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Abstract

We have measured and analyzed the X-ray resonant Bragg reflectivity spectra from BCC [Fe/Co]n superstructure near the L2,3

absorption edges of iron. The developed general computer code for the reflectivity calculations from arbitrary anisotropic multilayers

allows us to test the different approaches to the treatment of the Bragg reflectivity spectra. We have proved that the observed asymmetry

of the spectrum shape at the first-order Bragg peak for the right and left circular polarizations is predominantly caused by the

magnetization of the central part of iron layers. The influence of interfaces is almost negligible. The fit of the energy dependence of the

integral intensity of the Bragg reflection for the [Fe6/Co6]50 sample gives the value of the magnetic moment of Fe atoms in the central

parts of Fe layers �2.6mB, that is larger than the volume value.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nowadays the X-ray resonant absorption and scattering
near the L2,3 edges of transition metals is an effective and
element specific tool for magnetic material investigations.
Every known magneto-optical phenomena (P-, T- and
L-MOKE, Faraday rotation, Voigt effect, XMCD, etc.)
have been observed with linear or circular polarized X-rays
[1,2]. The essential new feature of X-ray magneto-optics is
the possibility to combine X-ray resonant spectroscopy
with diffraction on a crystal structure or with reflection
from multilayers. In such a way we get a space or depth
resolution of the method [3].

The interpretation of the resonant spectra of reflectivity
is much more complicated than that of the absorption
spectra. The effective usage of the X-ray resonant
- see front matter r 2005 Elsevier B.V. All rights reserved.
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absorption spectra in magnetic investigations is provided
by the applicability of the so-called sum rules [4], which
make possible the direct determination of the orbital and
spin magnetic moments of the resonant atoms from the
resonant L2,3 or M4,5 spectrum shape. The reflectivity
spectra possess a high sensitivity to the polarization state of
the incident radiation (e.g. large asymmetry of the
reflectivity spectra is observed for the right and left circular
polarization of X-rays in L-MOKE geometry), but no
simple receipts have been developed for the determination
of the magnetic moments from reflectivity spectra. For
hard X-rays, when the reflectivity is investigated at small
glancing angles, the interpretation is simplified and the
remarkable results were obtained in Ref. [5] for the depth
profile determination of the magnetic moment. For soft
X-rays the interpretation of the reflectivity spectra is more
complicated.
Here we test the different approaches to determination

of the optical and magnetic parameters from the resonant
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Fig. 1. Energy dispersive y=2y scans near the L2,3 Fe absorption edges around the first-order Bragg peak from [Fe6/Co6]50 superlattice with period

1.08 nm: the sum (left panel) and the difference (right panel) of reflectivity for the right- and left-circular polarized radiation.
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reflectivity spectra and analyze the experimental data at the
L2,3 absorption edges of Fe for the periodic multilayer [Fe6/
Co6]50/V, presented in Fig. 1.
2. Experimental details

A series of single crystalline BCC MgO (0 0 1)/[Fex/
Coy]50 superlattices capped with 10 Å of V or Pd with
individual thicknesses of Fe and Co layers varied between
x; y ¼ 2 and x; y ¼ 9 monolayers was grown by DC
magnetron sputtering [6]. The structural quality of the
samples was characterized by X-ray diffraction and X-ray
reflectometry with Cu Ka radiation. The main purpose of
the work was the question how the magnetic moment of Co
or Fe varied as a function of distance from the interface.
The investigation was done by the element-specific X-ray
magnetic circular dichroism measurements (XMCD) in
combination with SQUID magnetometry. It has been
found that the Co moment remains constant for all Fe/Co
combinations studied. The Fe moment shows a complex
behavior what can be attributed to the interface roughness.
Anyhow an enhanced moment of 3.0 mB/atom was found
for Fe at the Fe/Co interface.

The XMCD measurements were carried out at beamline
D1011 at the Swedish synchrotron radiation facility MAX-
lab. The absorption spectra were recorded through the
total electron yield at different angles of incidence of the
circular polarized SR beam. The samples were magnetized
along the easy direction /1 0 0S in the plane of scattering.
The electron yield was recorded simultaneously with the
reflectivity signal.
3. Theoretical background

Calculations were performed on the basis of the general
theory of reflectivity from anisotropic multilayers [7,8]. Our
developed computer package XRMR is freely available at
[9].
The dielectric susceptibility ê of resonant magnetic

medium is a tensor:

ê ¼ 1þ ŵ ¼ 1þ Aþ iBh� þ Ch � h; (1)

where h is the unit vector in the magnetization direction, h�

is a tensor with components ðh�Þil ¼ eiklhk, where eikl is the
antisymmetric Levi–Civita symbol, h � h is a diade and A,
B, C are the complex functions of energy. The off-diagonal
function B is responsible for the XMCD signal. In vicinity
of the absorption edges, the specific energy dependencies
for the circular and linear dichroism terms B and C as well
as for the diagonal term A cannot be taken from the
common Henke tables. Nowadays there are different
methods for the measurements of the energy-dependent
components of the susceptibility tensor (Faraday rotation,
XMCD, XMLD, etc.). We started our calculations with the
functions A, B for the Fe L2,3 edges taken from the paper
of Kortright and Kim [10]. Function C, as it was shown in
Ref. [11], can be calculated as a derivative of B. It has an
essentially smaller value and should be taken into account
only when the influence of the off diagonal term B does not
exist, e.g. in the case of the antiferromagnetic substance.
For the layered medium the Maxwell’s equations are

transformed to the equations for the tangential compo-
nents of the magnetic H t ¼ ð1� q � qÞH and electric ½qE� ¼
q�E radiation fields:

d

dz

H t

½qE�

 !
¼ ikM

H t

½qE�

 !
, (2)

where the general expression for the 4� 4 differential
propagation matrix M is given in Refs. [7,8].
In L-MOKE geometry h coincides with Y-axis (Fig. 2).

So, the tensor ŵ and corresponding propagation matrix M
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Fig. 2. L-MOKE geometry.
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Fig. 3. Experimental (a) and theoretical spectra of the X-ray resonant

Bragg reflectivity for bulk (b) and refined (c) parameters. Solid lines for the

right- and dash lines for the left- circular polarizations of incident

radiation. The energy range corresponds to the L2,3 edges of Fe. The

spectra are normalized. The angles are given in (a) in degrees.
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has the following elements:

ŵ ¼

A 0 iB

0 Aþ C 0

�iB 0 A

0
B@

1
CA, (3)

M̂ ¼

0 0 1þ Aþ C 0
iB cos W
1þA

0 0 sin2 Wþ A� B2

1þA

1� cos2 W
1þA

0 0 �iB cos W
1þA

0 1 0 0

0
BBBB@

1
CCCCA

(4)

with the eigenvalues Zi ffi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2 yþ A� B cos W

p
, if we

neglect C.
The solution of Eq. (2) for each layer with wðzÞ ¼ const is

the matrix exponential which we calculate by means of the
Silvester algorithm [12]. The integral propagation matrix of
the total multilayer L allows us to find the 2� 2 reflectivity
matrix r for the tangential components of the magnetic
radiation field H r

t ¼ rH0
t :

r ¼ ½gdðL1 þ L2grÞ � ðL3 þ L4grÞ��

�½ðL3 þ L4g0Þ � gdðL1 þ L2g0Þ�, ð5Þ

where Li are the 2� 2 blocks of the integral propagation
matrix L and g0;r;d are the impedance tensors [8] which
determine the connection between the tangential compo-
nents of the radiation field g0;r;dH0;r;d

t ¼ qE0;r;d
� �

for the
incident, reflected and transmitted waves, respectively.

4. Results and discussion

The shape of the absorption XMCD spectra is actually
the energy dependency of Im ðAþ BÞ and Im ðA� BÞ

components of the susceptibility tensor. The real parts of
A and B can be constructed by means of Kramers–Kroning
transformation. The energy dependence of the reflectivity
spectra (Figs. 1 and 3) depends on the Re (A), Im (A),
Re (B) and Im (B) in much more complicated manner
according to the general formalism (2) and (5). The
essential variations of the shape of the reflectivity spectra
measured in vicinity of the Bragg peak are also explained
by the shift of the Bragg angle with the energy change, so
the interference enhancement of different parts of the
spectra arises at different angles.

The precise value of the Bragg peak position WB, as it was
shown in Ref. [3], includes also the refraction effect. In the
simplest kinematical approximation it is

d̄� Dd ¼ ðsinWB � l=ð2DÞÞ sin WB, (6)

where WB is the exact Bragg peak position, d̄ is the average
of the function A within the period D of multilayer,
2d ¼ ReA, 2Dd ¼ ReB cosW. In Ref. [3] the dynamical
formula was also used for the determination of the function
Re (A), which include the small influence of the absorption
Im (A):

ðd� DdÞFe ¼ ð1=W Þððsin WB � l=2DÞ

�sinWB � dCoÞ þ dCo, ð7Þ

W ¼ g�
ððb� DbÞFe � bCoÞ sin

2
ðpgÞ

p2ðgbþ ð1� gÞbCoÞ
,

where 2b ¼ ImA, 2Db ¼ ImB cos W, g is the relative
thickness of Fe layer in the repetition period, subscripts
Fe and Co refer to the optical constants of Fe and Co
respectively.
We tested the both expressions for the model structure

[Fe6/Co6]50 with the theoretically given functions Re (A)
and Im (A) [13]. The result was that the reconstructed
function Re (A) by means of (7) agreed better with the
function inserted into the calculations. So we use further
the expression (7).
The experimental Bragg peak shift (or the change of the

wave vector transfer QB ¼ ð4p=lÞ sin WB) is presented in
Fig. 4. The reconstructed by means of Eq. (7) function
Re (A) is presented in Fig. 5. We see that it is quite close to
the dependence obtained in Ref. [10] for the pure iron film
by means of the Faraday rotation.
The Bragg angle shift gives just the average (over the

repetition period) refraction of the waves in the forward
and backward directions. So, this shift does not contain
any new information comparing with the absorption or



ARTICLE IN PRESS

705 720

52.5

54.0

55.5

arcsin( λ / 2D)

ΘBragg , degree

Photon energy, eV
705 720

0.582

0.584

Q, A-1 

Photon energy, eV

Fig. 4. Experimental angular position of the Bragg peak maximum from

Fig. 1 (left) and the corresponding wave vector transfer Q (right) as

functions of the photon energy. Dash lines are the simple arcsin behavior,

D is the period of our superlattice.
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Fig. 5. The real part of the diagonal component of the susceptibility

tensor, reconstructed from our experimental data (solid line) and

measured in Ref. [7] by means of Faraday rotation (dash line).
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Fig. 6. Polarization difference curves of the normalized integrated

intensity of the Bragg peak for the different magnetization in the central

part of the iron layer mc (left) and in the interfaces mi (right). mFe is the

volume value.
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Faraday rotation experiments. However, the reflectivity
data possess the depth selectivity. They can give the
information, which cannot be obtained by the other
methods.

Here we check the influence of the magnetic moment
distribution across the iron layer depth on the shape of the
reflectivity spectra (Fig. 3) and on the integrated Bragg
intensity (Fig. 6). The result is the first-order Bragg peak
gives mainly the information about the magnetic moments
in the center of Fe layers.

By comparison of our calculations with the experimental
dependencies we have found the value of the magnetic
moment of Fe in the center of iron layers which occurs
equal to 2.60 (70.04) mB/atom.

5. Conclusions

Our analysis of the reflectivity spectra for the sample
[Fe6/Co6]50 reveals the enhancement of the Fe magnetic
moment in the central part of iron layers. So we can
conclude that the larger value of Fe average magnetic
moment for that sample determined in Ref. [6] by SQUID
magnetometry (2.9 mB) and XMCD (2.74 mB) can be
explained not only by the enhancement of the interface
magnetic moment of Fe.
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