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Enhanced Orbital Magnetic Moment on Co Atoms in Co/Pd Multilayers:
A Magnetic Circular X-Ray Dichroism Study
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Magnetic circular x-ray dichroism measurements at the Co Ls and L2 edges in Co/Pd multilayers
give first experimental evidence for a greatly enhanced orbital moment compared to that in bulk Co,
confirming recent theoretical predictions. Our results also show that, in general, there is no simple
relationship between the dichroism signal and either the spin moment or the total moment. This is
verified by a simple model calculation.
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The breaking of symmetry and/or the change in

nearest-neighbor coordination near surfaces and inter-

faces introduces many interesting phenomena in mag-

netic materials. Among them, the existence of perpendic-
ular magnetic anisotropy [1] and enhanced spin [2] and/or
orbital magnetic moments [3—6] has attracted much at-
tention. The understanding of magnetic anisotropy
in thin films is an interesting scientific problem with

great technological importance in areas like magnetic and
magneto-optical recording. Since the microscopic origin
of magnetocrystalline anisotropy is the spin-orbit inter-

action, which depends on both the spin and orbital angu-
lar momenta, direct, independent measurements of both
quantities are highly desirable. Such measurements also
allow direct comparison with theoretical predictions. The
separation of orbital and spin moments is a difficult prob-
lem for most established techniques, e.g. , neutron scat-
tering. In principle, magnetic x-ray scattering is capable
of separating the spin and orbital momentum densities

[7], but a conclusive demonstration is still lacking. Here
we demonstrate by application of a recently derived pow-

erful sum rule [8] that magnetic circular x-ray dichroism

(MCXD) measurements allow a quantitative determina-
tion of orbital magnetic moments. In particular, we de-

termine the orbital moment of Co in Co/Pd multilayers,

systems with great promise for use as future magneto-
optical media.

The MCXD technique measures the difference in ab-
sorption between right- and left-handed circularly po-
larized x rays near a core absorption edge in magnetic
materials [9, 10]. For transition metals dichroism mea-

surements typically involve p ~ d core-to-valence exci-
tations near Ls and/or L2 edges. Based on a simple
one-electron picture it has generally been assumed that
the so-measured MCXD signal is proportional to the dif-

ference in the spin-up and spin-down occupation in the
empty d shell of the absorbing atom, i.e., to the local
magnetic moment on the probed atom [9]. This led to
the notion that MCXD can determine element specific
magnetic moments [11, 12], assuming that the propor-
tionality constant is transferable across different chemi-
cal and structural environments of a given atom. Recent

results for the pure 3d transition metals Fe, Co, and Ni

[13,14] suggested a more complicated situation however,

in particular a breakdown of the one-electron picture [13,
15]. A particularly important development is the recent
derivation of a sum rule by Thole et aL [8] which links the
sum of the Ls and Lz dichroism intensities to the local
orbital moment. Within an atomic or localized bond-

ing picture the sum rule is valid in general, and holds

even when effects of electron-electron correlations are in-

cluded. It has been successfully applied to derive the
small orbital magnetic moment (0.05pg) of Ni metal [8].

In this Letter we present dichroisrn measurements at
the Co Ls and L2 edges in the pure metal and Co/Pd
multilayers. Application of the sum rule to our data re-

veals the existence of an enhanced orbital moment of Co
in Co/Pd multilayers relative to Co metal. We also show

experimentally and by a model calculation that, in gen-

eral, the integrated dichroism signals at the individual

edges or any linear combination is not proportional to
the total magnetic moment on the probed atom. This re-

sult demonstrates the breakdown of the above-mentioned
transferability concept.

The MCXD experiments were performed at the
Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline 8-2 which is equipped with a spherical grating
monochromator. Circularly polarized x rays were ob-
tained by moving the prefocusing mirror below the elec-
tron orbit plane yielding a degree of circular polarization
of (I+ —I )/(I+ + I ) = (90 + 5)%, where IR and I
are the x-ray intensities with right- and left-handed cir-
cular polarization. The magnetization direction of the
sample relative to the photon spin was then changed

by alternately measuring two pieces of the same sam-

ple which were remanently magnetized in opposite direc-
tions. X-ray absorption was measured using total elec-
tron yield detection. The nominal structure of the rnulti-

layer sample used for the present study was Si(111)/(200
A)Pd/[(10 A)Pd/(4 A)Co]iv/(10 A)Rh, where N = 11 is

the number of periods. The sample was prepared by elec-
tron beam evaporation in a 10 8-rnbar base pressure sys-
tern at a growth temperature below 50'C. X-ray diffrac-
tion measurements indicated that the crystal structure
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of this multilayer is consistent with an fcc lattice with
a strong [ill] texture. The sample exhibited 100% re-
manence in the perpendicular direction and a large co-
ercive field of 2000 Oe. The hcp Co thin-film sample
of 250 A thickness was grown by dc sputtering as part
of a Si(100)/(110 A)NiFe/(100 A)FeMn/(250 A)Co/(10
A) NiFe sandwich. Through exchange biasing by the anti-
ferromagnet FeMn the so-grown Co film exhibited 100%
in-plane magnetic remanence with a 20 Oe coercive
field.

Polarization-dependent x-ray absorption spectra at the
Co I edges recorded with magnetization and photon
spin parallel (I+i) and antiparallel (I ') to each other
and their difFerences, the dichroism spectra (I+i —I ),
are shown in Fig. 1 for the Co thin film and the Co(4
A)/Pd(10 A.) multilayer. The spectra shown are normal-
ized to the incident photon Aux and rescaled to a con-
stant step height far above the Co I edges. Our dichro-
ism difference spectra for Co metal look similar to those
recorded by Sette et aL [14] but the effect is signifi-
cantly larger in our spectra. For the multilayer sample
the 13 resonance intensity is enhanced relative to that
in Co metal and so is the Ls/L2 dichroism ratio, which
varies from —1.7:1 for the Co thin film to —2.6:1 for the
multilayer sample.

8-
Q)

~ 6-0
O
(D

w 4-
Q)
N
GJ 2
E
O
Z

Co

[ I 1

Co/Pd ML

I t I t

I I I

0)
O
0)

CI

I I I I I

770 780 790 800 810 770 790 8i0
Photon Energy (eVj

I'IG. 1. Top panels: Co L2,3 absorption spectra of Co
thin film and Co/Pd multilayer samples recorded with paral-
lel (I+') and antiparallel (I ') alignment of photon spin and
magnetization vectors. The Co/Pd sample was measured at
normal and the Co metal sample at 20' grazing x-ray inci-
dence. The data were scaled so that the jump far above the
edge is 1. Bottom panels: Dichroism spectra for the same
samples obtained by taking the di8'erence between the ab-
sorption spectra.

For the quantitative analysis of the data it is conve-
nient to define Ai ——f& &

(I+i + Io + I i)dE, A~&

I~dE, AAI, , = j& (I+ —I )dE and similarly for
the L2 edge. Here the index q = —1, 0, +1 describes
the orientation of the photon spin relative to the mag-
netization direction, in particular, I denotes the x-ray
absorption intensity when the two directions are orthog-
onal to each other. In terms of these definitions the sum
rule [8] states

GAL, , +AA
A,

Dg

A,

L, .
1 c(c+ 1) —l(l + 1) —2

2h l(t + 1)n

Here, c and t are the orbital angular momentum quan-
tum numbers for the core and valence shells and n is the
number of holes in the d shell in the ground state. In
practice, the integrals AAI, „AAl.„and Aq are deter-
mined from the polarization-dependent areas of the near
edge resonances ("white lines" ). For the determination
of A~ we used the areas of the white lines above a step-
like background. The step was placed at the white line
peak position and we assumed Io = 2(I+i + I ') The.
uncertainties in the step positions and normalization of
the spectra relative to each other account for most of the
error estimates below. Taking into account the degree
of circular polarization of the incident x rays, we derive
from Eq. (1) a residual orbital moment per Co atom
of (0.17+0.04)pii [orbital momentum of (0.17+0.04)h],
parallel to the spin moment, for the Co thin film and
(0.24+0.04)pz for the Co/Pd multilayer sample. The re-
sults are summarized in Table I. Use of Eq. (1) requires
the determination of Aq from the data and knowledge
of n which, in practice, cause large uncertainties in the
derived values for (L,). A more accurate procedure is
to determine (L,) relative to a standard, assuming that
the white line intensity A& is proportional to n, the num-

ber of holes in the d shell for a given atom. Then D& ——

const x (L,), and the relative hole momentum can simply
be determined from the change in the dichroisrn signals
D&, which can be accurately derived from experimental
difFerence spectra. Using this procedure we find that (L, )
for Co in the Co/Pd multilayer is larger by a factor of
1.9 than in Co metal.

These results give the first experimental confirmation
of the suggestion that orbital moments can be greatly
enhanced in multilayers relative to the pure metal.
The first principle calculations by Daalderop, Kelly, and
Schuurmans [6] quoted in Table I were carried out with
and without an orbital polarization term [16). Compar-
ison with our experimental values suggests that the in-

clusion of such a term is essential. Although some care
should be exercised in the comparison of experimental
and theoretical results because the calculations used crys-
tal structures that may differ from those of our polycrys-
talline samples, the general agreement in Table I is indeed
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TABLE I. Comparison of measured and calculated Co orbital moment with (Mr, ) and without (Mr, ,) orbital polarization

in Co thin film and Co/Pd multilayer.

Co

Co/Pd

D

—2.05

—3.90 —0.061 0.24

Experiment
Dg/At, (L,)/fi

(~s)
—0.042 0.17

(L')/& '
(S s)
0.13

0.25

0.13 0.08
0.09

0.28 0.14

Theory
ML, ML, O

(Ps) (I s) Comments

hep
hcp Co [0001], bulk
hcp Co [0001],center of 5 layer slab

Multilayer, [111]texture
Co& /Pd2 multilayer

References

This study
[6]

This study
[6]

Corrected for x-ray incidence angle and degree of circular polarization.
b Orbital moment per Co atom according to Eq. (1), assuming n = 2.

Assuming (L,)/t'i = 0.13ps per Co atom in Co metal and calculating the moment in Co/Pd according to the ratio in Dt, .

very encouraging.
The question arises whether the measured Ls and/or

L2 dichroism intensities can also be related to either the
spin or the total Co moments in a simple way. The exper-
imental results in Fig. 1 show that the Ls/L2 dichroism
ratio varies for the two samples such that it is unlikely
that either signal by itself can be used as a measure of the
total local moment on the Co atoms. In order to explore
the general relationship between the Ls and L2 dichroism
signals and the spin, orbital, and total moments we have
carried out model calculations for a 3d transition metal
ion with nine d electrons in the initial ground state. Af-

ter photon excitation the final state contains one p-core
hole and a filled 3d shell. Hence electron-electron and
electron-hole exchange and correlation effects are absent.
For our purpose the most important interactions in the
ground state are the exchange interaction which polar-
izes the d shell into spin-up and spin-down states and
the spin-orbit interaction within the d shell which gives
rise to an orbital moment. Using the Hamiltonian

H = —cps, +(gl s,

we have calculated energy levels and wave functions of the
d shell as a function of e~ and (g and used a Boltzmann
population at fixed temperature to vary the ground-state
properties, i.e. , the effective moments. For the final state
we assumed that the 2p hole state is split by the core
spin-orbit interaction, which of course is the origin of the
L3 LQ splitting in the observed spectra.

Figure 2 shows the results of a numerical calculation
with eq varying from 0 to 100 meV and (g=0 (left panel)
and ej = 100 meV and (q varying from 0 to —60 meV
(right panel) while the temperature is fixed at 25 meV
(300 K). In the absence of any d-shell spin-orbit interac-
tion no orbital moment exists and the L3 and L2 dichro-
ism intensities are of the same magnitude and have op-
posite sign, GAL, , = —GAL, „and vary linearly with the
spin moment as shown in Figs. 2(a) and 2(b). When
the spin-orbit interaction is turned on [Fig. 2(c)) an or-
bital momentum arises in the d shell and the L3 and L2

dichroism signals become unequal and AAL, , may in fact
switch sign. As predicted by the sum rule [8] there is now
a linear relationship between the orbital moment and the
sum of the Ls and Lz dichroism intensities as shown in

Fig. 2(d).
Although, for clarity, we only present here the results

for a one-electron model, we have also carried out cal-
culations for a two-electron atomic model. Our results
confirm that both initial- (d-d) and final- (p-d) state cor-
relation effects can change the relative "white line" inten-
sities at the Ls and L2 edges, as pointed out before by
others [17]. However, such multielectron effects cannot
account for the anomalous Ls/Lz dichroism ratios ob-
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FIG. 2. (a), (c) Calculated dichroism signal and average

spin ((S,)) and orbital ((L,)) momenta in a simple model

(see text) as a function of exchange field (eJ) and the spin
orbit interaction ((q). (b), (d) Dichroism signal plotted as a
function of spin and orbital momenta.
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FIG. 3. Integrated dichroism signals at the Iz and L3
edges (solid) and various linear combinations (dashed) as a
function of the absolute value of the total magnetic moment

(p~, t
——pn(2S, + L,)/h), using the results of Fig. 2. Note

that only a spin moment exists for pt, ,t, & 1.0p,~ while both a
spin and orbital moment are present for pt t ) 1.0pB.

served by us. For example, if only a spin moment exists
in the electronic ground state, the line shape of the L3
and L2 dichroism spectra may change due to multiplet
splitting but the Ls/L2 dichroism ratio is always calcu-
lated to be —1:1, as in a one-electron model. In accord
with the sum rule, deviations from this ratio are solely
the result of the spin-orbit interaction in the d shell.

In order to explore whether a linear relationship can
be established between the total moment pt t and the
L3 and I 2 dichroism intensities we can replot the dichro-
ism signals calculated in Fig. 2 as a function of pt, t,

——

(2(S,) + (L,))pB/h. This is done in Fig. 3. For p«t
1.0p,~ the total moment is equal to the spin mo-

ment and there is a linear relationship between the nor-
malized L2 and L3 dichroism intensities and p, t t. For
pt t ) 1.0@~, both a spin and an orbital moment are
present. In general, no simple linear relationship exists
between the total moment and the measured quantities as
indicated by the plots for various linear combinations of
GAL, , and AAI. , in Fig. 3. This leads to the conclusion
that, in the case of both spin and orbital contributions
to the magnetic moment, it is difficult if not impossi-
ble to determine total magnetic moments by means of
MCXD. Rather, our results emphasize that the strength
of MCXD spectroscopy lies in its ability to determine
orbital magnetic moments.
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