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The out-of-plane orbital magnetic moment of Co in Co/X multilayers (X=Pd, Pt and Ni) with
perpendicular magnetic anisotropy has been investigated using x-ray magnetic-circular-dichroism
spectroscopy. The orbital d moment per Co atom, m, b, is considerably enhanced by (0.15+0.02)yz
and (0.07+0.02)yn in Co/Pd and Co/Pt multilayers, respectively, compared with a single thick Co
film. No respective enhancement is found in the case of Co/Ni. This enhancement does not scale with
the spin-orbit coupling parameter ($Q of Ni-3d, Pd-4d, and Pt-5d bands despite strong d dmixi-ng
which leads to the presence of ferromagnetic moments of Pd and Pt atoms. However, a roughly
linear scaling relation of the out-of-plane orbital moment m, b with the intrinsic uniaxial anisotropy
constant K„zper Co volume is observed. This experimental 6nding is interpreted in conjunction
with recent ab initio and tight-binding band-structure calculations as evidence for a preferential
enhancement of the out-of-plane orbital moment of Co in Co/Pd and Co/Pt multilayers.

I. INTRODUCTION

Metallic multilayers of the type Co/X (=Pt, Pd, Au,
Ni, Ir, ...) are a novel class of magnetic thin film mate-
rials with several unique properties, which makes them
interesting for magnetic and magneto-optic recording
applications. The phenomenon of perpendicular mag-
netic anisotropy is of particular importance. It has phe-
nomenologically been explained by an extra anisotropy
energy contribution due to symmetry break at internal
interfaces. ' Microscopically, this interface anisotropy
energy has recently been calculated from first princi'
ples and attributed to magnetocrystalline anisotropy. '

In essence, magnetocrystalline anisotropy arises &om the
spin-orbit interaction. This interaction causes the exis-
tence of an orbital moment which is anisotropic with re-
spect to the crystal axes, and it also leads to an alignment
of the spin moment with the orbital moment. The result-
ing anisotropy of the total magnetic moment is reHected
in the dependence of the total energy on the orientation
of the magnetic moment. In the itinerant ferromagnets
Fe, Co, and Ni the orbital magnetic moment is largely
quenched due to crystal field interactions and its value
is only about 10% of that of the spin moment. 7's It is also
only weakly anisotropic with respect to the crystal axes.
This situation is different in ultrathin films and multi-
layers, where enhanced anisotropic orbital moments have
been predicted first in tight-binding and more recently
in ab initio calculations. ' However, there is considerable
controversy in these theories about the exact quantitative
values of the orbital moments, which may vary by more

than a factor 2, depending on the details of the band-
structure calculation and, in particular, on the inclusion
of an extra orbital polarization term, which is apparently
needed to explain the experimentally well-known orbital
moment of bulk Co. First experimental evidence of
a considerable enhancement of the average orbital mag-
netic d moment of Co atoms in a Co/Pd multilayer was

recently reported by us using the method of x-ray mag-
netic circular dichroism (XMCD) spectroscopy. Here
we extend our previous study to Co/Pt and Co/Ni mul-

tilayers and, more importantly, address the correlation
between the orbital moment enhancement in the direc-
tion perpendicular to the film plane and the uniaxial
anisotropy in these systems.

II. SAMPLE PREPARATION

The structures under investigation were 20
x [Co(2 A)/Ni(4 A)], 20x [Co(2—8.5 A)/Pd(10 A)], and

20x [Co(2—8.5 A)/Pt(10 A)] multilayers with large per-

pendicular remanence. All samples were deposited by
e-beam evaporation from individual elemental metal
sources on polished Si(100) wafers. The base pressure
was 5 x 10 Torr with a typical pressure during deposi-
tion of 2 x 10 Torr. The deposition rates, typically 0.2
A/sec for Co and 0.5—1 A/sec for Pd, Pt, and Ni, and

the thicknesses of the individual layers were monitored

by quartz crystal oscillators. The temperatures during
growth were kept below 80 C and the substrates were

mildly etched (1 min, 10 mA, 100 eV, Ar+) prior to the
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deposition of Au, Pd, and Pt buffer layers, which are
needed to control the texture and magnetic properties of
the subsequently deposited multilayers. In the case of
Co/Ni an additional 10 A. capping layer of Pd was em-

ployed. 8-20 x-ray diffraction studies revealed that the
present films are polycrystalline with a strong fcc(111)
texturing axis along the film normal. Prom the width of
the fcc(111)peak grain sizes of the order of 100 A are
inferred. Rocking curve studies show a dispersion an-

gle of the order of 15—20'. Additional x-ray Quorescence
measurements were used to characterize the actual indi-
vidual layer thicknesses which were found to be within 5%
of the above-quoted nominal thicknesses. As a reference
sample we used a 250 A. thick dc-magnetron sputtered
Co film which showed close to 100% in-plane remanence
as described earlier.

III. MAGNETIZATION AND MAGNETIC
ANISOTROP Y

Magnetic properties were studied in detail using vi-
brating sample (VSM) and torque magnetometry as well
as angle dependent Kerr loops. Room temperature mag-
netization data for the samples containing 2 A Co were
obtained Erom VSM hysteresis loop measurements with
a field of up to 20 kOe aligned in the normal direction.
These data, normalized to the total, Co plus spacer layer,
volume are contained in the second column of Table I.
We have also derived the magnetizations per Co volume
(M$+ in column 3) and the contributions from Ni, Pd,
and Pt (M&~ in column 4) by assuming a magnetization
profile according to MsD = (Msc )dc +(Ms )dx. Here
X refers to Ni, Pd, and Pt, respectively, D = dg + dx
is the bilayer period and (Mg ) and (M&+) are the aver-
age magnetizations of the Co and X layers, respectively.
By normalizing to the Co volume only we can determine
the effective magnetization Ms = MsD/dc and by set-
ting (Msc ) to its bulk value of 1400 kA/m we can deter-
mine the average spacer magnetizations (M& ). Both, the
strongly enhanced magnetization per Co volume, M',

Xand the average spacer magnetizations, (M& ) are in rea-
sonable agreement with the known saturation magnetiza-
tion of Ni (484 kA/m) (Ref. 15) and with the presence of
spin polarized Pd and Pt atoms in these structures.
Table I furthermore includes in column 5 the demagne-
tization energies Kg, which were obtained in a similar

fashion according to

and

KgD = K~ dco + K~ dx

(K )x,co
(

1 M2)xico

Q = Kp+K ysjn g+K 2sin g,

where K„'z is the effective first-order uniaxial anisotropy
constant, which contains the demagnetization term Kg
as defined in Eq. (1): K„'i ——K„i + Kg.
the second-order uniaxial anisotropy constant and Kp
contains all angle independent energy terms. K„'I and

i.e., assuming a homogeneous magnetization profile
within the Co and X layers. We have generally assumed
a constant saturation magnetization of Mg =1400 kA/m
within the Co layers, which gives rise to a demagnetiza-
tion contribution K&c' = —1.23 MJ/ms. While Eq. (1)
presents a good approxixnation for the present Co/Ni
multilayers, more realistic slab profiles, e.g. , based on
calculated magnetization profiles of Pt (Ref. 18) and Pd
atoms in contact with Co, could be used for the Pd and
Pt spacer layers. Respective alterations of the profiles,
e.g. , by localizing 80% of the Pd and Pt moment within
the first atomic layers adjacent to Co, however, would
lead only to minor corrections for the quoted Kp values
in Table I and have therefore been neglected.

The magnetic anisotropy of the present samples was

determined using several independent methods. This is
essential in order to reliably determine the anisotropy
constants of a system. Figure 1 first shows torque
curves L(a) measured at room temperature in a constant
field of 20 kOe for the Co/Ni, Co/Pd, and Co/Pt mul-

tilayers containing 2 A. Co. We use angle definitions as
indicated in the inset and make the assumption that the
&ee energy per unit volume of the system depends only
on the angle 8 between the normal direction n and the
magnetization vector M. In other words, we treat these
multilayer films as uniaxial systems, with the [111j crystal
axis parallel to the film normal direction n. This is a rea-
sonable assumption for the present fcc(111)oriented mul-

tilayers which showed negligible in-plane anisotropies-
mainly of sample shape origin —of the order of 10 kJ/ms
or smaller. Considering terms up to second order in sin28

only, we can write

TABLE I. Magnetic properties of Co(2 A)/Ni(4 A), Co(2 A)/Pd(10 A), snd Co(2 A)/Pt(10 A.)
multilsyers. Msgnetizstions are quoted in kA/m (emu/c. c.) snd the snisotropy constants (Kq, Kz,
K~) snd Fourier components (L2, L4) are in units of MJ/m (10 erg/c. c.). Energies snd msgne-
tizations are per Co plus spacer volume except for Mz and Mz ——Ni, Pd, Pt, which are quoted
per Co snd X (=Ni, Pd, snd Pt) volume, respectively. The intrinsic unisxisl snisotropy constant
Kz was obtained by subtracting from the measured anisotropy energy Kz the demagnetization
energy Kp, estimated from K&D = K& d&~ + K~ d&, i.e., by assuming uniform magnetization in
the individual layers.

Structure
Au(300) /20 x [Co(2)/Ni(4)]

Pd(200)/20x [Co(2)/Pd(10)]
Pt(200)/20x [Co(2)/Pt(10)]

Ms Ms
810 2430
360 2160
310 1860

M
515
148
88

Kg
-0.521
-0.216
-0.207

Lg
0.095
0.348
0.200

L4
0.0207
0.111
0.053

K~ Kg
0.107 0.628
0.61 0.826
0.31 0.517
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K„2can in principal be determined from angle depen-
dent torque measurements if the external field is strong
enough to keep the sample in a single domain state for all
angles o. of the field direction H with respect to the nor-
mal direction n of the sample. Thus in the case of cx = 0,
we obtain for the measured torque per unit volume

L(a) = L(6) = — = (K„'i + K„2)sin 28

+ ' sin 48.K„2
2

(3)

FIG. 1. Torque curves L(a), meausured at rooxn tempera-
ture in a constant field of 20 kOe on 20 period Co(2 A.)/Ni(4
A), Co(2 A)/Pd(10 A), and Co(2 A)/Pt(10 A) multilayers on

Au, Pd, and Pt buffers (see text). a is the angle between
the normal direction n and field direction H and 8 denotes
the angle between the normal direction n and magnetization
vector M, as indicated in the inset.

kOe in these experiments, this method must be consid-
ered less reliable. The intrinsic first-order perpendicular
anisotropy constant K~ is obtained as K~ ——K& + K~.
K~ is largest for Co/Pd, intermediate for Co/Ni and
sinallest for the present Co/Pt multilayers.

Polar Kerr hysteresis measurements with the field
aligned in the film normal direction are shown in Fig. 2.
They show mainly square loop behavior with high coer-
civity and close to 100'%%uo remanence, confirming the mag-
netometry results. In Co/Pd and Co/Pt multilayers with
thicker Co layers, the out-of-plane remanence was found
to drop continuously to values of about 33% for the 8.5
A. thick Co layer. We have also carried out polar Kerr
loop measurements with the field oriented at an angle
o. with respect to the normal direction. Figure 3 shows
typical results obtained for Co/Ni (o. = 20') and Co/Pd
and Co/Pt (o. = 60'). The samples were first saturated
at o. = 0' using the maximum available Geld of +20 kOe,
then the field was set back to zero and the sample was
rotated to the desired angle o. and finally a full polar hys-
teresis loop starting at H=O was recorded. This method
was earlier suggested by Haijar et al. 2 (n = 90' only)
and has more recently been discussed in detail by Pur-
cell et aL2s in conjunction with Co/Pd(111) wedges. We
note that the choice of the field angle n is crucial and
that measurements at o. = 90, i.e. with the field aligned
within the plane of the film, do not generally allow to ob-
tain information on the anisotropy constants. In general,
o, will have to be smaller for weaker anisotropy samples
in order to avoid magnetization reversal due to domain
formation. If applied appropriately, the Kerr technique
allows to extract the anisotropy constants K„~and K„2
with a spatial resolution given by the laser beam, which
can be focused if necessary. It relies on the fact that
in the polar Kerr geometry the measured Kerr angle is
proportional to the normal component of the magneti-
zation M„=Ms cos(8,~), where O,q is the equilibrium

A Fourier analysis of the torque curves in Fig. 1 yields
the sin2o; and sin4a components L2 and 14, respectively.
This analysis is shown in columns 6 and 7 of Table I.
While the torque curves clearly demonstrate the perpen-
dicular easy magnetization axis, the presence of a sub-

stantial 14 component together with the observation of
some rotational hysteresis (not shown) indicates that the
present samples are not perfectly uniaxially aligned and
that the applied field strength is insufficient to align the
magnetization parallel to the external field for all angles
o.. We have therefore also measured field dependences of
the torque at a fixed angle of n = 45' and determined
the efFective perpendicular anisotropy K& by extrapolat-
ing to infinite field. The symbol K~ instead of K„zis
chosen to indicate the difFerent method of measurement.
In a truly uniaxial system with negligible higher-order
anisotropies, both constants are the same. The respective
results are shown in column 8 in Table I. We note, that
in-plane magnetization measurements and a derivation of
the perpendicular anisotropy using the area between the
out-of-plane and in-plane loops gave consistent results,
however, due to the large anisotropy fields of up to 50
kOe in Co/Pd and the limited maximum field of only 20

I
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FIG. 2. Polar Kerr hysteresis loops (He-Ne laser) of the
samples discussed in Fig. 1. For hysteresis properties see Ta-
ble II.
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FIG. 3. Normalized polar Kerr measurements at field angle
a with respect to the normal direction in the 0 & H & 16 kOe
range. The measurement geometry is analogous to the one in

Fig. l.

rived according to Eq. (4) with the use of the saturation
magnetization data quoted in Table I. The K„zvalues
obtained from the Kerr analysis agree within 10—20%
with Kg, derived &om the 45' torque analysis. Also,
the appearance of higher-order anisotropy terms, K„2,
is confirmed. We 6nd it interesting to note that the ra-
tio K„q/K„2is approximately four in all cases, which is
close to the ratio of three expected for bulk hcp Co.

For a detailed discussion of hysteresis properties of
Co/Pt multilayers with buffers, we refer to the work of
Lin et al. ,

24 who used the same deposition system as in
the present study. For more details on Co/Ni multilayers
the reader is referred to the work of den Broeder et al.
The well-known strong dependence of the perpendicu-
lar magnetic anisotropy, coercivity, and remanence on
the degree of (111) texturing in fact was exploited to
fabricate structures with high perpendicular remanence,
which is essential for the XMCD measurement scheme
employed by us (vide infra).

IV. DICHROISM MEASUREMENTS

and

I 2K ~ + 4K

S

4K„2
cx)2

S

(4)

which can be converted into the anisotropy constants
K„qand K„2using the independently measured satu-
ration magnetizations Mg and demagnetization energies
Kg. In Table II we have summarized the most impor-
tant results of the present Kerr studies. Quoted are first
the saturation Kerr rotation Hp, the coercivity H~, and
the remanence ratio r &om measurements at a Geld angle
n = 0' (columns 2—4). Columns 5 and 6 show the mea-
sured anisotropy 6elds H'

z and H 2 as deduced &om the
results shown in Fig. 3. Columns 7 and 8 finally show
the anisotropy constants K„zand K„2,which were de-

angle at a given field strength H and orientation a. This
equilibrium is achieved when the external field torque
L(a) = poM~H s—in(8, q

—o.) is compensated by the in-

ternal torque due to the intrinsic magnetic anisotropies,
+[(K„',+K„2)sin 28+ 2K„2sin 48]. Least squares fits of
6eld dependences, as shown in Fig. 3, yield the anisotropy
6elds

XMCD experiments were performed at the Stanford
Synchrotron Radiation Laboratory (SSRL) on beamline
8-2 which is equipped with a spherical grating monochro-
mator. Circularly polarized x rays were obtained by
moving the prefocusing mirror below the electron orbital
plane yielding a degree of circular polarization of 90+5 %.
The XMCD signal is de6ned as the difference in absorp-
tion of right and left circularly polarized x rays near an
atomic absorption edge. It can be measured (i) by chang-
ing the photon helicity for a fixed magnetization direction
of the sample or (ii) by reversing the magnetization direc-
tion of the sample for a fixed photon helicity. We used
the second approach and have detected the dichroism
effect by measuring the absorption difference from two
pieces of the same sample, which were premagnetized in
opposite directions. Negligible magnetic stray fields al-
lowed us to conveniently determine the x-ray absorption
by total electron yield detection using a channeltron elec-
tron multiplier. All multilayer samples were measured
in a normal x-ray incidence geometry. For the Co film
a glancing angle of 20' was chosen. In this latter case
the experimentally derived moments were multiplied by
a scaling factor of 1/cos 20'=1.06 to correct for the mis-
alignment of the photon propagation and magnetization
direction.

The x-ray absorption spectra for the two opposite ori-
entations of photon spin and magnetization direction

TABLE II. Magnetic properties of Co/Ni, Co/Pd, and Co/Pt multilayers obtained from polar
Kerr loop measurements, Hs, saturation Kerr rotation in deg; Hc, coercivity in kOe; r, remanence
ratio; H' and H, efFective and second-order anisotropy fields in kOe; K„,z and K,2, anisotropy
constants derived according to Eq. (4) (in MJ/m ).

Structure
Au(300) /20 x [Co(2)/Ni(4) ]

Pd(200)/20 x [Co(2)/Pd(10)]
Pt(200)/20x [Co(2)/Pt(10)]

~s Hc
0.2618 0.51
0.1162 5.61
0.1495 4.31

0.94
0.99
0.97

H'
-10.94
-46.93
-28.95

H
7.99
20.00
15.18

K„,g
0.641
0.701
0.420

K„,2
0.162
0.180
0.118
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were converted into dichroism spectra by using the fol-
lowing analysis method. First, a constant background is
subtracted which is determined by the intensity below
the Co L3 edge. Second, both spectra are renormalized
to a constant edge jump, with the normalization constant
determined from the data far above the Co I 2 edge. This
procedure is based on the assumption that the size of the
edge jump far from the absorption edge is independent
of the local Co environment and is proportional to the
number of Co atoms. The difFerence spectra are sub-
sequently determined &om these normalized individual
absorption spectra and the dichroism intensities at the
L(3 and L12 edges are obtained by integrating over the
respective peaks at these two edges.

V. EXPERIMENTAL RESULTS
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Figure 4 shows results of normalized absorption (up-
per panel) and difference spectra (lower panel) of a pure
Co film and the present multilayer samples with dc, ——2
A. . The arrow symbols refer to the photon spin paral-
lel/antiparallel to the majority electron spin direction,
which is opposite to the magnetization direction. Large
difFerences are observed in both the individual and differ-
ence spectra. In particular, the spectra for Co in Co/Pd
and Co/Pt exhibit very strong resonance ("white line" )
intensities as well as large amplitudes in the difFerence
spectra. The spectra for Co in Co/Ni and in bulk Co
show considerably smaller efFects. A quantitative analy-
sis of the data is presented in Table III. We have listed
the integrated white line intensities A& for the two rel-

2/3
ative orientations as well as their differences (dichroism
intensities) b,AI... at both edges. Note that the white
line intensities were obtained after subtracting a steplike
background from the original data. Because of the un-
certainty of this procedure the differences (A&+ —A& )
difFer &om the values GAL... in Table III which were di-
rectly obtained from the difFerence spectra. The slightly
reduced remanence ratios r, as listed in Table II, have
not been corrected for in the spectra displayed in Fig. 4.
They were, however, taken into account in evaluating the
integrated white line and dichroism intensities listed in
Table III.

The orbital moment sum rule introduced by Thole

770 790 810 770 790 810 770 790 810 770 790 810
Photon Energy (eV)

FIG. 4. Circularly polarized x-ray absorption spectra near
the Co Lq(778 eV) and Iq(793 eV) edges for the two opposite
relative orientations (parallel and antiparallel) of the photon
spin and majority electron spin directions (upper panel) and
their difference, the magnetic circular dichroism signal (lower
panel) for Co in bulk Co and Co/Ni, Co/Pd, and Co/Pt mul-
tilayers.

et al. and recently confirmed by Wu et al. was used
in conjunction with the analysis method suggested by
Wu et al. to determine the orbital magnetic moment:
m~~b = —p~(Lz)/h, . Note that the expectation value

(Lz) of the d electron moment is measured in units of /i

defined with respect to the spin quantization axis z (nor-
mal direction for the present multilayer samples) and has
the opposite sign than the orbital moment m, b, which
is measured in units of Bohr magnetons, p,~. The orbital
moment is linked to the individual dichroism intensities
according to

m„b= C(DAI„+DAL„)= QDAT.

The proportionality constant C was determined by us-

TABLE III. Measured XMCD intensities and derived Co orbital moments for Co in a Co thin
film and Co in Co/Ni, Co/Pd, and Co/Pt multilayers. The difference intensities were obtained
by integrating over the intensities in the difference spectra (see text). A comparison to calcu-
lated orbital Co d moments (Ref. 29) and the experimentally derived intrinsic anisotropy constants
K„i = K„,D/dc (in MJ/m per Co volume) is given in the last two columns.

Co
Co/Ni
Co/Pd
Co/Pt

74 113 49 26
11 4 15 1 4 3 2 7
11.9 17 2 5 0 2.8
149 201 59 44

-4.0
-6.4
-5.0

QA1.2

2.4
2.1
2.3
1.9

AAT
-2.0
-1.9
-4.1
-3.0

expt

0.14
0.13
0.29
0.21

calc

0.13
0.13
0.28
0.20

Kco
u, 1

0.45
1.92
4.21
2.52

From Ref. 29.
m, b m, b in bulk Co (Ref. 6).
K1 from Ref. 15.
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ing Co xnetal as a standard. We obtain C = —0.07p~
by using the value m, b = 0.14@~ ((Lz) = —0.145) for
Co metal. We note that the value of the proportionality
constant C is sensitive to the degree of circular polar-
ization of the x rays and to the data analysis procedure,
and therefore a consistent procedure has to be used for all
data. We also note that we have ignored any anisotropies
in the orbital d moxnent of bulk Co. Such anisotropies
are weak and in the order of 0.01@,~, which is below
the accuracy limit of the present measurement.

We find that Co in Co/Ni and bulk Co have the
same orbital moxnent within the experimental error of

+0.02@~ in the present case. The orbital moment of
Co in Co/Pd is strongly enhanced, as reported before~4

and Co in Co/Pt also shows a strong, but slightly smaller
enhancement. These results are in excellent agreement,
both in trend and absolute magnitude, with theoretical
values of Daalderop et al. , who predicted orbital mag-
netic moment enhancements in several multilayer and or-
dered compound systems. This comparison, which is in-
cluded in Table III, therefore generally supports their
theory. The quantitative agreement of the absolute mo-
ment values between this theory and our experimental
results xnay, however, be soxnewhat fortuitous because
the structures underlying the ab initio calculations have
abrupt interfaces, coherent lattices and vanishing inter-
diffusion. The measured samples on the other hand are
polycrystalline films with defects and, quite likely, graded
and chemically intermixed interfaces. Note also that the
theoretical value for the orbital xnagnetic moment de-
pends on the details of the band-structure calculation
and, in particular, on the inclusion of an orbital po-
larization term, which is needed to account for the ex-
perimentally observed orbital moment of 0.14@~ in bulk
hcp Co. ' Without this term, values in the order of only

0.08@~ for Co are found. We finally note that al-
though the quoted theoretical values represent total or-
bital moments the contributions from s, p, and f elec-
trons are negligibly small such that the calculated mo-
ments can be directly compared to the experimental val-

ues, which are pure d moxnents.

of Table III
We find the interesting result plotted in Fig. 5, that the

out-of-plane orbital Co d moments of Co/Ni, Co/Pd, and
Co/Pt scale with the intrinsic first order anisotropy con-
stants K„&of these structures. This is quite surprising if
one views the situation in bulk Fe, Co, and Ni, where typ-
ical intrinsic (magnetocrystalline) anisotropy constants
Kq of 0.5 in hcp Co, 0.05 in bcc Fe, and 0.005 in fcc Ni
have been measured at room temperature (in MJ/ms). ~s

This variation by two orders of magnitude is in contrast
to the change of the experimental orbital magnetic mo-

ments by only a factor of about 3, from 0.14 in Co to
0.08 in Fe to 0.05 in Ni (in p, gy). ' Thus there is clearly
no such scaling relation between m, b and K„qin the
bulk. The situation may, however, be different at inter-
faces and our data provide first experimental evidence for
this. The correlation shown in Fig. 5 provides evidence
that the orbital d moxnent enhancement in the perpen-
dicular direction and the interface induced perpendicular
magnetic anisotropy in these xnultilayer structures have a
coxnmon electronic origin and are directly related to each
other.

A close connection between the magnetocrystalline
anisotropy and the orbital moxnent has been predicted
for transition metal monolayers of Fe, Co, and Ni. In
a simple model Bruno derived a relation between the
orbital xnagnetic moment m, b and the spin-orbit energy
EsQ to first order in sin 8:

m»b = m, b + (m, b
—m, b) sin 8

and

Eso = [m,b + (m, b
—m, b) sin 8].II

2 2pg

These can be combined to yield the anisotropy energy
b,Eso = Eso(8 = 0') —Eso(8 = 90'), i.e., the energy
difference for the magnetization aligned along the normal
direction (J ) and the in-plane direction (~~):

AEso — [m,b
—m„b].2 2pg

Bruno also made quantitative predictions for the

VI. DISCUSSION

We now return to the question of a possible correlation
between the orbital magnetic moment enhancement and
the intrinsic uniaxial anisotropy. First we renormalize
the K„qdata, which are averaged values over the total
saxnple voluxne, as quoted in Table II, to the Co voluxne

only according to Koz ——K„qD/do . By doing so, we

make the assumption that mainly Co atoms contribute
to the anisotropy, which introduces a certain error, since
Ni, Pd, and Pt atoms are also expected to contribute.
The actual error that is introduced by this method xnay
be.estimated to be about 5—10'%%up by comparing the av-
eraged magnetizations M& within the spacers Ni, Pd,
and Pt to the magnetization M& within the Co layers.
The actual coxnparison of the measured out-of-plane or-
bital moment m, b and the uniaxial anisotropy constant
K„z(per Co volume) is shown in the last two columns
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FIG. 5. Comparison of the measured out-of-plane orbital
moment per Co atom m, b (~) and the intrinsic magnetocrys-
talline anisotropy constant K„~per Co volume (o) in Co/Ni,
Co/Pd, and Co/Pt multilayers with 2 A Co thickness, and a
thick Co reference 61m.
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anisotropy of the orbital moment Am, b =~ m, b
—m, b ~.

II

For ultrathin freestanding monolayers he Ands Am, b of
the order of 0.1—0.2@~. These predictions were made
using second-order perturbation theory, in which the
spin-orbit energy is approximated by a one-electron term
Esc = (sc t s. Terms of higher than second order in sin0
were neglected, which corresponds to the presently dis-
cussed uniaxial anisotropy case. The 3d and 4s bands
were approximated by tight-binding calculations. Al-

though we have not measured the above anisotropy of
m, b, but only m, b

——m, b, we And that the presently
observed orbital moment enhancement, which we de6ne
as

b (rn b) ~Co/X (rrt b) ~Co, b tk
J (8)

~soK„,i oc (9)

where R' represents the d-band width. In multilayers
both (sc and W of Co are expected to be affected by the
adjacent spacer atoms if d-d mixing (hybridization, or-
bital overlap) is present. A strong inHuence of the spacer
in establishing perpendicular magnetic anisotropy has in-
deed been predicted, due to d-d mixing, in systems con-
taining Pd and Pt, which show a large Stoner-enhanced
susceptibility, and experimental evidence for such a cor-
relation between K„t and (sc' has recently been re-P(i,Pt

ported in Co-Pd and Co-Pt alloys where the larger
perpendicular magnetic anisotropy in Co-Pt compared
to Co-Pd alloys was attributed to the larger spin-orbit
coupling of Pt-5d electrons.

Our present results are consistent with the notion that
d-d mixing between Co-3d and Pd-4d and Pt-5d states,
respectively, leads to the observed large anisotropies and
orbital moments, however, there is clearly no simple cor-
relation, e.g. , to (sc of Ni, Pd, and Pt, as Eq. (9) might
suggest. Note that the d-electron spin-orbit coupling pa-
rameters (sc of Ni-3d, Pd-4d, and Pt-5d levels are about
100, 200, and 600 meV, respectively, and clearly do
not correlate with K„zand/or m, b. The d-band width
which enters the denominator in Eq. (9), on the other
hand, is smaller in Pd systems than in Pt systems, con-
sistent with the observed larger K„qvalue for Co/Pd.

is in its magnitude consistent with Bruno's prediction.
Thus it appears that the enhancement of m+, b in multi-
layers over the m, b value for bulk Co is essentially pro-
portional to the anisotropy of m, b. This would require
the orbital moment enhancement according to Eq. (8)
to be anisotropic, with a significantly smaller value par-

allel to the surface, i.e. , m, b ) m, b = m,"b". Or in
other words, the orbital moment enhancement would be
strongly con6ned to the sample normal direction. We
can in fact view our Gnding of a roughly linear scal-
ing between m, b and K„ztogether with the result of
Eq. (7) as experimental evidence for such an anisotropic
enhancement of the orbital moment.

Bruno also showed that there is a direct connec-
tion between the spin-orbit induced (magnetocrystalline)
anisotropy and the spin-orbit coupling parameter (sc for
d electrons according to

0.40

0.30

E

~ 0.20
E
O
E

g 0.10

O

T j
i jTjJI.

Co(2A)/Pd(10K)

0.00
0 2 4 6 8

Co layer thickness dc, (k)

10

FIG. 6. Out-of-plane orbital moment, m, b, in the d shell
of C atoms in the 61m normal direction as a function of the
Co layer thickness in Co/Pd mnltilayers. The error bars are
+0.04@~ in this particular measurement. The dotted line rep-
resents the mean value of m, b

——0.26p~ obtained by averaging
the present data points.

Returning to the issue of the interfacial origin of the
orbital moment enhancement, we note that phenomeno-
logically, the anisotropy has been expressed in terms of an
additional magnetocrystalline anisotropy term 2Ks/dc,
which depends on the magnetic layer thickness dc in
this case—and can lead to a perpendicular easy axis in
these Alms. A similar strong dependence of the in-

terface related orbital moment enhancement Am, b, as
defined in Eq. (8), might analogously be expected. It
is therefore interesting to address the question on how

rapidly the orbital moment decays back to the bulk Co
value as the Co thickness increases. Roughly, a I/dc,
dependence might be expected if a one-to-one correla-
tion existed. This behavior is, however, not observed for
Co/Pd multilayers as shown in Fig. 6. The data were
linearly rescaled for the nonunity remanence, which de-
creases rapidly as the Co layer thickness increases. The
derived quantities therefore represent the measured or-
bital moment projected along the Glm normal divided
by the remanent moment along that direction. Similar
results are found for Co/Pt (not shown). Basically we

And a constant orbital moment with an average value
of m, b

——0.26@~ as indicated by the dotted line. The
error bars in these measurements were estimated to be
+0.04pB, which prohibit us from drawing any further
conclusions on a possible thickness dependence over the
investigated range.

The failure to find a I/dc or other functional depen-
dence on the Co thickness shows that Am, b persists to
at least two monolayers on each side of the interface. This
may simply be due to the presence of intermixed, graded
interfaces. Orbital magnetic moment enhancements of
Co atoms diluted in Pd, as would be present in mixed in-

terface regions, are well known in the literature and were
already discussed in the mid 70s based on the observation
of line broadening effects in nuclear magnetic resonance
(NMR) experiments.

Our experimental data are in good quantitative agree-
ment with ab initio magnetocrystalline energy calcula-
tions of Daalderop et at. , who conclude that in the
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present systems the perpendicular magnetization orienta-
tion is stabilized by an enhanced anisotropy of the orbital
moment. As already pointed out earlier by Bruno, they
further argue4 that the perpendicular anisotropy is re-
lated to the details of the band structure near the Fermi
surface and, in particular, to the band filling such that
there is a presence of crystal field split states with d 2

and d „character near the Fermi level. Partial occupa-
tion of these states is responsible for the existence of a net
orbital moment with a preferential direction normal to
the interface. The coupling of the spin moment to these
orbital moments via spin-orbit interaction finally leads
to the macroscopically observable magnetic anisotropy
with perpendicular orientation of the magnetization, as
outlined in the Introduction.

extending at least up to 8.5 A in Co/Pd and Co/Pt
multilayers indicates the presence of intermixed inter-
faces on this thickness scale. There is no obvious cor-
relation between the orbital moment enhancement and
the spin-orbit coupling parameters of ¹i3d, Pd-4d, and
Pt-5d states. It will be interesting to investigate immis-
cible, nonintermixing systems in the future, which might
unambiguously prove the interface origin of the orbital
moment enhancement, reported here. Further it will be
important to measure the actual anisotropy, i.e., angle
dependence, of the orbital moment directly. This will
allow a direct comparison to predictions from ab initio
theories of in-plane and out-of-plane orbital moments in
ultrathin films and multilayers.

VII. CONCLUSIONS
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