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Measurement and multiple-scattering calculation of CuK-edge x-ray magnetic circular dichroism
spectra from an exchange-coupled Co/Cu multilayer
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Small but significant x-ray magnetic circular dichrgkMCD) absorptions are observed from an exchange-
coupled Co/Cu multilayer at the (€ edge. Multiple-scattering calculations including the spin-orbit interac-
tion show that the Cu dichroism is almost entirely due to the spin-dependent scattering of photoelectrons by the
exchange potentials of Co atoms at the interface. Possible small magnetic moments induced on Cu account for
a marginal fraction of the observed Cu dichroism. The calculated XMCD spectra are highly sensitive to the
local magnetic structure around the x-ray absorbing site. Layer-resolved magnetic absorption spectra calculated
near theK edge of Cu demonstrate that the core excitation on the interface layer dominates the mean XMCD
spectrum from the Cu film. Discussion is extended on the effect of interface roughness and the determination
of the spin asymmetry of delocalized electrons in Cu layers in the context of the exchange coupling of Co/Cu.
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[. INTRODUCTION ranging from 0.4 to 2.0 niff This suggests that the in-
duced polarization is extended beyond the interface area into
Spin polarizations of delocalized electrons in nonmag-he interior of the Cu layer, in accordance with the quantum-
netic spacer layers play an essential role in the indirect exinterference picturé.By contrast, the polarization of Cud3
change coupling of magnetic/nonmagnetic  metalelectrons has a dominant interfacial nature, as seen in a
multilayers!? Among various exchange-coupled metal sys-dichroism measurement at the edge!®> The observed Cu
tems known to daté,Co/Cu has been the most extensively moments are parallel to those of Co, which are nearly iden-
investigated for two reasons. On the experimental side, thtical in magnitude to bulk Co, independent of Cu thickness.
small lattice mismatch between Co and Cu, along with theThe spin moment in the Cu shell is 0.013p in a
immiscibility of the two elements, allows high-quality Co(1.0 nm/Cu(1.3 nm multilayer. The CulL, 3 x-ray ab-
samples to be grown with sharp interfaée%0On the theo- sorption near-edge structuXANES) spectra show an in-
retical side, noble metal Cu has a simple band structure witrease in the white-line intensity with decreasing Cu thick-
an accurately known Fermi surface via de Haas—van Alphef€ss, suggesting an increased numbet lobles in Cu atoms
measurements. In this system, nearly free electrons in cfiéar the interface. The conclusion is intriguing, but the dis-
become spin polarized through magnetic interactions witi£uSSion is based on the atomic picture.
the Co layer at the interface. The polarization propagates, OUr recent works on amorphous Gd-Co alfdyand Fe

— H ,19 -
across the Cu layer and interacts with another Co layerM (M=Al,Sn) spin glas¥>9 clearly show that th&-edge

thereby giving rise to a magnetic coupling between the CJ(MC% tlﬁ significabntly baffectted byb t?he Ihocal' sltrucgures
moments: The Cu electrons form quantum-well states with around the x-ray absorbing atoms, both chemical and mag-

. - : ; etic. This motivated us to obtain a deeper insight into the
glrf)(\::r:etg %r;sglfe ;gosr?g[ecsh:;irtét?% EE;T(; ;ﬁ;’iils’i(\ﬁ]h'r%ré:_/er pin polarization of delocalized Cu electrons in Co/Cu mul-

surements confirmed as well that the oscillatory exchangtllayers by analyzing the XMCD data with the use of the

o : ) fully relativistic multiple-scattering approa@i?2?In this pa-
couplings in Co/C(100) as a function of the Cu-layer thick- per, we will show that Ctk-edge XMCD signals do not

ness are dictated by the topology of the Cu Fermirgpresent true magnetic moments on Cu, but are dominated
surface:® by the spin-dependent scattering of delocalized electrons by

Further evidence for the spin-polarized Cu electrons innterface Co atoms. The paper begins with outlining the
Co/Cu multilayers is provided by x-ray magnetic circular multiple-scattering formalism in Sec. II. This is followed by
dichroism (XMCD) measurement$:'® The similar XMCD  a description of an experiment to measure high-resolution
spectra observed at the Co and Kiedges suggest that the XMCD spectra in Sec. Ill. The models and assumptions used
conduction bands of Cu are magnetically polarized viato simulate the data by multiple-scattering calculations are
4p-3d hybridization at the Cu/Co interfacéln addition, the  presented in Sec. IV. The results are compared with the ex-
same polarity of the Co and Cu signals observed indicategeriment in Sec. IV, where we discuss the effects of magnetic
that the 4 moments of Cu~-0.02ug) are aligned parallel moments on Cu atoms and interface roughness. In Sec. V we
to the Co 4 (~-0.05ug) moment. Interestingly, the Cu refer to the determination of the spin asymmetry of delocal-
XMCD signals decay more slowly than thetd/law in a ized Cu electrons in the context of the indirect exchange
series of sputtered @b.2 nm/Cu(tc,) samples withtc,  coupling.
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Il. MULTIPLE-SCATTERING THEORY Absorbing  Magnetic
Cu atom L Co atom

We outline here the multiple-scattering formalism pre-
sented in Refs. 20 and 21. As in XANES spectra, the mul-
tiple scatterings play an important role in XMCD spectra in
near-edge regions. If we neglect the spin-flip scatterings at
the nearby atom®:2>-24the multiple scattering is written as

T =TO 4+ TO 4+ 7@ 4 ... (1)

whereT©@, T® andT® are the atomic-, single-, and double-

scattering terms, respectively. These are derived frOn'r\elicities 4o and -u. Ejected spin-polarized photoelectrons travel

) . . .
T(mp'rpp) def!ned In te_rms of core funCt'o'h:) and fuII_ to nearby Co atoms and are spin-dependently scattered. The outgo-
Green’s functiorg describing the photoelectron propagationjng and backscattered photoelectron waves interfere to affect

with energye, helicity-dependent x-ray absorption rates on the absorber.
T(mp,mp) = = 2 Imc|Ar, g(e)Aryc), 2
wherem, and mg stand for the photon helicity-1,0, +3.

The electron-photon interaction operatAan is given by ) ) o n )
A, =rYy, (), neglecting unimportant constants. We have anwhereA,ua is the atomic contribution arising from the first

explicit expression of XMCD for single crystgfs! terms of Eqs{(4) and(5), whereasAuy, is the contribution
from the second terms of these equations, representing the

ST . dichroism due to the multiple scattering of photoelectrons.
AT cosB+ —= sinB. (3 We make it clear thatu, corresponds tar,, defined b
2 Ma p la y
! o5
Rueff et al,*> while Au, does tooy+0y,. Note thatAu,
Here the magnetic field is along tkzelirection and the inci- originates from the spin-dependent scattering of photoelec-
dent x-ray photons arrive on the target from the positive trons by magnetic neighbors. It gives rise to a finite dichro-
direction; e,/ -e,=cospB. For theK-edge XMCD the renor- ism even when the x-ray absorbing atom is nonmagnetic.
malized full multiple-scattering series are given by the com-Photoelectrons ejected from absorbing Cu atoms travel to

FIG. 1. A Cu atom absorbs circularly polarized x-ray photons of

Apg+ Apy, (8)

pact formula shown below: nearby Co atoms and are spin-dependently scatféréde
4 interference of the outgoing and back-scattered photoelec-
AT=AT - - Im[p7(K")e8p1 (K¢ exp(ziyl\+)(z+)/1*1/§1 1 tron waves influences the helicity-dependent x-ray absorp-

tion rates on the absorbing Cu atoii#sg. 1).
= (+ spin— - spin], (4)

4 lll. EXPERIMENT

— + 1+ + 01+ : + +\ A,
T =61~ pu ImLp3 (k") c3p1(K')c expl(2i 65){(Z) 11 10 A. Sample growth and characterization
- (Z*)’f’_Alyl(} = (+ spin— - spin], (5) The multilayer investigated in this work has 50 bilayers of
Co(1.24 nm/Cu(1.77 nm, grown on polyimide films with a
5-nm-thick Ta buffer layer at room temperature by magne-
tron sputter deposition in a high-vacuum chamber. The
growth rates are 0.32 nm’sfor Co and 0.25 nm'¢ for Cu
at an argon pressure 06410 Pa. We finished the deposi-
tion by capping the top Co surface with a 1.8-nm-thick Cu
layer. The same multilayer was grown on silicon substrates,

where(+spin— —spin means the same term as the first term
with the up(+) spin interchanged by the dowr-) spin. In
Egs. (4) and (5), radial dipole integrap, between the core
function and thelth partial wave weakly depends on the
photoelectron energy. This is also the case vdph which
includes the spin-orbit interaction. We have used

ZE=G(1-XxH1, (6) in the same deposition run as the XMCD sample, for x-ray
diffraction and magnetic measurements. The silicon wafers
(Xi)ff, =t (k)G (R, — Rp). (7)  were mirror-polished but not chemically etched; the multi-

layers were grown on surface oxides. An x-ray reflectometry
In Egs.(6) and(7) the free propagators in the angular mo- trace fitted to Parratt's formula showed the layer thick-
mentum representatid®, , - reflect the geometrical structure, nesses indicated above and a root-mean-squares roughness of
whereas the sit& matrix t** reflects the electronic and mag- 0.45 nm at the Co/Cu interface, which is reasonably small
netic structures of siter. The renormalized matriZ de- for a sputtered film. Wide-angle x-ray diffractometer scans
scribes the spin-dependent full multiple scatterings of photoshowed no well-defined peak, indicating a poor crystalline
electrons inside the cluster. The atomic tertvd? and §T°  quality of the sample. The sample showed an in-plane peak
in Egs.(4) and(5), vanish when spin-orbit coupling is neg- magnetoresistance ratio, MR, of 20.4% at room temperature,
ligible or the spin polarization is small enough on the x-raywhere MR is defined byR-Rs,)/Rsy With Ry, being the
absorbing atom. We may rewrite the dichroism given by Egelectrical resistance at a saturation field. This is close to
(3) as ~25% reported for similar Co/Cu multilayets.
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0.2 T ism presents a main peak at 4 eV above the absorption edge

Room temp. (Eg=7709 eV}, accompanied by a smaller but broader trun-
(5925515_)@(% H=1000 Ce cated peak, opposite in sign, occupying an energy range of
O

o]

0.1 |
. - . | | | 10<E-E,=30 eV. This spectrum looks very similar to the

3 $% Lo one from hcp Co met&R The Cu dichroism is much weaker,
0.0 (oo’ ﬁﬁ%ﬁ# with a main peak about one-fifth as large as the Co peak,
Ob ! — located at 4 eV above the absorption edgg=8979 eV. It
} — Cu (x4) (5,=8979 eV) | reaches 0.055% when we correct for the 45° angle that the
N . in-plane magnetization vector makes to theector of the
®-— Co (E,=7709 eV) probing x rays8=45°). The general profile follows the one
for Co as observed by Pizziet al,'® though markedly nar-
rower in energy spread. This is clearly seen in Fig. 2. The
-0.3 small prepeak & = E, characteristic of the Cu spectrum, is
-20 -10 0 10 20 30 40 50 more enhanced than previously obser&Note that the Cu
E-E, (eV) spectrum shows a valley-peak structure of the same polarity
as the Co spectrum, although the positive prepeak is missing
FIG. 2. Co and CwK-edge XMCD spectra observed from a i, co This indicates that the Cupand is spin polarized
[Co(1.24 nm)/Cu(1.77 nm]sq multilayer at room temperature. A with a spin asymmetry of the same sign as that of the £0 4
saturating in-plane field of 1000 Oe was applied along the projecte%and_

wave vector of circularly polarized probing x rays. Note the Cu .

spectrum multiplied by 4E, indicates the absorption-edge energy. foll\c/)vvsir?gotl\j\ll((j) ncootﬁdtir:iiﬁsedgee i?ﬂmilﬁ;iggjg;verg E{Vé?etﬂethe

spin-orbit interaction on the x-ray absorbing atom influences

the final-state symmetry of the photoelectron wave function,
We collected XMCD data for the Co and GUedges at  and(2) the spin polarizations of nearby atoms discriminate

station BL39XU in SPring-8, Japan Synchrotron Radiationthe spin-dependent scattering of photoelectrons due to the

Research |nstitute, USing the he||C|ty modulation |0Ck-inexchange Scattering_ The finite %edge XMCD observed

technique’®?® This employed a 0.45-mm-thickl1]) dia-  in Fig. 2 does not necessarily indicate magnetic moments on

mond quarter-wavelength phase plate, rotary oscillated bezy atoms, as pointed out in Sec. Il.

tween the two predetermined angular positions across the

220 Bragg position with a frequency of 30 Hz. The degree of IV. SIMULATION CALCULATION AND DATA ANALYSIS
circular polarization of the transmitted beam is estimated to
be higher than 90%. The circularly polarized x-ray beam of
alternating helicity was led on to a sample at a 45° glancing To simulate the data using the multiple-scattering formal-
angle. An external in-plane field of 1000 Oe was appliedism outlined in Sec. Il, we model our Co/Cu multilayer
along the projection of the x-ray wave vector on to thewith a(100) superlattice of C&x AL)/Cu(10 AL), where AL
sample plane. This field is sufficiently high to align the Costands for atomic layers. For comparison, we investigate a
moments along the field. We measured XMCD in the trans{111) superlattice of C6 AL)/Cu(8 AL) as well. In both
mission geometry. The output signals of two ion chambersmodels, fcc Co is assumed to have the same lattice constant
placed before and after the sample, were fed into logarithmias bulk Cu(0.362 nm. To estimate the electron configura-
converters followed by a lock-in amplifier for a phase-tions on the Co and Cu sites, we started from the electron
sensitive measurement of magnetic and nonmagnetic absorpumbers given by the coéfererrFs for the 3 and 4+4p
tion signals’®®2°The setup allowed us to acquire a Btedge  states of bulk Co and Cu. These numbers are listed in Table
XMCD spectrum of high signal-to-noise ratio in 30 min at al for Co(2)-Co(4) and Cy2)-Cu5) in the Co/Cu100
resolution of 1 eV. The data collection time was even shortemodel. Co atoms at the interface tend to acqdieectrons
at the CoK edge. The measurement was repeated with refrom Cu because of the hybridization, as indicated by Zahn
versed magnetic fields to remove nonmagnetic dichroismet al3® We transferred a®charge from C(l) to Ca1) by
from the data. trial and error, while retaining thes4 4p charge, and deter-
Figure 2 shows XMCD spectra observed atlkhedges of mined an optimal 8 charge transfer to reproduce the ob-
Co and Cu. We define here XMCD hyu/ yjump=[1(~=,+)  servedK-edge XANES and XMCD spectra shown in Figs. 2
—p(+, D) jump  OF Al priymp=[p(+,-) = (=, )1/ mjymp ~ @nd 3. A variation in the @ electron number modifies the
where u is the absorption coefficient. The signs in the firstscattering potentials of Co and Cu, which results in a shift of
and second positions in the parentheses stand for the phottime calculated spectra. This procedure revealed 6.4I8c-
helicity and the field direction, respectively. We define the trons moved from C() to Cqal). Note in Table | that our
field along the projected x-ralg vector. uj,m, is the jump  model assumes modified electron configurations only on the
height of u at the absorption edge. This widely used defini-interface layers. For the magnetic moments, we quote the
tion is opposite to the one we have used in our resonant x-rayalues given by Samaet al!® for Co [see Table | and Fig.
magnetic scattering work8-33 The observed dichroic spec- 2(c) in Ref. 15 and assume no moment induced on Cu. We
tra mimic the previously reported or€gor both Co and Cu, apply the electron and magnetic moment configuration of
though more structures are resolved in Fig. 2. The Co dichroTable | to the Co/C(L11) model as well.

M
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XMCD (%)
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-
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9,3

B. XMCD measurement

A. Models and assumptions
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TABLE I. Charge and magnetic-moment configurations for the 0.8 e —
fcc Ca(7)/Cu(10) model. The(100) layers are numbered according L (100)
to the distance from the interface. 0.6 L
3rd layer Cu(3)
Electron number Magnetic moment g 0 ]
Layers 3 4s+4p 3d 4s+4p 9 ar 2nd layer Cu(2)
Cu5) 9.70 1.30 0 0 0O 0.2
Cu4 970 1.30 0 0 s interface Cu(1) |
Cu3) 9.70 1.30 0 0 = 0.0 -
Cu2) 9.70 1.30 0 0 | mean (x5) |
cul) 9.30 1.30 0 0 02 L \ i
Co(1) 8.25 1.15 1.65 -0.07 | - - - exp. (x5)
Ca2) 7.85 1.15 1.65 -0.07 oal v
Co3) 7.85 1.15 1.65 -0.07 8970 8980 8990 9000 9010 9020
Cad) 7.85 1.15 1.65 -0.07 Photon energy (eV)

FIG. 4. Layer-resolved CK-edge XMCD spectra for the inter-

In the calculation of crystal potentials, we chose theface, second, and third Cu layers in the Co(ID® model (full
muffin-tin radius of Co and Cu at 0.128 nm and sphericallyline). The mean spectrum is a sum of contributions from the ten Cu
averaged the potential at each atom site. Al interstitial site4@yers divided by 10. The broken line indicates the experimental
were assumed to have a constant poterffialyVe estimated spectrum of Flg._ 2 corrected for the x-ray incidence angle. The
the scattering phase shifts for photoelectrons using the corf?€an and experimental spectra are multiplied by 5.
ventional nonlocal Hartree-Fock method and carried out
multiple-scattering calculations for clusters ofL35 atoms. convoluted the calculated XANES and XMCD spectra with a
Good convergence was achieved for smooth and rough intek-orentzian of 1.4 eV in full width at half maxima, assuming
face models. To make the onsets and peaks of the calculatéd equal lifetime for Co and Cu. This value is close to the
XANES spectra coincide with those observed, we sup-mean of 1.33 and 1.55 eV, tabulated for Co and Cu, respec-
pressed absorptions related to photoelectrons of energies Ieiéeely, by Krause and Olivel The layer-by-layer XANES
thanE;+10 eV in Co and5;+9 eV in Cu. Absorptions occur spectra thus calculated were averaged. The mean spectra for
when core electrons are excited to unoccupied states aboo and Cu were individually scaled to the jump heights
the Fermi level. We thus placed the calculated spectra on thejump Of the experimental absorption curves observed at the
energy scale of the experiment. The calculated XMCD specrespectiveK edges.
tra were then cutoff af;+10 eV in Co andg;+9 eV in Cu. _ . .
To account for the effect of the finite core-hole lifetime, we B. Multiple-scattering calculations

Figure 3 shows the calculated layer-by-layer XANES

1.4 spectra for the Co/Gd00 model at the CK edge, where
the mean spectrum is shown along with the experimental
1.2 one. The interface spectrum for @ is featured by an en-
hanced peak at-8980 eV. The peak becomes lower and
1.0 broader on the second and third layers,(Zuand Cy3),
with the global profile approaching the spectrum calculated
S 08 for bulk Cu crystal. The mean XANES spectrum, which
= slightly differs from the bulk spectrum, follows the observa-
0.6 tion closely. The corresponding XMCD spectra are shown in
Fig. 4. Note that a large dichroism is observed only ogiGu
0.4 which is totally due to the scattering terdw, in Eg. (8)
since there is no magnetic moment assumed on Cu, i.e.,
0.2 ; Au,=0. The finite dichroisms observed on @uand Cy3)
0.0 o indicate that photoelectrons pick up magnetic information

from Co atoms located in the second- and third-neighbor
sites. These make small contributions to the total XMCD
from the Cu film. Note that the mean spectrum, which is the

FIG. 3. Layer-resolvek-edge XANES spectra calculated for Sum of the contributions from the ten Cu layers divided by
layers Cil), Cu2), and C@3) in a Cd7 AL)/Cu(10 AL) model 10, agrees with the experimental spectrum not only in mag-
with the(100) interface(full line). The “mean” spectrum is a sum of nitude but also in profile, even though some discrepancy is
contributions from C(1)-Cu(10) divided by 10. The “bulk” spec- Seen on the high-energy flank of the main peak.
trum is calculated for bulk Cu crystal. The broken line shows the The CuK-edge XANES spectra calculated for tfEL])
experimental absorption spectrum. interface model turned out to be very similar to those in Fig.

'8970 8980 8990 9000 9010 9020
Photon energy (eV)
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0.8 T T T T T ! ! ' )
T T T T 0.10 | (100) i
(111)
0.6 L 0.05
3rd layer Cu(3) _
X 0.00
04—~ —— ] a
s 2nd layer Cu(2) Q -0.05 —— Interface Cu(1)
> --- 2nd layer Cu(2)

8 0.2 |- o100 Ve 3rd layer Cu(3) |
s interface Cu(1) —— Mean
> < ® Experiment

0.0 ) y N -0.15} . . . . 4

7 mean (x5) -10 0 10 20 30 40
! E-E (eV)
-0.2 | v . o
T exp (X5) FIG. 7. Layer-resolved CWK-edge XMCD spectra for the
-0.4 PR S S E— Co/CU100 model with a —0.02, magnetic moment given to the
8970 8980 8990 9000 9010 9020 4s+4p state of all Cu atoms. Dots trace the experimental spectrum
Photon energy (eV) for comparison.
FIG. 5. Same as Fig. 4 but for the Co/@a1) model. Ap, contribution occupies a small fraction of the total Cu

K-edge dichroism, which is dominated by the.,, contribu-
3. Figure 5 shows the layer-resolved dichroism spectra fotion, as can be seen from the closely spaced thick and thin
this model. The contribution from the interface layer©us lines in Fig. 6. In Fig. 7, we expand the spectra into the
slightly smaller than in th€100) model, but still dominates layers. Comparing with Fig. 4, we see an effect of —@.92
the mean XMCD spectrum. Again, the agreement of theon the spectrum for the second layei2C We note that the
mean spectrum with the experiment is good, though not petinclusion of the small Cu moment lifts off the shoulder in the
fect. A comparison with Fig. 4 shows that it is hard to judgehigh-energy flank of the main peak that is present in the
which of the two models better reproduces the observedurve for nonmagnetic C(Fig. 6). This slightly improves

XMCD spectrum. the agreement of the calculated mean spectrum with the ex-
Comparing the XMCD strengths measured at the Co angeriment.
CuK edges, Pizzinet al. estimates —0.025 for the 4p mo- We show in Fig. 8 the C&-edge XMCD spectra calcu-

ment on copper in their G&.2 nm/Cu(0.8 nm lated for the Co/C(L00) and Co/C@ll1ll) models. These
multilayer!® To investigate the contribution that a Cu mo- show slightly greater and shifted main peaks as compared
ment can make to the total dichroism, we calculated thewvith the experimental spectrum. The broad positive peak ob-
mean XMCD spectrum from the ten Cu layers in ourserved in the energy range of $FE-E;<30 eV is poorly
Co/Cu100 model with a 4+4p moment of —-0.02g given  reproduced by the multiple-scattering calculation. We will
to all Cu atoms. Namely, we replaced 0 entered fot4p in come back to this point in a later section of this paper.
Table | by —0.02 with the other parameters unchanged. The Up to this point, we have assumed an ideally flat, smooth
result is shown in Fig. 6, where the Cu moment produces &0/Cu interface. To illustrate the extent to which the inter-
significant dichroism due to th&u, term[Eq. (8)], which is N
no longer zero. While this demonstrates an excellent sensi- (a) (100)
tivity of XMCD to a small moment, we point out that the 0-1r

0.0 faesessemytyonss

: s
. e N T e
! U
-0.1} “K-}ﬂ/ o _
' —---Cu(x4)
0.02} A /\ ] -0.2} ® exp. (Co) |
0.00 LS —

XMCD (%)

0.04 + (100) e

g LS SN ——t
a (b) (111)
0.1f
Q - L ] %™,
>Z< 0.02 s A A o,
—_— =) " P id
0.02 p on Cu 4s+4p < 0.0 s Sy
-0.04 — No moment on Cu 7 8
----- Difference 1 s -0.1}
-0.06 | § x — Co
1 1 1 L -0.2} ===- Cu(x4) J
-10 0 10 20 30 40 ® exp. (Co)
E-E, (eV) 20 -10 0 10 20 30 40

E-E, (eV)
FIG. 6. Mean CuK-edge XMCD spectra for the Co/CL00
model with a magnetic moment of —0,0g (thick line) and Qug FIG. 8. Mean Co and CWK-edge XMCD spectra for the
(thin line) given to the 4+4p state of all Cu atoms. The dotted line Co/Cu100 (a) and Co/Cy11l) (b) models, calculated using the
shows the difference of the two spectra, representing the contribunultiple-scattering formalism. The experimental Co spectrum is in-
tion from —0.02ug. dicated by dots. The Cu spectrum is multiplied by 4.
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@ (111) ' ' spin-dependent scattering of photoelectrons by nearby Co
atoms. Interestingly, the positive peak-aB978 eV is only
g 00 J\ VI\V observed on atom 0. In view of the similar positive features
o \ / in Figs. 4 and 5 it is likely that the simple flat, smooth inter-
§ W e face is a good approximation of the real mean interface.
02 [ — cuz (1) | Combining the multiple-scattering formalism with a statisti-
cus cal model of rough interface would allow us to study more
' ’ ’ realistic interfaceg! Note that the multiple-scattering calcu-
/\ lation in real space can handle non-periodic structures, which
2 0.0 S N is not easily feasible by other approacR&s?
[a]
é o EE? g; V. DISCUSSION
02 Y e cu2 (1) :
@z The multiple-scattering approach has successfully ex-

8970 8980 8990 9000 9010 9020 plained theK-edge XMCD spectra from ferromagnetid 3
Phaton energy (eV) transition metals and alloys including FRef. 20-23 and
Co (Ref. 25. At these edges, the atomic contribution due to
Cu atoms labeled 0, 1, 2, and 3 in Fig. 10. Figures in parenthesetge A/fa term [Eq. (_8)] occupies a S'Zable_ part_ of the total
show the numbers of Co atoms in the nearest-neighbor giteshe dlchr0|s.m?2'25 This is contrasted to the dichroism of “non-
Co/Cuy111) model, (b): the Co/C100 model. magnetic” Cu, to whichAu, contributes none or very little.
The present work confirms this, suggesting that the most part

face structure can affect the Cu dichroism, and to demon(-)f the K-edge XMCD signals observed from “nonmagnetic”

strate the power of the multiple-scattering calculation at théﬂetals sandwiched b_etween ferromagnet_lc metals is ac-
same time, we show in Fig. 9 single-atdfaedge XMCD counted for by the spin-dependent scattering of photoelec-

spectra calculated for nonmagnetic Cu atoms labeled 0, 1, gons by interface magnetic atoms. .
and 3 in Fig. 10. This structure models a hypothetical rough We demonstrated in F'g: 6 that smal_l moments pos&b!y
Co/Cu111) interface. The model assumes parallel straight"duced on Cu make marginal contributions to the total di-
interface lines passing near atom 0 in thé&1) layers above chroism. We assur_ned 54_4p moment of —0.025 on all
and below the plane of Fig. 10. Note that Cu atoms 0, 1, oCu atoms. In practice, this is equivalent to -Qganduced

and 3 have three, four, one, and zero Co atoms in the neareéltr-]Iy on the interfacial Cu, because the inner layers make

neighbor sites, respectively, as indicated in Fig. 9. For rea|_nS|gn|f|cant contributions to the total dichroigifig. 7). The

sons of simplicity, the interstitial potenti&, and Fermi en- assumed moment is very close to —0.A23given by Wu

ergy for atoms 1, 2, and 3 were assumed to be equal to tho@@? I;relelr_n:gwto tlhel 'tf?t%{fac'g' ICu sﬁs Ir](h thelrl full-
for atom 0. Figure 9 includes the XMCD spectra calculated?©'€Nt2 cajcuiatiorr and farger than the values
for the same types of interface atoms in the Co/iD0) (~—0.01 ug) presented in the Niklassaat al. first-principles

model. The Cu XMCD signals approximately scale to ,[heGreTen‘ls1 function calcul_atl_on _based_ on the Ilnear-m_uffm-tln
orbital** In a more realistic simulation, we have to include

FIG. 9. Single-atom CiK-edge XMCD spectra calculated for

number of Co neighbors, providing more evidence for thethe spin and orbital moments of thestate, for which Wu

and Freeman give +0.0%43.%° This is much larger than re-
ported by Samanét al.!® In any case, we emphasize that

< > 4.» 4.» 4‘» 4‘» 4‘ induced Cu moments would only account for a small fraction
.> < > <'> 4'» <‘> < P> of the dichroism observed from Co/Cu multilayers at the Cu
<.> < >< > <‘> <‘> <
= 0=0-02020:
0 a9a0a®
(-
4

K edge.
It is worthwhile to point out that if we compress the Co
.> <‘> 4&} 49} y S XMCD spectrum along the energy axis towards the absorp-
‘ tion edge, the near-edge portion of the Cu spectrum is nearly
>< >< < >< >< . ;
« <.> 4‘> 4’> 4 reproduced except the prepeakEatE,~ 0 (Fig. 2. This can
4‘, 4', < AN 4‘, 4 be taken to suggest an incomplete screening of the core holes
., <‘> 4., A N 4., A by s+p electrons in Cu where thetelectrons are quenchéd.
<.> 4‘» < > <‘> 4‘ Core holes in Co would be more efficiently screeneddby
.» <.> <‘> <G> < >< electrons. The incomplete screening pulls down #ig
band of Cu because of the enhanced Coulomb attraction,
leading to a compressed XMCD profile.
Co Cu Our multiple-scattering calculatiqn ha_s reproduced weI.I
the observed Cu XMCD spectrum, including the sharp posi-
FIG. 10. Model rough Co/Qd11) interface with a Cu atom tive feature aE—Ey,~0. The Co spectrum is less satisfacto-
substituted by a Co atom. In th&11) planes above and below the rily explained. In particular, the calculation shows a positive
plane of the drawing, straight parallel interface lines pass close tpeak at~15 eV aboveE,, whereas the observed profile ex-
Cu 0. hibits a much larger feature amounting to two-thirds the
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main peak, encompassing the wide range of<s®}-E, equilibrium state, but the local distortion of the conduction
<30 eV. The Co/C(00 model gives a slightly better re- electrons in Co and Cu would not instantaneously follow the
sult in this regardFig. 8). A similar disagreement is seen in core-hole potential. In this inequilibrium state the two metals
the calculation by Ruefét al,? which they ascribe to the in contact could have unequal Fermi energies. A more so-
unresolved oscillations in the experimental spectrum. Irphisticated crystal-potential calculation should take the core
view of the resolution achieved in Fig. 2, we believe thatholes into account along with the screening.
there are no such oscillations as calculated by Reieéfl. in Finally, we comment on the spin asymmetry of itinerant
the experimental Co spectrum. We note that photoelectrongy, electrons, which is a key factor in the indirect exchange
have a minimal mean free path in this energy range becau%up“ng of Co/Cu multilayers. Th&-edge XMCD signal
of the plasmon scattering and others, leading 'Fo a significgrgannot be taken as a direct measure of the spin asymmetry
energy loss due to the many-body effects, which are not inpecause dichroic absorptions are the interplay of the spin
cluded in the present multiple-scattering calculation. asymmetry and the spin-orbit interaction. In the atomic ap-
The physical origin of the positive prepeakiatEq=01in 550k information on the precise relationship between the
the Cu XMCD spectrum is yet to be understood. A similar icp6ism signal and spin-polarized densities of states is re-
peak has been observed in teedge spectra of Fe, but not g ireq to estimate the spin asymmetry. We wonder how
of Co and Ni. Actually, our Cu spectrum has a profile very njipje-scattering calculations allow us to determine the
similar to the Fe_ spectrum \_N|th a more enhanced prepeak %tpin asymmetry from XMCD data. One may estimate the
E-E~0. The simple atomic model of XMCD ascribes the gpin asymmetry of delocalized electrons according to the
Fe prepeak to the density of empty states above the Fermyantym-interference calculatioror the Ruderman-Kittel-
energy in the majority band, which are occupied in Co an asuya-Yosida (RKKY) model adapted to planar
Ni. A possible cause of the Cu prepeak is the local dismrtio'beometrieé&““ but cannot calculate the dichroism since the

of the s+p band associated with the core hotédn this  goin orhit coupling is not included in these approaches, at
connection, it is of interest to note a small shoulderEat least in the present forms.

—-Ey=0 in the Co spectrungFigs. 2 and 8 which can be
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