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Perpendicular Magnetic Anisotropy Caused by Interfacial Hybridization via Enhanced Orbital
Moment in CoyyyPt Multilayers: Magnetic Circular X-Ray Dichroism Study
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Magnetic circular x-ray dichroism (MCXD) measurements at the CoL2,3 and M2,3 core edges
reveal a strongly enhanced perpendicular Co orbital moment (morb) in CoyPt multilayers which show
perpendicular magnetic anisotropy (PMA). MCXD signals at the PtN6,7 and O2,3 edges, arising from
Pt 5d-Co 3d hybridization, persist for the thinnest Co layer. The hybridization is shown to be localized
at the CoyPt interface and to cause themorb enhancement which drives PMA. Unambiguous evidence
for a transition from fcc to hcp Co is presented andmorb of bulk fcc Co has been determined to be
0.11mB for the first time. [S0031-9007(98)07736-9]
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Since the discovery of perpendicular magnet
anisotropy (PMA) in metallic overlayers and multi
layers [1], this phenomenon has been a subject of gr
interest, particularly with regard to its microscopic ori
gin. Despite numerous experimental and theoretic
studies, a full understanding of PMA has not yet bee
achieved. Strong PMA appears for only a limited numb
of combinations of magnetic and nonmagnetic metals a
for a particular crystal orientation, such as CoyPd(111)
and CoyPt(111) [1,2]. First-principles calculations [3,4
predicted in-plane magnetic anisotropy for a free-standi
Co monolayer, whereas they predicted PMA in fre
standing Fe and V monolayers and some multilaye
These studies indicated the important role of nonmagne
metals as well as the band structure in producing PM
Experimental [5] and theoretical [6] studies have recen
been reported that highlight the interfacial hybridizatio
between magnetic and nonmagnetic metals concern
overlayer-induced anomalous PMA in ultrathin Co films
Since magnetic anisotropy is thought to originate main
from the spin-orbit (SO) interaction, the orbital magnet
moment (morb), which usually makes a small contribution
to magnetism in3d transition metals, was also expected t
play an important role in PMA. A tight-binding approach
to morb and magnetic anisotropy [7] indicated a clos
connection between these two quantities.

Magnetic circular x-ray dichroism (MCXD) in core-
level absorption [8,9] allows an element-specific an
separate determination of the orbital and spin moments
combination with the MCXD sum rules [10], thus provid
ing a powerful technique for studying the magnetism
multicomponent systems, such as multilayers. Anmorb
enhancement of Co and Fe was observed in CoyPd, CoyPt,
and FeyPt multilayers by MCXD experiments [11,12].
Welleret al. [13] have recently shown by angle-depende
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MCXD measurements that themorb anisotropy is the ori-
gin of PMA. Induced spin polarization in nonmagneti
metals was also observed in CoyPt and FeyPd multilayers
by MCXD measurements [14]. However, experiment
evidence is still lacking for the relationship betweenmorb
and the interfacial hybridization regarding PMA.

In this Letter we present unambiguous evidence f
a close connection between the enhanced perpendic
morb of Co and the Co3d-Pt 5d interfacial hybridiza-
tion in CoyPt multilayers. This is shown by MCXD
measurements atboth the Co L2,3 and M2,3 and the Pt
N6,7 and O2,3 core edges on multilayers with systemat
cally varying Co-layer thicknesses. We find that th
morb enhancement and strong3d-5d hybridization are
highly localized at the CoyPt interface, and show that
these effects give rise to PMA. Furthermore, we prese
clear evidence of a structural transition from fcc to hc
Co with increasing Co-layer thickness and givemorb ­
s0.110 6 0.01dmByCo for bulk fcc Co for the first time.
This value is significantly smaller than that of bulk hc
Co [s0.148 6 0.005dmByCo], in good agreement with a
recent theoretical prediction [15].

Ten CostCo ML dyPts7.5 ML d multilayer samples (1.5 #

tCo # 29; ML ­ monolayer) with a total thickness of
850–1130 Å were prepared by rf sputtering in Kr ont
water-cooled float-glass substrates. First, a 150-Å-thick
layer was grown and then annealed at 350±C for 1 h, pro-
ducing a fully fcc (111) textured buffer layer as confirme
by x-ray diffraction (XRD) analyses. Scanning tunnelin
microscopy observation revealed a 2500-Å average gr
size and atomically flat terraces separated by monoatom
steps. The average terrace width was 50 Å. Then, the
quence of Co and Pt layers was grown by terminating w
Pt as a protective layer. Low- and high-angle XRD anal
ses confirmed the superlattice period, which almost agre
© 1998 The American Physical Society 5229
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with the designed values. XRD satellite peaks are best
produced by a model calculation which takes into accou
an intermixing of only 1 ML for each Co and Pt layer. Th
magnetic anisotropy of the samples was studied by torq
magnetometry. PMA was found fortCo # 5 ML and in-
plane anisotropy was seen fortCo $ 7 ML. The samples
were characterized by polar Kerr-hysteresis measureme
in fields of up to 1.88 T. MCXD experiments were per
formed at room temperature using circularly polarized sy
chrotron radiation from helical undulators on BL-28A an
AR-NE1B [16] at the Photon Factory. The photon helicit
was fixed and the magnetic-field direction was switche
parallel and antiparallel to it. From 40 to 100 eV, th
MCXD in normal-incidence reflection was measured und
a field of 62 T using an ultrahigh-vacuum superconduc
ing magnet [17]. Low-energy reflectivity was measure
from 4 to 40 eV using BL-11C. The soft x-ray absorptio
(XAS) was measured by the total electron-yield metho
for the region, covering the CoL2,3 core edges. A field
of 61.1 T was applied to the sample perpendicular to th
film plane using a permanent-magnet MCXD apparatus
each photon energy.

Figure 1 shows the real part of the off-diagona
dielectric-tensor element (´r

xy) in the Co M2,3 and Pt
N6,7 andO2,3 edge regions, which was obtained from th
reflection-MCXD and wide-range reflectivity spectra b
the Kramers-Kronig analysis;́rxy represents the absorption
MCXD spectrum. A correction for the degree of circula
polarization (PC) was made using a measured avera
value of PC ­ 92% [18]. We display in the inset the
imaginary part of the diagonal tensor element (´i

xx) for
tCo ­ 3 and 15 ML, which stands for the normal absorp
tion spectrum. Only a negative MCXD is observed at th
Co M2,3 edges for thintCo, while a small positive MCXD
is seen as well as a strong negative MCXD for thicktCo.
The observed asymmetry increase of the MCXD spectru
shows an enhancement ofmorb of Co perpendicular to the
film plane with decreasingtCo. A strong negative and
a very weak positive MCXD are observed at the PtO3
and O2 edges, respectively, for thintCo. A positive and
a negative MCXD are clearly seen at the PtN7 and N6
edges, with the positive intensity being slightly strong
than the negative one. These observations show t
magnetic moments are induced on Pt atoms by the stro
Pt 5d-Co 3d hybridization across the interface. An appli
cation of the MCXD sum rules [10] shows that theN-edge
MCXD is opposite in sign to theM- andO-edge MCXD
and that themorb contribution to a MCXD asymmetry is
smaller in theN6,7 edges than in theO2,3 edges. Thus,
the present results provide clear evidence that the indu
total Pt moment has a substantial Ptmorb contribution and
is aligned parallel to the total Co moment.

The most interesting feature in Fig. 1 is that the MCX
signals at the PtN6,7 andO2,3 edges persist fortCo down
to the thinnest limit. If the Co3d-Pt 5d hybridization
extended far into the inside of Co layers, the Pt-ed
MCXD arising from the 3d-5d hybridization should
5230
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FIG. 1. Absorption MCXD spectra of CostCodyPts7.5 ML d
multilayers around the CoM2,3 and Pt N6,7 and O2,3 edges
deduced from reflection MCXD and reflectivity spectra by th
Kramers-Kronig analysis. Correction forPC was made. The
inset shows normal absorption fortCo ­ 3 and 15 ML.

decrease with decreasingtCo. Therefore, we are led to the
conclusion that the Co3d-Pt 5d hybridization is highly
localized at the CoyPt interface. The strong hybridization
will push down the interfacial Pt5d bands of spin parallel
to the Co majority spin with respect to the5d bands
of opposite spin, thereby producing the Pt spin mome
parallel to that of Co. The strong Pt SO coupling cou
result in a proportionally largemorb of Pt.

Figure 2(a) shows the flux-normalized polarization
dependent CoL2,3 XAS (m1 andm2) spectra fortCo ­ 3
and 15 ML. Here,m1 and m2 stand for the absorption
coefficients of the photon helicity parallel and antipara
lel to the spin of the Co3d majority electrons, respec-
tively. The thin solid curve represents the background
XAS [sm1 1 m2dy2] simulated by a two-step function.
Figure 2(b) displays the MCXD spectra normalized by a
edge jump in XAS above,820 eV, providing the MCXD
of a per-atom basis. A correction forPC was made
using a calculated average value of95%. The MCXD
orbital sum rule [10] allows us to determinemorb from
the MCXD and XAS spectra by the equation

morb ­ 2
4

R
L31L2

sm1 2 m2d dv

3
R

L31L2
sm1 1 m2d dv

s10 2 n3dd , (1)

where morb is in units of mByatom andn3d is the 3d
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FIG. 2. (a) Polarization-dependent CoL2,3 XAS spectra of
CostCodyPts7.5 ML d multilayers for tCo ­ 3 and 15 ML. Cor-
rection for PC was made. The thin solid curve denotes th
averaged XAS background. (b) CoL2,3 MCXD spectra nor-
malized by the edge jump above 820 eV in XAS of (a).

electron occupation number. We usen3d ­ 7.55
for tCo # 8 ML from a reported calculation for a
Co2Pt4s111d multilayer andn3d ­ 7.51 for tCo $ 15 ML
as averaged from calculated values for bulk Co [19,20]

Figure 3 showsmorb of Co as a function oftCo, as
determined from integrating the MCXD and backgroun
subtracted XAS spectra using Eq. (1). It is most not
that morb increases rapidly with decreasingtCo below
tCo ­ 6 8 ML. The morb enhancement just correspond
to the appearance of PMA confirmed by the present torq
magnetometry. Another interesting feature to note is
gradual increase ofmorb, but not a monotonic decreas
with increasing tCo above tCo ­ 6 8 ML. This non-
monotonic behavior is in sharp contrast to the mon
tonic morb decrease with increasingtCo observed in an
AuyCoyAu(111) staircase [13] and Co films on Cu(100
[21]. The dependence of the present Kerr rotation an
on tCo exhibited a clear kink attCo ­ 6 8 ML. This in-
dicates a structural transition from fcc to hcp Co attCo ­
6 8 ML, where added Co layers start to take the hc
structure with increasingtCo [22]. The abnormal behavior
in Fig. 3 corresponds nicely to this observation. We th
attribute the rapidmorb increase fortCo , 6 8 ML, ex-
cept fortCo ­ 1.5 ML, to an enhancement ofmorb of Co
in the interfacial region and the gradualmorb increase for
tCo . 6 8 ML to the morb contribution of hcp Co. The
tCo ­ 1.5 ML sample should be accurately represented
Co38Pt62-alloy layers separated by Pt layers if an interdi
fusion is considered. This could cause a reduced Cu
temperature for the film as compared with the others,
e
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FIG. 3. Orbital magnetic moment of Co perpendicular to th
film plane as determined from the MCXD and XAS spectra
of Fig. 2 using the MCXD orbital sum rule. The solid curve
represents a fit to the data based on the model shown
the inset. The dashed curve denotes an extrapolation for
supposed case of all fcc Co layers.

sulting in an observedmorb for tCo ­ 1.5 ML lower than
that for tCo ­ 2.3 ML.

The samples withtCo $ 2.3 ML could essentially
retain the interfacial nature despite an intermixing, in th
sense that the probability for Co atoms to have adjace
Pt atoms in the perpendicular direction is much highe
than having neighboring in-plane Pt atoms. Thus, w
consider the simplest model shown in the inset of Fig. 3
by assuming that themorb enhancement is localized only
in a single atomic interface layer. A fit to the data ha
been made fortCo $ 2 ML by taking morb of bulk fcc
Co (mfcc

orb), that of bulk hcp Co (m
hcp
orb ), and the excessive

morb of a single interface Co layer (Dmorb) as parameters.
The result is shown by the solid curve in Fig. 3. The
dashed curve denotes a supposed extrapolation for all
the fcc Co layers, being in clear disagreement with th
experimental points. The fitting yieldsmfcc

orb ­ s0.110 6

0.01dmByatom, m
hcp
orb ­ s0.148 6 0.005dmByatom, and

Dmorb ­ s0.064 6 0.01dmByatom. The present value of
m

hcp
orb agrees excellently with the results of the gyromag

netic ratio [23] and MCXD [24] measurements, and als
with an orbital-polarization local-spin-density approxi-
mation (OP-LSDA) calculation [15]. This ensures ou
analytical procedure. Several calculations [15,25] hav
been reported onmfcc

orb; some of them givemfcc
orb values

that are smaller thanm
hcp
orb , while others yield the same

value for them. Tischeret al. [21] reported a ratio of
mfcc

orbymfcc
spin, but notmfcc

orb , itself, for fcc CoyCu(100) from
MCXD measurements. Our result is the first experi
mental determination ofmfcc

orb , and verifies the OP-LSDA
calculation [15]. The good agreement between the da
and the fitting based on the model leads us to conclu
again that the enhancement of perpendicular Comorb is
5231
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localized at the interface, being consistent with the resu
of the PtN6,7 andO2,3 MCXD. The above analysis yields
a perpendicular moment ofmorb ­ 0.174mByatom for a
single Co interface layer. By using Bruno’s expressio
[7] and assuming the in-plane moment being the sam
as that of bulk fcc Co, we obtain a magnetic anisotrop
energy of DESO . 2s2.3 1.0d 3 1024 eVyatom for
tCo ­ 2 5 ML, which is larger than the spin-spin dipole
interaction energy of2pM2

s . 10.92 3 1024 eVyatom
and thus drives PMA. Themfcc

orb value smaller than
the m

hcp
orb value promotes the tendency to PMA. If the

interface in-plane moment is smaller than that of bu
fcc Co [13], jDESOj should be larger than that estimate
above, favoring PMA.

Since most of the Co3d majority-spin bands are located
below the Fermi energy (EF), we consider only the Co
minority-spin bands. Thez axis is taken normally to the
film plane and thex axis is chosen to be the in-plane
spin quantization axis. The interface hybridization can
viewed as an effective uniaxial crystal field acting on th
interface Co atoms. The orbital moment and the resulta
magnetic anisotropy originate from the SO interactio
given by the HamiltonianHSO ­ j3dl ? s with j3d being
the SO coupling constant of Co. The matrix elemen
with the same spinkdxyjHSOjdx22y2 l and kdxzjHSOjdyzl
will produce the perpendicularmorb which drives PMA [7].
First, we note that the absolute value ofkdxyjHSOjdx22y2l is
the largest among nonzero matrix elements. Thus, wh
the crystal field locates thedxy and dx22y2 states near to
EF with one being belowEF and the other aboveEF

with an energy separation smaller than in bulk Co, th
perpendicularmorb will be strongly enhanced. Second, th
dyz anddxz states, which are degenerate at high-symme
points in the Brillouin zone, will be split byHSO into two
states having orbital moments6mB of zeroth-order ofj3d

with an energy separation ofj3d (. 70 meV). The ratio
of their occupation probability is exps2j3dykBTd . 0.07
at room temperature. Hence, if the crystal field happens
locate thedyz,xz states within, j3dy2 of EF , just as in a
theoretical prediction for thēM point in CoyPd multilayers
[4], this will result in a large perpendicularmorb . These
two situations could occur only for a special crystal-fiel
strength and an appropriate position ofEF , which could
explain why PMA appears only for a limited combinatio
of metals and a particular crystal orientation.

Several theoretical studies [3,4] predicted that the lar
SO coupling of Pd plays an important role in producin
PMA in CoyPd multilayers. Since the SO interaction o
Pt is stronger than that of Pd, it is highly likely that th
observedmorb of Pt could contribute appreciably to PMA
in CoyPt multilayers.

Now we have a clear picture of PMA in which the
strong interfaciald-d hybridization produces an enhance
perpendicular Comorb , which causes PMA by the SO
coupling, being further favored bymfcc

orb smaller thanm
hcp
orb

and by a substantial Ptmorb in CoyPt multilayers.
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