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Abstract

A magnetic depth profile study was performed on the system Au/CoO/Co. In situ sputtering at 300K was followed

by X-ray magnetic circular dichroism measurements from the CoO layer to the pure Co layer. Sum rules were applied to

determine magnetic moments of Co. The orbital moment and the ml=ms ratio tends to decrease close to the interface.

r 2002 Elsevier Science B.V. All rights reserved.
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The exchange-bias effect (EB) is a phenomenon

associated with the exchange anisotropy created at the

interface between an antiferromagnetic and a ferromag-

netic material. It has been known for a number of years

and offers interesting possibilities for applications, e.g.

in spin-valve devices and magnetic recording media, but

its precise origins are still poorly understood [1]. A

detailed knowledge of the alignment of magnetic spins at

the FM–AFM interface where EB occurs, along with

investigations of the role of orbital magnetism, which is

responsible for magnetic anisotropy, are thus of great

importance [2]. The X-ray magnetic circular dichroism

(XMCD) method allows in principle such detailed

information to be acquired, since the orbital and spin

moments can be obtained separately by direct integra-

tion of experimental data and application of the sum

rules [3–5].

We have used XMCD for the study of the orbital and

spin moments of Co in a Au80 (A/CoO20 (A/Co160 (A/Si

thin-film system. Details of the MBE sample growth can

be found in Refs. [6,7]. The experiment was performed

on the soft X-ray SGM beam line at LNLS (Brazil)

using previously reported procedures [8]. The samples

were mounted in a UHV chamber, where a sputter gun

(2 kV Ar+ ions) removed very thin layers of material [9],

followed by room temperature XMCD measurements.

Synchrotron light 80% circularly polarized was selected

by a slit, monochromatized at the spherical grating

monochromator, passed through an Au grid to measure

the incoming flux, and entered the chamber via an

electrically biased ring, where it was incident on the

sample. The absorption spectra were recorded by

monitoring the sample drain current. A permanent

magnet behind the sample provided a magnetic field

parallel to the X-ray propagation direction. The XMCD

was measured with alternate fields by reversing the

magnet; spectra were collected with the field parallel and

antiparallel to the fixed photon helicity. After normal-

izing the spectra to the incoming flux, the XMCD signal

is obtained from the difference of two spectra taken

sequentially. Absorption and XMCD spectra were

recorded at the Co L2, 3 edges at 301 and 901 X-ray

incidence to the sample plane. Before sputter etching,

the spectra contained only the signal from the para-

magnetic CoO. As thin layers were removed, the

L2, 3-edge spectra exhibited signals from both CoO

(of decreasing intensity with continued etching) and

metallic Co (increasing), the latter identifiable by the
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appearance of a dichroic signal. Layers were removed

until only pure Co remained. The oxygen content was

monitored by measuring the absorption at the O K-

edge. In order to apply the sum rules and obtain the

magnetic moments as a function of depth, a program

was developed to separate the CoO and Co contribu-

tions to the spectra taken at 301. Further analysis of the

resulting pure Co spectra and application of the sum

rules [3–5] permitted us to obtain the profile of the Co

spin and orbital moments near the CoO/Co interface as

a function of depth into the Co layer.

The linearly polarized absorption spectra at 901 were

used to calculate JR, the ratio of the signal measured at

the energy minimum between L3 and L2 and the

background measured before the L3 absorption line,

which is related to the thickness of the sputtered layers.

Combining JR, the oxygen K-edge signal, the nominal

thickness of the film layers, and the results of the spectra

decomposition, the erosion rate was estimated, and the

sputtering time was converted to units of thickness from

the substrate, with 5 (A uncertainty. The magnetic

dichroism signal obtained from the direct subtraction

of two spectra without background subtraction or

correction is used to obtain directly the ratio ml=ms of

the orbital and spin magnetic moments. This procedure

ensures that no artifacts are introduced. The relation

[10] ml=ms ¼ 2=3ðA3 þ A2Þ=ðA3 � 2A2Þ was used, where
A3 and A2 are the areas under the L3 and L2 XMCD

peaks, respectively. The values obtained are shown in

Fig. 1: the horizontal line at 0.09170.005 is from a bulk
Co reference measured during the same experiments, a

value in agreement with previous works [5,11]. The

vertical dashed line indicates the CoO/Co interface. The

plotted values correspond to measurements at that

thickness, but probing a depth of up to 20 (A, owing to

the escape depth of the secondary electrons used to

detect X-ray absorption [12,13]. In this way, measure-

ments beginning at the CoO layer probe the interface

with very little signal from Co at the start of the

experiment, progressively increasing the Co/CoO signal

ratio, until all the CoO layer is removed, near the dashed

line. The last 3 points correspond to pure Co. In all

figures the vertical error bars are standard deviations,

confidence bands at 95% would be twice as large. They

result from a standard error calculation knowing the

standard deviations for A2; A3 and Aiso due to the

measured RMS noise in the spectra. The error bars do

not take into account possible artifacts in the normal-

ization and background subtraction procedure but the

agreement with literature data for pure Co shows that

the statistical errors dominate close to the Co/CoO

interface. The horizontal error bars are due to the

erosion rate determination.

The absolute values of ms;eff ¼ ms � 7mT (mT is the

dipole contribution) and ml were determined from the

experimental data and by applying the usual expressions

derived from the sum rules [3–5,10], and taking into

account corrections [11] for the incomplete degree of

polarization Pc ¼ 0:8; and incident X-rays angle y ¼
301: For the number of d-shell holes we used nh ¼ 1:936
[14]. Fig. 2 shows the results of the spectrum decom-

position at 163 (A. The isotropic spectra were taken by

averaging the two polarized spectra, followed by the

subtraction of a linear background. The isotropic

contribution of the non-magnetic CoO layer was

subsequently subtracted using a linear fit of the

compound spectra to the weighed sum of the reference

isotropic spectra obtained for pure CoO and pure Co.

The pure Co isotropic area Aiso; needed for normal-
ization, is obtained after removing a continuum back-

ground modeled by a two-step function. In order to

determine the spin magnetic moment, corrections for

elimination of the sp magnetism (of the order of �2.6%)
were applied. Also a correction for the dipole contribu-

tion ml of the order of +1% of meff was made; this

values ranges from 0.015 to 0.017mB.

Fig. 1. The ml=ms ratio from a XMCD depth profile of the Au/

CoO/Co thin film.

Fig. 2. Isotropic spectrum decomposition at a thickness of

163 (A.
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Fig. 3 shows the values obtained for ml and ms: Far
from the CoO/Co interface, after removing all CoO

layer, the values agree with a bulk Co foil measured in

the same experiment and with literature data [11]. The

scatter of the data on passing through the CoO layer

arises partly from the small XMCD signal detected from

the metallic Co layer, giving a poor signal-to-noise ratio,

which is reflected in the error bars. Here the absorption

signal is dominated by the isotropic contribution of the

paramagnetic CoO layer. However, for each sputtering

step, 2–3 pairs of spectra were recorded, and they show

much less mutual scattering. Therefore, another cause of

scattering, independent of the signal/noise ratio, arises

from the roughness of the interface. The trend observed

close to the interface points to a net decrease of the

orbital moment close to the CoO layer, while the

variation of the spin moment is nearly constant. In

conclusion, the ml=ms ratio observed agrees with

determinations by Chen [5] and Wilhem [11] for pure

Co, and shows a slight trend to decrease close to the

interface. Within the pure Co layer, our values for ms;eff
and ml are close to the published moments for bulk Co.

This is an indication of the validity of our procedure, an

attempt to separate the signal from two compounds of

the same element, with coincident absorption edges, and

to apply the sum rules to determine magnetic moments

from one of them as a function of depth. Close to the

interface, the large scatter in the data points is due either

to the poor signal/noise ratio of the weak XMCD signal,

and possibly also to roughness at the CoO/Co interface.

The measurements taken at 901 did not show any

dichroism in this experiment at 300K, which shows that

the easy magnetization orientation is in plane [15].

Further experiments planned to continue these studies

include performing XMCD below TN (or the blocking

temperature TB; see Refs. [6,7]), where this system shows
AFM/FM order, with an exchange bias field of around

450mT. This method can also be applied to the study of

other thin multilayer systems with metal/metal oxide

layers as a function of depth.
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Fig. 3. Spin and orbital moments from a XMCD depth profile

of the Au/CoO/Co thin film.
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