VOLUME 81, NUMBER 23 PHYSICAL REVIEW LETTERS 7 BCEMBER 1998

Perpendicular Magnetic Anisotropy Caused by Interfacial Hybridization via Enhanced Orbital
Moment in Co /Pt Multilayers: Magnetic Circular X-Ray Dichroism Study

N. Nakajima! T. Koide, T. Shidara, H. Miyauchi? H. Fukutani? A. Fujimori,® K. lio,* T. Katayama,
M. Nyvit,> and Y. Suzuki
'Photon Factory, IMSS, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305, Japan
2Institute of Physics, University of Tsukuba, Tsukuba, Ibaraki 305, Japan
3Department of Physics, University of Tokyo, Bunkyou-ku, Tokyo 113, Japan
“Department of Physics, Tokyo Institute of Technology, Meguro-ku, Tokyo 152, Japan
>Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan

(Received 13 November 1997

Magnetic circular x-ray dichroism (MCXD) measurements at the g and M,; core edges
reveal a strongly enhanced perpendicular Co orbital momegt X in Co/Pt multilayers which show
perpendicular magnetic anisotropy (PMA). MCXD signals at th&vpt and O, ; edges, arising from
Pt 5d-Co 3d hybridization, persist for the thinnest Co layer. The hybridization is shown to be localized
at the C¢Pt interface and to cause the,, enhancement which drives PMA. Unambiguous evidence
for a transition from fcc to hcp Co is presented ang,, of bulk fcc Co has been determined to be
0.11up for the first time. [S0031-9007(98)07736-9]

PACS numbers: 75.70.Cn, 78.20.Ls, 78.70.Dm

Since the discovery of perpendicular magneticMCXD measurements that the,,, anisotropy is the ori-
anisotropy (PMA) in metallic overlayers and multi- gin of PMA. Induced spin polarization in honmagnetic
layers [1], this phenomenon has been a subject of greametals was also observed in & and F¢Pd multilayers
interest, particularly with regard to its microscopic ori- by MCXD measurements [14]. However, experimental
gin. Despite numerous experimental and theoreticagvidence is still lacking for the relationship betweeg,
studies, a full understanding of PMA has not yet beerand the interfacial hybridization regarding PMA.
achieved. Strong PMA appears for only a limited number In this Letter we present unambiguous evidence for
of combinations of magnetic and nonmagnetic metals and close connection between the enhanced perpendicular
for a particular crystal orientation, such as /@ol(111) m., of Co and the Ca3d-Pt5d interfacial hybridiza-
and Co'Pt(111) [1,2]. First-principles calculations [3,4] tion in Co/Pt multilayers. This is shown by MCXD
predicted in-plane magnetic anisotropy for a free-standingneasurements dioth the Co L,3 and M,; and the Pt
Co monolayer, whereas they predicted PMA in free-Ns; and O,3 core edges on multilayers with systemati-
standing Fe and V monolayers and some multilayerscally varying Co-layer thicknesses. We find that the
These studies indicated the important role of nonmagnetia:,,, enhancement and strordy/-54d hybridization are
metals as well as the band structure in producing PMAhighly localized at the C@Pt interface, and show that
Experimental [5] and theoretical [6] studies have recenththese effects give rise to PMA. Furthermore, we present
been reported that highlight the interfacial hybridizationclear evidence of a structural transition from fcc to hcp
between magnetic and nonmagnetic metals concerningo with increasing Co-layer thickness and giwg,, =
overlayer-induced anomalous PMA in ultrathin Co films. (0.110 = 0.01)ug/Co for bulk fcc Co for the first time.
Since magnetic anisotropy is thought to originate mainlyThis value is significantly smaller than that of bulk hcp
from the spin-orbit (SO) interaction, the orbital magneticCo [(0.148 = 0.005)ug/Co0], in good agreement with a
moment {n,), Which usually makes a small contribution recent theoretical prediction [15].
to magnetism id transition metals, was also expectedto Ten Cdzc, ML)/P%7.5 ML) multilayer samplesi(5 =
play an important role in PMA. A tight-binding approach rc, = 29; ML = monolayer) with a total thickness of
to my, and magnetic anisotropy [7] indicated a close850-1130 A were prepared by rf sputtering in Kr onto
connection between these two quantities. water-cooled float-glass substrates. First, a 150-A-thick Pt

Magnetic circular x-ray dichroism (MCXD) in core- layer was grown and then annealed at 35@or 1 h, pro-
level absorption [8,9] allows an element-specific andducing a fully fcc (111) textured buffer layer as confirmed
separate determination of the orbital and spin moments iby x-ray diffraction (XRD) analyses. Scanning tunneling
combination with the MCXD sum rules [10], thus provid- microscopy observation revealed a 2500-A average grain
ing a powerful technique for studying the magnetism ofsize and atomically flat terraces separated by monoatomic
multicomponent systems, such as multilayers. /A,  steps. The average terrace width was 50 A. Then, the se-
enhancement of Co and Fe was observed ifRtip Co/Pt,  quence of Co and Pt layers was grown by terminating with
and Fe¢Pt multilayers by MCXD experiments [11,12]. Ptas a protective layer. Low- and high-angle XRD analy-
Welleret al. [13] have recently shown by angle-dependentses confirmed the superlattice period, which almost agreed
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with the designed values. XRD satellite peaks are best re-
produced by a model calculation which takes into account
an intermixing of only 1 ML for each Co and Pt layer. The "%
magnetic anisotropy of the samples was studied by torque p

0 A — 23ML
magnetometry. PMA was found fog, = 5 ML and in- ’ AN / 2 3. 0ML
plane anisotropy was seen fg, = 7 ML. The samples —-—-\/\ /"‘"“"\V———-—
were characterized by polar Kerr-hysteresis measurements 4.5ML

in fields of up to 1.88 T. MCXD experiments were per- ———\"“\"/ A 53ML

Pt]y7 Pt N6
PtO, AL =1 SML

formed at room temperature using circularly polarized syn- 3 /“"N
chrotron radiation from helical undulators on BL-28A and l,

AR-NE1B [16] at the Photon Factory. The photon helicity 5%0'1

was fixed and the magnetic-field direction was switched ""m

parallel and antiparallel to it. From 40 to 100 eV, the
MCXD in normal-incidence reflection was measured under
a field of =2 T using an ultrahigh-vacuum superconduct-
ing magnet [17]. Low-energy reflectivity was measured
from 4 to 40 eV using BL-11C. The soft x-ray absorption 0
(XAS) was measured by the total electron-yield method
for the region, covering the Cb,; core edges. A field
of =1.1 T was applied to the sample perpendicular to the
film plane using a permanent-magnet MCXD apparatus for
each photon energy.

Figure 1 shows the real part of the off-diagonal -0.1—=5 0 25 30
dielectric-tensor elementef,) in the Co M,; and Pt Photon Energy (eV)
Ng7 and O, 3 edge regions, which was obtained from the
reflection-MCXD and wide-range reflectivity spectra by FIG. 1. Absorption MCXD spectra of Qg,)/Pt7.5 ML)
the Kramers-Kronig analysis,, represents the absorption multilayers around the Caf,; and PtNg; and 0,; edges

; . deduced from reflection MCXD and reflectivity spectra by the
MCXD spectrum. A correction for the degree of circular Kramers-Kronig analysis. Correction fdt. was made. The

polarization Pc) was made using a measured averagénset shows normal absorption far, = 3 and 15 ML.
value of Pc = 92% [18]. We display in the inset the

imaginary part of the diagonal tensor elemest, ) for
fco = 3 and 15 ML, which stands for the normal absorp- 4

; | ; i< ob d at th ecrease with decreasing,. Therefore, we are led to the
tion spectrum. Only a negative MCXD is observed at the.,nciysion that the C8d-Pt5d hybridization is highly
Co M, 5 edges for thirrc,, while a small positive MCXD

) I ; for thi localized at the C@Pt interface. The strong hybridization
IS Seen as well as a strong negative MCXD for thigk. will push down the interfacial Pid bands of spin parallel
The observed asymmetry increase of the MCXD spectruny the Co majority spin with respect to thial bands
shows an enhancementmf,, of Co perpendicular to the of opposite spin, thereby producing the Pt spin moment

film plane with decreasingc,. A strong negative and 5 410l to that of Co. The strong Pt SO coupling could
a very weak positive MCXD are observed at the Bt Fesult ina proportionélly largior %f Pt. Ping

and 0 edges, respectively, for thi,. A positive and Figure 2(a) shows the flux-normalized polarization-
a negative MCXD are C'?a”y seen at the_]P;t and Ne dependent Cd., 3 XAS (u+ and ) spectra forc, = 3
edges, with the_ positive intensity being sh_ghtly stronger, 4 15 ML. Hére,,u+ and u1_ stand for the absorption
than the negative one. These observations show thahetficients of the photon helicity parallel and antiparal-
magnetic moments are induced on P.t atoms by the strong) 5 the spin of the Ca3d majority electrons, respec-
Ptjd-Co 3d hybridization across the interface. An appli- tively. The thin solid curve represents the background in
cation of the MCXD sum rules [10] shows that tNeedge g [(us + w_)/2] simulated by a two-step function.

MCXD is opposite in sign to thé/- and 0-edge MCXD e 5(b) displays the MCXD spectra normalized by an
and that then,,, contribution to a MCXD asymmetry is edge jump in XAS above-820 eV, providing the MCXD

sr:naller in theN6’|7 edgegdthaln n th%)“ ed%es. hThuj’ QOYL a per-atom basis. A correction faPc was made
the lolgesent resurt]s provi t()eceqr I%I ence t_bat the mduc ing a calculated average value 9%%. The MCXD
total Pt moment has a substantiab, contribution and i) sum rule [10] allows us to determing,;, from

is aligned parallel to the total Co moment. ;
The most interesting feature in Fig. 1 is that the MCXD'[he MCXD and XAS spectra by the equation

signals at the Py 7 and 0,3 edges persist fotc, down 4 /L3+L2(,LL+ —u-)dw

to the thinnest limit. If the Cad-PtSd hybridization Mo = =577 " 7 7 (10 = ma). (1)

extended far into the inside of Co layers, the Pt-edge e

MCXD arising from the 3d-5d hybridization should where m, is in units of wg/atom andn;, is the 3d
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e FIG. 3. Orbital magnetic moment of Co perpendicular to the

(b) film plane as determined from the MCXD and XAS spectra

! | 1 ! ! 1 of Fig. 2 using the MCXD orbital sum rule. The solid curve
770 78(1)>h 790 E800 81({/ 820 330 represents a fit to the data based on the model shown in
oton Energy (eV) the inset. The dashed curve denotes an extrapolation for a

FIG. 2. (a) Polarization-dependent o ; XAS spectra of SuPposed case of all fcc Co layers.

Co(tc,)/PH(7.5 ML) multilayers forzc, = 3 and 15 ML. Cor-

rection for Pc was made. The thin solid curve denotes thesulting in an observed:,,, for tc, = 1.5 ML lower than
averaged XAS background. (b) Qo3 MCXD spectra nor-  that fortc, = 2.3 ML.

malized by the edge jump above 820 eV in XAS of (a). The samples withzc, = 2.3 ML could essentially

) retain the interfacial nature despite an intermixing, in the
electron occupation number. We uses; =7.55  sense that the probability for Co atoms to have adjacent
for 7co =8 ML from a reported calculation for a pt atoms in the perpendicular direction is much higher
CoPY(111) multilayer andnsy = 7.51 for ico = 15 ML than having neighboring in-plane Pt atoms. Thus, we
as averaged from calculated values for bulk Co [19,20]. consider the simplest model shown in the inset of Fig. 3,

Figure 3 showsm,, of Co as a function ofico, @ py assuming that thei,, enhancement is localized only
determined from integrating the MCXD and background-in 3 single atomic interface layer. A fit to the data has

subtracted XAS spectra using Eq. (1). It is most notetheen made forc, = 2 ML by taking m., of bulk fcc
that m., increases rapidly with decreasing, below Co (mfcc

hcp .
; o), that of bulk hcp Co#i,,p, ), and the excessive
fco = 6-8 ML. The mor, enhancement just corresponds of;sin le interface Co laye/ as parameters
to the appearance of PMA confirmed by the present torqué " g yen{on) as p '

Another i ing f AU%he result is shown by the solid curve in Fig. 3. The
magnetometry. - Another interesting feature to note IS jasheq curve denotes a supposed extrapolation for all of
gradual increase ofi,, but not a monotonic decrease

o ; . the fcc Co layers, being in clear disagreement with the
with increasingc, above tc, = 6-8 ML. This non- Y 9 J

. o G experimental points. The fitting yields!S; = (0.110 =
monotonic behavior is in sharp contrast to the mono- P P gy orb =

hep
tonic me,, decrease with increasing, observed in an 0.0 up/atom, mep = (0.148 £ 0.005)up/atom, and

Au/Co/Au(111) staircase [13] and Co films on Cu(100) 27> = (0.064 = 0.01) x5 /atom. The present value of

[21]. The dependence of the present Kerr rotation angl&or, agrees excellently with the results of the gyromag-
on fc, exhibited a clear kink atc, = 6-8 ML. Thisin-  netic ratio [23] and MCXD [24] measurements, and al_so
dicates a structural transition from fcc to hcp Caat= ~ With an orbital-polarization local-spin-density approxi-
6-8 ML, where added Co layers start to take the hcpMation (OP-LSDA) calculation [15]. This ensures our
structure with increasing:, [22]. The abnormal behavior analytical procedure. Several calculations [15,25] have
in Fig. 3 corresponds nicely to this observation. We thu€en reported omi; some of them given,, values
attribute the rapidn,,, increase forrc, < 6-8 ML, ex-  that are smaller thamofg’, while others yield the same
cept fortc, = 1.5 ML, to an enhancement of,,, of Co  value for them. Tischeet al.[21] reported a ratio of

in the interfacial region and the gradual,, increase for — mss /mio,, but notmSs, itself, for fcc Co/Cu(100) from

fco > 6-8 ML to the m,,, contribution of hcp Co. The MCXD measurements. Our result is the first experi-
tco = 1.5 ML sample should be accurately represented asnental determination of:’S§, and verifies the OP-LSDA
CossPt;-alloy layers separated by Pt layers if an interdif- calculation [15]. The good agreement between the data
fusion is considered. This could cause a reduced Curiand the fitting based on the model leads us to conclude
temperature for the film as compared with the others, reagain that the enhancement of perpendicularrizg, is
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localized at the interface, being consistent with the results The authors thank Professor H. Sugawara, at High
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