ID12B(Co
L, 3 edgeg beamline®> We have used a collinear geometry
FIG. 5. The angle dependence of the ground-state magnetic m§0" Which the applied magnetic field is parallel to the inci-
ments for a @ transition metal and an uniaxial symmetiye., in  dent photon beam. The x-ray absorptiotAS) spectra were
second-order perturbation theiry denotes the angle between the Mmonitored at room temperature in the total electron yield
direction of the spin magnetic momethe direction of the applied detection mode. For all these experiments, we have found

magnetic field and the normal to the surface, i.e., 891] direc-  that a 5-T applied magnetic field was large enough to satu-
tion. mgp;, describes a circle whereas,,, (my) describes an el- rate the sample. The XMCD signal was obtained by revers-
lipse when the magnetic fielthrge enough to magnetically saturate ing the direction of the magnetic field, keeping the helicity of
the samplgis rotated in the(010 plane (Ref. 3). For a “magic  the incoming photons fixed. The circular polarization rate
angle,” y*=57.3°, my and mg,, are perpendicular and the effec- was estimated to be 0.88.

tive spin moment calculated by the sum rules is equal to the spin |n the collinear geometry, the angle-dependent orbital
moment. sum rule for XMCD takes the following forrfwe definey

s the angle between the normal to the surfacaxis,[001]
irection and the direction of the applied magnetic figld

of the angle between the x-ray beam and the normal to th
surface will be compared with the results of oab initio

calculgtions. For convenience_, the derived (8d) orbital m?.,= —(2Q/3R)hgq, (1)
and spin magnetic moments will be expressed per number of ) )
3d (5d) holes. wherem?,,, denotes the & orbital magnetic moment mea-

The XMCD is defined as the difference in absorption forsured at the anglg, Q” is the integrated dichroism intensity
fight- and left-handed circularly polarized light, when the Over theL; andL, edges at the anglg (corrected for the
magnetic field is parallel to the x-ray wave vector. We havelncomplete polarization of the x raysR is the integrated @
used the optical sum rules to get a reliable information on thésotropic absorption cross sectiéwhich is angle indepen-
micromagnetisnii.e., the separation and the determinationdent, andhsy is the corresponding isotropic number of holes
of the spin and orbital magnetic moments on a specific shein the 3d shell (see Fig. 6.
and sitg, directly from the experimental spect@?® Still As shown in Fig. 7, the integrated XMCD signal is aniso-
currently, the application of the XMCD sum rules—in par- tropic, and hence via Ed1) so is the @ orbital magnetic
ticular for low symmetry systems—is debated since themoment(it is reduced by a factor of about 2 for=60° as
quantity determined from the second sum rule is an effectivéan been seen in Table Assuming uniaxial symmetry, the

Spin magnetic momenmglfjfn (the Spin magnetic moment orbital magnetic moment in the film plane can be evaluated

Mqpin and the magnetic dipole termy, see Fig. 5222*The ~ from the following variatior:** mJ,=mg,+ (Mg,
determination of the orbital magnetic moment,, is less ~ —Mq,y)si’y, where x refers to the[100] direction. We
difficult and can be of great importance for the determinatiorfound m¢, /h33=0.10ug and (ma,,—m,,)/hsq=0.08ug
of MCA. (per Co atomy resulting in an anisotropy of thed3orbital

In some particular cases, Bruno showed that the MCAmagnetic moment of 170% of its isotropic valfiém? .,
could be related to the anisotropy of the orbital magnetic+- 2m¥ ,)/3]. By comparison, the value found in a CgFtin
momentEMSA~ ¢(mZ ,—m5 ), where& denotes the spin-  film grown at 690 K was only about 6098.Note here that
orbit coupling constant andng,,—mg,,) is the angular Bruno’s relation states that the easy axis of magnetization
variation of the orbital magnetic momef@andx denote two  lies along the maximum orbital moment direction for hard
principal cryotallographic directiond’~?° The angle- ferromagnets. We therefore expect XMCD measurements to
dependent XMCD measurements have therefore gained conenfirm the presence of PMA. Finally, typical errors in the
siderable attention from experimentalists since they allow, irdetermination of the orbital magnetic moment are of the or-
principle, a quantitative determination of the orbital moment.der of 10%, while error bars for spin moments vary from 6%
The advantage of Bruno’s relation is the qualitative explanato 10% slightly larger compared to previous experiments that
tion of the enhancement of the MCA in thin films; at the estimated the experimental error bar to be 4% for both or-
surface, the breaking of symmetry leads to a strong differbital and spin moment¥.
ence in the band width for the in-plane and out-of-plane From the spin sum rule, we derive an effective spin mag-
orbitals®° This yields strongly anisotropic orbital magnetic netic moment per @ hole of 0.75ug (y=0°). Although the
moments and therefore a large MCA. Despite the correctionsontribution of the magnetic dipole term is expected to be
by van der Laaft of Bruno’s relation, when holes are also small in 3d metals, it cannot be ignored in our case since the
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FIG. 6. Top panel. Solid line: the isotropic absorption cross€Xperiments at the R, ; edges were performed at ESRF on
section(the half-sum of the absorption spectra recorded for a parthe ID12A beamlin& in the total fluorescence detection
allel and antiparallel alignment of the photon spin and the magnemode, using a collinear geometry. The experimental setup
tization vectoy measured at the, s edges of Co in the GgPtothin -~ for these experiments was the same as for the one used for
film (y=0°). Squares: a step-height function that accounts for thethe experiments performed at the Cg; edges. Note that the
transitions towards the continuum states. Thikabsorption cross penetration depth of the incoming x rays is about a few mi-
section is the difference between these two latter curves. Lowegrons at thel, ; edges of Pt for a 50 nm CoPt thin films.
panel: the corresponding XMCD signéhe difference in the ab-  Therefore, these experiments appeared as rather challenging.
sorption spectra recorded for an antiparallel and parallel alignment Figure 8 shows the XMCD signal recorded at the; of
of the photon spin and the magnetization vectdihe R andQ  pt jn the CgyPis, thin film for different values of the incident
integrals(doty are the quantl_tles appearing in the_orbltal sum_ruleang|ey_ An angle dependence in the Pt-XMCD sigfai, in
(see text The XMCD signal is corrected for the circular polariza- oo \ords, in the 8 orbital magnetic momehtis clearly
:f;g?gﬁ;?ﬁz r’:‘;tii ::gfntgr?clptﬁglgrilld"ealy proportional 1o iqihje - jllustrating the possible role played by the Pt elec-

g ' trons in the appearance of MCAFrom the XMCD spectra,

L1,-type structure is highly anisotropic. The separation Of\rllvc?t ng g?}fr(rﬂ:ntehg"ggttlryot?s ;)usngrrb{irc:]rs\pigr,ovsvglggcdtioc;s the
the magnetic moment can ke priori obtained from the P P P '

angle dependence of the effective spin magnetic moment TABLE I. The experimental in¢®) and theoretical fiee"

orb

itself.*** Since, f(_)r ad transiti(_)n metal, the_ magneti(_: dipole Co-3d and Pt-3l orbital magnetic moments as a function of the
tgrm_ on_ly describes a quadrlpolar term in the.Sp'n Charg%ngley between the spin quantization axis and the normal to the
distribution around the nucleus, it can be written @$  syrface. The calculated number of holes for Co and Pt are 2.628 and
=Q"*S, whereS is a unit vector along the direction of the 2.480, respectively. Notice that while the theory underestimates the
spin magnetic moment ar@* is a second-rank tensor with orbital magnetic moments, it reproduces nicely the trends as a func-
vanishing trace. There should therefore exist an anglgon of y. The magnetic moments are expressed:inper atom.

(known as the “magic angle)’for which the projection of The error for the experimental values is of the order of 10%, larger
my along mg,;, vanishes(Fig. 5. For this angle ¢* than the experimental error bars, 4%, estimated in the case of Fe

=57.3°), we obtaimgp;,/haq=0.67ug (per Co atom and Co(Ref. 24.
3. XMCD at the Pt L, ; edges 4 Mgy °(3d) mer5°'(3d)

In a previous papet we have outlined the role played by 0° 0.26 0.11
the &d electrons in the appearance of MCA. The enhance30° 0.24 0.09
ment of MCA found in CoPt systems could result frof):  45° 0.17 0.08
the enhancement in the anisotropy of the @b+Bagnetic  60° 0.11 0.05
moment due to an anisotropia3d hybridization,(ii) the
Pt-5d orbital magnetic moment itself and the associated, meXPei5d) miheor5)
strong 5 spin-orbit coupling. For instance, an anisotropic 1¢° 0.09 0.06
3d-5d hybridization causes a large difference in the in-gge 0.06 0.03

plane V,, and out-of-planeV,, bandwidth of the Co 8
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r T T /- T T 1 A. Theoretical model
4 ;OSLOPtsod The calculation of the x-ray absorption for left- and right-
T 2 TTaac0E® 1 circularly polarized x-ray light is implemented within the
= ok ) local spin-density approximatiofLSDA) by means of the
=l - all-electron fully relativistic and spin-polarized full-potential
S muffin-tin orbital method(LMTO).%° The space within this
¥ 4 method is divided in two regions: the nonoverlapping
g8 6l spheregmuffin-tin spherescentered in each atom and the
5 - interstitial region. The muffin-tin potential is developed over
8 .: — = the lattice harmonics of the system and the rest of the poten-
10 - : g tial is treated using fast Fourier transform. The core electrons
5o nsso 16l 10 1o 1o  are spin polarized and their electronic states are obtained by

solving iteratively the Dirac equation. For the valence elec-
trons, the spin-orbit coupling is added to the semirelativistic

FIG. 8. XMCD signals(corrected for the finite rate of circular Hamiltonian; and the total Hamiltonian is solved self-
polarization recorded at thé , 3 of Pt in a Cg¢Pty thin film. The  consistently. To calculate the polarization-dependent cross
corresponding XAS spectra have been normalized by adjusting theection we considered the spin quantization axis along the
step-height ratio to 2.2Ref. 34. y=10°, dots;y=60°, solid line.  direction of the x-ray beam like in the XMCD experimental

setup presented in Sec. |l B. With respect to this axis, we
number of holes and the degree of circular polarizaf@®  define the left- and right-circular polarization, which corre-
(Ref. 37]. We found mg/mey;,=0.27 and 0.16 fory ~ SPonds to the photon helicity:(#) and (~#), respectively.
=10° and 60°, respectively. This illustrates the strong MCAWe allowed only dipole electron-photon interactioes:: p
since the spin magnetic moment is an isotropic quantity. The=1/,/2(V,+ IV,). The absorption cross sections. for
Pt-5d orbital and spin magnetic moments have been derive¢kft- (+) and right- (=) circular polarized x-ray calculated
from the application of the sum rules, following a standardat the relativisticj .. (I =3) core level in the dipole approxi-
procedurefi) theL; andL, XAS spectra are normalized in mation are given by
a ratio of 2.2 to account for a difference in th&d|r|2py,) )
. . . e - A
and(5d|r|2p3,) radial matrix elements angi) the 5 iso ()= il S % (jm. |8, - plnk)|2
N

Photon Energy (eV)

tropic absorption cross section ped Bole is expressed in

terms of the difference in the XAS spectra measured at the

L;(L,) edge of Pt in the CGgPty thin flm and at thel Xo(ho—E,+E; ), 2

(L,) edge of Au in a CgpAus, foil.***8 Taking into account _ -

the number of nonmagnetic Pt atoms in the buffer layer, wevhere the first sum runs over the core initial states and the
found morb/(hspé—hgél):()-o%a and 0.06.5 (per Pt atom second one over the fln.al unoccupied states.

for y=10° and 60°, respectiveff.Keeping in mind that the In the above expression, we have neglected the rearrange-
MCA is related to both the anisotropy of the orbital magneticment of the electronic cloud after the electron-photon exci-

moment and the strength of the spin-orbit coupling, we emj[ation 9'“6 to the greation of the core hole. This charge-
phasize that the role played by the Brbital magnetic mo- 'elaxation process in the case af rromagnets should be
ment, itself, is certainly non-negligible. Moreover, the an_comparable to the electron-hole recombination, so that the

isotropy in the %l orbital magnetic moment is larger than the gnal states are at_some_ex(’;end affefctedr.] Tge Io_ca_l Sp'r]l'
one found in a CoRtthin film grown at 690 K, in agreement ensity approximation Is inadequate for the description o

with the larger anisotropy found from torque measureriént. 1€ phyS|_caIl process  involving the electron-hole
Finally, in the determination of then,,/m..;, ratio, we recombinatiorf More details about the inclusion of the core
' or spin '

have implicitly assumed that the contribution of the magnetiéwl_? will be d;sc;;:sseId T th_e XMCDt§UbS$Ct'°n' d
dipole term to the effective spin magnetic moment is negli- 0 compute the electronic properties ofggRts, we use

gible. This assumption is to some extent justified due to théhe experimental lattice constants a_nd a unit cell containing
finding of an isotropic effective spin magnetic moment, one atom of Co and one of Rsee Fig. 1 We allowed the

which should be attributed to the strong delocalization of thespm-polarlzed core electrons to relax during the .self-
5d electrons® We found m§;€n/(hé’é—hé5)=0.35ug and consistent calculation, and we used the parametrization of
0.36 (per Pt atom, for y=10° and 60°, respectively. von Barth %E,d Hed|r_1 for the exchange_—correlaﬂon potential
KB and energy.” We shifted ourk mesh rigidly by half a step

along thex, y, andz axis from thel’ point in the Brillouin
zone(BZ), to avoid high symmetry directions and planes in
the BZ and consequently any degenerate eigenvalues.

In this section we present oab initio investigation of the The magnetic anisotropy ener@ylAE) can be computed
XMCD and the magnetic properties of the £t system. directly usingab initio methods; it is defined as the differ-
A similar study has been already performed for the Feence between the total energy for two different spin quanti-
nitrides® We will first present our theoretical model used to zation axis. The biggest contribution to MAE comes usually
calculate the XMCD spectra, the magnetic moments and thtsom the MCA, whose origin is the spin-orbit coupling, but
MCA. In a second part, the results of our calculations will bethere are also contributions related to the strains induced
discussed and compared to experiment. when we apply a field and oblige the magnetization to rotate

Ill. THEORETICAL STUDY
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25 - - TABLE II. The experimental fn$%h) and theoretical ;"
Co-3d and Pt-3 spin magnetic moments. The Pt spin magnetic
moment is purely induced by hybridization and spin-orbit coupling.
The magnetic moments are expresseg gnper atom. The error for

the experimental values varies from 6% up to 10%, and it is larger

% 00 than the experimental error bars, 4%, estimated in the case of Fe
é and Co(Ref. 29.
5 mexper mtheor
E spin spin
Co 1.76 1.79
Pt 0.35 0.37

15 . .
1000 3000 5000 7000

Number of k points

FIG. 9. Difference in the total energy between one of the two€Xtract the spin and orbital magnetic moments from the ex-
hard in-plane axis[110] or [100], and the eas§001] axis [i.e., perimental XMCD spectra, are obtained by projecting each

magnetocrystalline anisotropICA) energyl as a function of the ~Muffin-tin sphere spin density of states on thehannel an-
number ofk points in the Brillouin zone. The small difference gular momentum. The values we used are 2.628 for Co and

observed in the MCA for the two different in-plane axis is corre- 2.480 for Pt. In Tables | and II, we present the experimental
lated to the symmetry of the crystal structure. and theoretical orbital and spin magnetic moments, obtained
for different orientations of the spin quantization axis. The Pt

from its easy axis. The last contribution, known also as magspPin magnetic moment is purely induced by hybridization
netoelastic energy, is not taken into account in our calcula@nd spin-orbit coupling. We expect a reasonable agreement
tions, so from now on we will refer ourselves only to MCA. for the spin magnetic moment, where any difference should
The number ok points that we use in the BZ to perform the come from the fact that the sum rules are derived from an
integrations depends strongly on the interplay between thatomic theory and their application to itinerant electrons, al-
contributions to MCA from the Fermi surface and the bandthough useful, is not exact, especially for Pt where the 5
contribution to the total energy® When the former contri-  States are much more delocalized than thes@ates of C3°
bution to the MCA is important, a large numberlofpoints At the precision of the experimental results, there is indeed a

is needed to describe accurately the Fermi surface. good agreement between the experimental and theoretical
spin magnetic moments. In contrast, there is a strong discrep-

ancy for the orbital magnetic moment since LSDA signifi-
cantly underestimates the orbital moméhtHowever, the
1. MCA behavior of the orbital magnetic moment as a function of the

Figure 9 shows the results of the calculations of the MCAmCi(.jent angley is th? same for both experimen.tal and the-
and its convergence with the number lofpoints used to oretical results. For instance, the computet @bital mag-

perform thek-point integral over the Brillouin zone. The \r/]viltiilct:a E%n;ir;tefr?g;?gr;ig'ii,sotgeﬁ'mg ;ﬁgﬁsfz;%;’en i
MCA for our system is the difference in total energy between . Lo X .
Y 9y LSDA underestimates the orbital moments, it describes cor-

one of the two in-plane hard axi§100] or [110], and the W th q ith h
easy[001] axis. We see almost no difference between thd €Ctly the trends, with respect to the angle

MCA for the [100] and[110] axis and they both converge to
about the same value of 2.2 meV, with respect to the number 3. XMCD
of k points. This finding confirms and supports the assump- - ag mentioned in Sec. Ill A we expect a better agreement
tion of an in-plane isotropy of the spin and orbital magneticyatyeen theory and experiment for Pt than for Co, concern-
momgnts. The calculated value can be compared with thﬁ]g the XMCD spectra. In Fig. 10 we have plotted the ab-
expenm_ental result of MCA _of Eurin and Paulévef 1._3 sorption and the XMCD spectra of Co fgr=0°. We have
meV/(unit cell), and our experimental value of 1.0 meMit  gcaed our spectra in a way that the experimental and theo-
cel. Our computed value agrees also with the value of 1.8¢tica| . peaks in the absorption spectra have the same in-
meV/(unl'F cell), obtained by Sal_<uma using LMTO method in tensity. The energy difference between theandL, peaks
the atomic-sphere approximatigh. is given by the spin-orbit splitting of thp,» and ps,, core
) states of 14.8 eV, and is in good agreement with experiment.
2. Magnetic moments But the intensity of theé., peak is larger than the correspond-

The theoretical spin magnetic moments are calculated ding experimental peak. We convoluted our theoretical spec-
rectly by integrating the partial density of states inside eaclira using a Lorentzian width of 0.9 eV and a Gaussian width
muffin-tin sphere. The small contribution of the interstitial of 0.4 eV as proposed by Ebé&The Gaussian represents the
region to the total spin magnetic momenhe order of mag- experimental resolution while the Lorentzian corresponds to
nitude smaller than the spin moment on the Pt atomhich  the width of the core hole. As mentioned above, this broad-
is difficult to attribute to a specific atom, is neglected. Weening effect is important for @ transition metals like Co.
have also calculated the orbital magnetic moments inducedhe high intensity of the calculatdd, edge makes the the-
by the spin-orbit coupling. The number of holes in tie oretical XMCD integratedLs/L, branching ratio of 1.32
bands of Co and Pt, required by the optical sum rules tanuch smaller than the experimental ratio of 1.72. This dis-

B. Theoretical results and discussion
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spectra at the Ct, ;3 edges ¢=0°). Thetheoretical spectra have ) ) )
been broadened by a combination of a Lorentzian and a Gaussian FIG. 11. Difference in the XMCD signal at the 40, ; edges
function to account for core-hole effects and experimental resolyObtained for two different orientation of the spin quantization axis

tion, respectively. We observe a semiquantitative agreement with/ith respect to th¢001] direction(Ref. 48.

experiment, although the so-called branching ratio is underesti-

mated by our calculations. the relaxation is a difficult task, and would require the cal-
crepancy of thes/L, branching ratio is not surprising since culation of a time-dependent two-particle Green’s funcfion.
we do not take into account the photoelectron core-hole il conclusion, we believe that a good description of the elec-

teraction. tron hole interaction should improve the branching ratio, and
An attempt to include the core hole interaction on theProgress along the work of Zaanenhal ™ is desirable.
calculated XAS was made by one oflbgsing the final-state Figure 11 shows the difference between the theoretical Co

rule, i.e., assuming that the final-state energies are measur&MCD for two different directions of the spin quantization
and the dynamics of the excitation process are neglecte@xis. We see clearly that there is a change in the XMCD
This results in a static description of the core hole. The atonsignal, which is related to the change in the orbital magnetic
with a core hole is embedded in a crystal using a supercethoment between these two directions and consequently this
geometry. It was found that the screening of the core hole iIXMCD anisotropy should be proportional to the underlying
such that the atom with the core hole acquired the sam@ICA.

number of valence electrons as the next atom in the periodic |n contrast to what is obtained for Co, the results for the
table, i.e., an Fe atom with a core hole developed a spipt atomsg(Fig. 12 show a better agreement with experiment,
magnetic moment closer to that of bulk Co, and the Co exqye to the fact that the core hole effect is less intesee
cited atom magnetic moment is closer to that of bulk Ni, andyole much deeper compared to)CBor the Pt atom we used
the Ni excited atom has no magnetic moment like bulk copygip 4 Lorentziar(1 eV) and a Gaussiafl eV) to represent
per (see Ref. 41 for detailsThis simple static picture of the i1a core hole effect and a Gaussian of 1 eV width for the
electron-hole interaction is insufficient for the description Ofexperimental resolution. The experimental and theoretigal

XMCD because the XMCD through the use of sum ruIesandL3 edges are separated by a spin-orbit splitting of the 2
describes the ground-state magnetic properties. Brouder

et al'? used also the final-state rule to account for the core

hole effect on thé& edge of Fe. Here the core hole is located 06 @ T Bt T 7/ T ' ]
in the 1s state and the final state is pfcharacter. Both the L 050" 50
XAS and XMCD at theK edge were not much affected by %[ Pt-L,;edges 1
the presence of the core hole because the Feates did not § 002 | .
participate much to the screening of the core hole. A COM-2 409 i i
parison with experiment did not show much of an improve- &
ment. On the other hand, the calculation of Ankudirety 5 %[ ]
al.,'® using multiple scattering cluster code, of tKeedge 8 o4r Experiment .
XAS of paramagnetic BN showed that the final-state ruleﬁ 006 - :Tﬁz I:ymen ]
works better than in the case of the ; edge of 8 ferro-
magnets. However, it is surprising that the relative change of %[ . ]
the peak intensities in thK-edge spectrum is much more 00— T
pronounced than that of the density of states despite that

Photon Energy (eV)

the dipole matrix elements are known to have a weak energy
dependence. Finally, Schwitalla and Ebert performed relativ- £ 12, Experimental and theoretical XMCD signals at the Pt

istic calculations using time-dependent density functionai_Z’3 edges ¢/=10°). The theoretical spectra have been broadened
theory to account for the core-hole effect but their results folhy a combination of a Lorentzian and a Gaussian function to ac-
the L, ;3 branching ratio of the late transition met#fe, Ni,  count for core-hole effects and experimental resolution, respec-
and C9 were in worse agreement with experiment than thoseively. We observe a semiquantitative agreement with experiment,
without core-hole effect’ To take effectively the core-hole although the so-called branching ratio is underestimated by our cal-
photoexcited electron interaction, including the dynamics ofculations.
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core states of 1709 and 1727 eV, respectively. The width ofjuantization axis. The calculation of the x-ray magnetic cir-
both L, and L5 edges is comparable to experiment, but thecular dichroic signal ignoring the electron-hole recombina-
calculated., edge is much larger. This produces a calculatedion effect provides a semiquantitative agreement with the
integrated branching ratio of 1.49 which is much smallerexperimental spectra of both Co and Pt edges. The underes-
than the experimental ratio of 2.66. Here again the theoryimation of thel , 3 branching ratio remains a great challenge

underestimates the branching ratio.

IV. CONCLUSION

We have investigated the magnetic properties of the or-

dered CggPts, alloy from both an experimental and a theo-

for theorists and further theoretical development along the
line proposed by Schwitalla and Erts needed to bring
the theory at the level of the experiment.
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