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Magneto-optical anisotropy study of Fen ÕAun superlattices
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Extended experimental and theoretical study of the observed large magneto-optical anisotropy~MOA! is
presented for a series of Fen /Aun superlattices prepared by molecular beam epitaxy withn51,2,3 of Fe and
Au atomic planes of~001! orientation. The anisotropy of the off-diagonal component of the optical conduc-
tivity tensor with respect to the change of the magnetization direction is determined in the photon energy range
0.8–5.8 eV from the measurements of the magneto-optical polar and longitudinal saturated complex Kerr
angles and the optical data measured by the spectroscopic ellipsometry. The magnitude of the observed
anisotropy, decreasing with the increase ofn, and its energy dependence are well reproduced by the band
structure calculations performed within the local spin-density approximation to the density functional theory.
The results of the calculations show that the microscopic origin of the large MOA is the interplay of the strong
spin-orbit coupling on Au sites and the large exchange splitting on Fe sites via Aud-Fed hybridization of the
electronic states at the interfaces. The high sensitivity of the MOA to the interface structure is studied byab
initio modeling of the effects of substitutional disorder and the roughness at the interfaces. It is shown that a
good agreement with the experiment is obtained when the interface roughness effect is taken into account. The
orientation anisotropy of thed orbital moment is calculated from the first principles and analyzed on the basis
of d orbital symmetry consideration. The relationship between the orbital moment anisotropy and the MOA is
discussed.
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I. INTRODUCTION

Many important physical properties of magnetically o
dered compounds depend on the relative orientation of
magnetization and the crystallographic axes as the spin
system is coupled to the lattice by the spin-orbit~SO! inter-
action. The magnetocrystalline anisotropy~MCA!, which is
the energy that directs the magnetization along a cer
crystallographic axis, is a ground-state property of a crys
The magneto-optical anisotropy~MOA!, defined as the de
pendence of the off-diagonal part of the optical conductiv
tensor on the magnetization direction, arises as a resu
electronic excitations and is due to the spin and orbital
larizations of initial and final states.

Although the MCA has been widely studied bo
experimentally1 and theoretically2–5 in a large number of ma
terials, the investigations of the MOA are still restricted to
few cases only. Theoretical calculations were performed
Co, FePt, CoPt,6 CoPd,7 and CrO2.8 Experimentally, how-
ever, the orientation dependence of the magneto-op
~MO! Kerr effect was observed in only one magnetic syste
hcp Co. In the equatorial Kerr effect Ganshinaet al.,9 and in
the longitudinal Kerr effect~LKE! configuration Osgood
et al.10 studied the Kerr effect magnitude dependence on
orientation of the magnetization with respect to the c-ax
both lying in the basal plane of the hcp Co sample. For
polar Kerr effect ~PKE! configuration with magnetization
PRB 620163-1829/2000/62~20!/13731~17!/$15.00
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perpendicular to the sample plane, Welleret al.11 observed
an orientation dependence of the PKE by using two epita
hcp Co films with different,~0001! and (112̄0), basal planes

In the past decade, artificial multilayered structur
~MLS! have attracted a lot of interest due to their uniq
physical properties.1 In some cases, they exhibit simulta
neously enhanced MO Kerr rotation12 and strong interface
magnetic anisotropy13 and thus one can expect a large anis
ropy of the MO response from these compounds. For sev
reasons it is important to investigate MLS with a small re
etition period, in which individual layers consist only of fe
atomic layers~down to monolayers!. Such systems can b
easily modeled theoretically, their interfacial properties a
particularly enhanced and they are precursors of artificial
dered compounds, which do not exist naturally. Especia
the low periodicity Fe/Au structures are intensively inves
gated experimentally14–20 and theoretically21–28 demonstrat-
ing unique physical properties. For the monolayer period
ity, these properties are directly connected with t
formation of theL10 ordered structure, which does not exi
in the Fe-Au phase diagram near equiatomic composit
but can be fabricated layer-by-layer by molecular beam e
taxy ~MBE! ~Refs. 15 and 18! with a high degree of perfec
tion. The theoretical calculations22,25 yield a strong tetrago-
nality for the L10 Fe-Au ordered alloy, with the ratio o
interlayer to intralayer lattice constant c/a50.90 in the ferro-
magnetic state, which is in between the values expected f
13 731 ©2000 The American Physical Society
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FIG. 1. LEED patterns taken during the (Fe2 /Au2)310 sample growth.~a! 531 reconstructed Au~001! buffer layer, electron energy 75
eV; ~b! 131 pattern after completing the (Au2 /Fe2) layers, electron energy 113 eV;~c! 531 reconstructed Au~001! cap layer, electron
energy 75 eV.
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the hard sphere model~0.86! and the experimental on
~0.94!.15 Relatively low tetragonality, as observed expe
mentally, may result from a deviation from the layer stru
ture, which is suggested also by the x-ray diffraction~XRD!
data.15

Magnetic properties of theL10 ordered Fe/Au mono-
atomic MLS are very interesting from the application po
of view, for magnetic recording. This system combines la
magnetic moments and a high Curie temperature with a la
uniaxial magnetic anisotropy perpendicular to Fe and
atomic planes and specific MO Kerr spectra. The strong p
pendicular anisotropy of the Fe1 /Au1 MLS decreases rapidly
for Fen /Aun MLS with increasingn, so that the easy mag
netization direction lies in the MLS plane already f
n53.16,18 An oscillatory behavior of perpendicular aniso
ropy ~accompanied by similar oscillations of the out-of-pla
lattice spacing! is reported forn between 1 and 4, coverin
also nonintegers.16,20The MO spectra of Fen /Aun MLS have
been investigated experimentally and theoretically17,20,28 in
comparison with the MO spectra in ultra thin Fe layers29

The MLS magneto-optical spectra exhibit prominent str
ture in the uv spectral range, which could not be explain
assuming a simple stack of thin Fe and Au layers bu
related with characteristic electronic structure of the syst

The aim of this work is the detailed experimental a
theoretical investigation of the orientation dependence
magneto-optical response in the Fen /Aun superlattices, first
observed in the Fe/Au monoatomic multilayer in Ref. 3
These structures enable us to study the specific interfac
fects originated from modified electronic states of the ato
at the interface by using the magneto-optical spectrosc
methods sensitive to the change of the electronic structur
the materials. The influence of the multilayer structure on
MOA is studied by the exact modeling of the effects
roughness and alloying at the interfaces. The anisotrop
the d orbital moment with respect to the change of the m
netization direction is calculated from the first principles a
explained on the basis ofd orbital symmetry consideration
The relationship of the orbital moment anisotropy with t
MOA is discussed.

The paper is organized as follows. The detailed desc
tion of the sample preparation, experimental procedure
theoretical framework is provided in Sec. II. Experimen
results and data analysis are presented in Sec. III. Sectio
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presents the electronic structure, the MO spectra, and
MOA of Fen /Aun (n51,2,3) MLS. Finally, the results are
summarized in Sec. V.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Sample preparation and experimental procedure

For the present studies, the well characterized epita
(Fen /Aun)3N superlattices, whereN is the number of rep-
etitions andn51,2,3 is the number of atomic planes, we
used. The (Fe1 /Au1)320, (Fe2 /Au2)310, and (Fe3 /
Au3)37 MLS were grown by the MBE in UHV conditions
~base pressure during preparation below 5310210 mbar) on
a 30 nm~001!Au buffer layer~preceded by a 4 nm Fe~001!
seed layer!, deposited on a MgO~001! cleaved substrates in
multistage process.31 The whole structure was finally cov
ered by a 5 nm Aucap-layer. The Fe and Au monolaye
were deposited alternately at 340 K at the rate of about
nm/min, as controlled by a quartz microbalance with an
curacy of65%. The sample growth was monitoredin situ
by low energy electron diffraction~LEED!, which has docu-
mented epitaxial growth with the~001! orientation across the
whole sample, as it is exemplified in Fig. 1 for the (Fe2 /
Au2)310 MLS. The (531) reconstruction of the Au~001!
buffer layer surfaces@Fig. 1~a!# is lifted upon the deposition
of about 0.5 monolayer~ML ! of Fe and a (131) LEED
pattern with relatively broad spots is observed after comp
tion of the Fe sublayers@Fig. 1~b!#. The (531) reconstruc-
tion restores for each Au sublayers already within 1 ML
Au and it is seen also for the Au caplayers@Fig. 1~c!# prov-
ing a perfect epitaxy, comparable with that of the buff
layer. Thus, very uniform growth conditions are preserv
for subsequent layers, resulting in a high epitaxial quality
the superlattices. For the growth mode and the resul
structure of the Fe/Au MLS an important role plays the A
self-surfactant effect, which was observed when single
films were grown on the reconstructed~001!Au surface.31,32

During the Fe growth, the Au surface segregation occurs
an atomic place exchange that leads to the formation of
Au monolayer on top of the growing Fe film. This proces
particularly important for the growth of the Fe1 /Au1 mono-
atomic superlattices, is responsible for a deviation from
perfect layer structure as it was observed by Takana
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et al.15 by XRD measurements. Local structural and ele
tronic properties of the Fe/Au MLS used for the present st
ies could be characterized precisely by the conversion e
tron Mössbauer spectroscopy~CEMS!, because our sample
were made of the isotopically pure57Fe. The CEMS
analysis18 clearly reveals that theL10 phase, characterize
by the tetragonal distortion that is reflected in a large con
bution of the quadrupole interaction to the hyperfine patte
is present in the (Fe1 /Au1)320 MLS. However, the amoun
of the L10 phase is only;30% of that expected for the
perfect layer growth. The vertical mass transport accom
nying the MLS growth leads to Fe aggregation, so that
resulting structure may be regarded as a mixture of a mo
layer and double-layer~and to a less extent also trilaye!
MLS. Nevertheless, it is enough to induce a strong perp
dicular anisotropy, which forces the magnetization to
normal direction. TheL10 phase disappears abruptly whe
the MLS modulation period is increased. For t
(Fe2 /Au2)310 MLS, only traces of the component attrib
uted to the tetragonally distorted phase can be found in
CEMS spectrum. The CEMS spectrum for the (Fe3 /
Au3)37 sample resembles the one measured for a singl
trilayer film sandwiched between Au.18

In the present work magneto-optical polar Kerr rotati
(uPK) and ellipticity (hPK), and longitudinal Kerr rotation
(uLK) and ellipticity (hLK) spectra were measured at roo
temperature with a high sensitivity reaching t
1025–1024 deg range, for the photon energy from 0.8 to 5
eV in an improved experimental setup as compared to
described in Ref. 33. The spectroscopic measurement
both polar and longitudinal magnetization configuratio
were based on a polarization modulation technique with
use of a photoelastic modulator~PEM CaF2). The angle of
incidence of the light beam on the sample mounted ins
closed core electromagnets was set at 2 and 75 deg in
polar and longitudinal geometry, respectively. After refle
tion from the sample the light beam passed through an a
lyzer with its transmission axis set at 0 or 90 deg to the pl
of incidence forp and s polarization, respectively. In the
energy range 0.8–1.5 eV a low-noise sensitive InGaAs p
todiode, and in the range of 1.5–5.8 eV, VIS- and UV- se
sitive photomultipliers were used for the detection of lig
intensity. The magnetic field available was 16 kOe in t
longitudinal geometry and 18 kOe in the polar geometry a
was enough to saturate the samples in both configuration
it was derived from the measured magneto-optical hyster
loops at fixed wavelengths. The optical properties
refractive indexn and extinction coefficientk—were mea-
sured directly by spectroscopic ellipsometry with the use o
rotating analyzer method in the energy range 0.8–5.8 eV

B. Computational details

Phenomenologically, magneto-optical effects at opti
frequencies are treated by means of a dielectric tensor.
the polar Kerr magnetization geometry and a crystal of
tragonal symmetry, where both the fourfold axis and
magnetization direction are perpendicular to the sample
face and thez-axis is chosen to be parallel to them, the d
electric tensor is composed of the diagonal«xx and«zz, and
the off-diagonal«xy component in the form
-
-
c-

i-
,

a-
e
o-

n-
e

e

Fe

at
in

s
e

e
he
-
a-
e

o-
-
t
e
d
as
is

a

l
or
-

e
r-

«5S «xx «xy 0

2«xy «xx 0

0 0 «zz

D . ~1!

At normal light incidence the relation between the po
complex Kerr angle and the dielectric tensor component
given by34

uPK1 ihPK5
2«xy

~«xx21!A«xx

, ~2!

whereuPK andhPK are the polar Kerr rotation and the ellip
ticity, respectively.

Here and henceforth, the following definitions have be
adopted. We choose the time dependence of the electric
ase2 ivt. Hence, all the complex quantities are expressed
their real and imaginary parts as follows:«ab5«ab

(1)1 i«ab
(2) ,

wherea,b[x,y,z, «xx5(n1 ik)2, andn andk are refractive
index and extinction coefficient, respectively. The optic
conductivity tensorsab5sab

(1)1 isab
(2) is related to the dielec-

tric tensor«ab through the equation

«ab~v!5dab1
4p i

v
sab~v!. ~3!

For the longitudinal Kerr magnetization geometry, whe
the magnetization lies in the sample plane and they-axis is
chosen to be parallel to both the direction of the magnet
tion and the plane of incidence, the dielectric tensor takes
form

«5S «xx 0 2«xz

0 «xx 0

«xz 0 «zz

D . ~4!

The formula for the longitudinal complex Kerr angle as
has been derived from general formulas for the Kerr eff
with arbitrary dielectric tensor35 is given by

us,p
LK 1 ihs,p

LK 52
2«xz sinw coswA«xx

D
, ~5!

with

D5~A«xx~«zz2sin2 w!1A«zz~«xx2sin2 w!!

3~A«xx2sin2 w6cosw!

3~A«xx«zzcosw7A«zz2sin2 w!,

wherew is the angle of light incidence, and the upper a
lower signs correspond to thep ands light polarization, par-
allel and perpendicular to the plane of incidence, resp
tively.

In the case when the assumption«zz'«xx is justified the
formula ~5! simplifies to36

us,p
LK 1 ihs,p

LK 52
«xz sinw~A«xx2sin2 w6sinw tanw!

~«xx21!~«xx2tan2 w!A«xx2sin2 w
.

~6!
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Using straightforward symmetry considerations it can
shown that all MO phenomena are caused by the symm
reduction, in comparison to the paramagnetic state, cau
by magnetic ordering.37 Concerning optical properties thi
symmetry reduction only has consequences when SO
pling is considered in addition. To calculate MO propert
one therefore has to account for magnetism and SO coup
at the same time when dealing with the electronic struct
of the material considered. Performing corresponding b
structure calculations, it is normally sufficient to treat S
coupling in a perturbative way. A more rigorous schem
however, is obtained by starting from the Dirac equation
up in the framework of relativistic spin density function
theory:38

@ca•p1bmc21IV1Vspbsz#cnk5enkcnk ~7!

with Vsp(r ) being the spin-polarized part of the exchang
correlation potential corresponding to thez quantization axis.
All other parts of the potential are contained inV(r ). The
434 matricesa, b, andI are defined by

a5S 0 s

s 0 D , b5S 1 0

0 21D , I5S 1 0

0 1D , ~8!

wheres are the standard Pauli matrices, and1 is the 232
unit matrix.

There are quite a few band structure methods availa
now that are based on the above Dirac equation.44 In one of
the schemes the basis functions are derived from the pr
solution of the Dirac equation for the spin dependent sing
site potentials.39,40 In another one, the basis functions a
obtained initially by solving the Dirac equation without th
spin-dependent term41,42 and then this term is accounted fo
in the variational step.43,39 In spite of this approximation, the
latter scheme gives the results in a close agreement with
former,44 while being simpler to implement. We should als
mention the widely used technique in which the SO coupl
is added variationally41 after the scalar relativistic magnet
Hamiltonian has been constructed. In this case, the P
equation with the SO coupling is solved instead of the Di
equation. We should emphasize that all three techniq
yield similar results.

The optical conductivity tensor or equivalently, the d
electric tensor is the basic spectral quantity needed for
evaluation of the Kerr effect.45 The optical conductivity can
be computed from the energy band-structure by means o
Kubo-Greenwood linear-response expression:46,47

sab~v!5
2 ie2

m2\Vuc

3(
k

(
nn8

f ~enk!2 f ~en8k!

vnn8~k!

Pn8n
a

~k!Pnn8
b

~k!

v2vnn8~k!1 ig
,

~9!

where f (enk) is the Fermi function,\vnn8(k)[enk2en8k is
the energy difference of the Kohn-Sham energiesenk , andg
is the lifetime parameter, which is included to describe
finite lifetime of excited Bloch electron states. ThePnn8

a are
e
ry
ed

u-
s
ng
e
d

,
t

-

le

er
-

he

g

uli
c
es

e

he

e

the dipole optical transition matrix elements, which in a fu
relativistic description are given by48

Pnn8~k!5m^cnkucaucn8k& ~10!

with cnk being the four-component Bloch electron wa
functions.

Equation~9! for the conductivity contains a double su
over all energy bands, which naturally separates in the
called interband contribution, i.e.,nÞn8, and the intraband
contribution,n5n8. The intraband contribution to the diag
onal components ofs may be rewritten for zero temperatur
as

saa~v![
~vp,a!2

4p

i

v1 igD
, ~11!

where vp,a are the components of the plasma frequen
which are given by

~vp,a!2[
4pe2

m2Vuc
(
nk

d~enk2EF!uPnn
a u2, ~12!

EF is the Fermi energy, andgD51/tD wheretD is the phe-
nomenological Drude electron relaxation time. The intraba
relaxation time parametergD may be different from the in-
terband relaxation time parameterg. The latter can be fre-
quency dependent,49 and, because excited states always ha
a finite lifetime, will be nonzero, whereasgD will approach
zero for very pure materials. For the interband relaxat
parameter we shall use, unless stated otherwise,g51 eV.
This value has been found to be on average a good estim
of this phenomenological parameter. The contribution of
traband transitions to the off-diagonal conductivity is usua
not considered. Also, we did not study the influence of lo
field effects on the MO properties. We mention, lastly, th
the Kramers-Kronig transformation was used to calculate
dispersive parts of the optical conductivity from the abso
tive parts.

In our band structure calculations we consider Fe1 /Au1
MLS system with one by one stacking of~001! planes whose
structure can be regarded asL10 type @Fig. 2~a!#. The lattice
parameters used were chosen as follows. The in-plane ato
spacing was taken as an average between Au and Fe
values (a54.066 Å). The out-of-plane lattice spacing fo
the Fe1 /Au1 MLS was taken from the recent work of Sa
et al.20 as 1.915 Å which is a slightly lower value as com
pared to the previously published one15,16 and used in our
previous calculation.30 The structures Fe2 /Au2 and Fe3 /Au3
are presented in Figs. 2~b! and 2~c!. There is no experimenta
knowledge about the three interlayer spacings, Au-Au, A
Fe, and Fe-Fe, in these structures. The Au-Au spacing
taken the same as in fcc Au, 2.04 Å. For the Au-Fe spac
value of 1.74 Å can be derived from the rigid sphere mo
as a mean between the fcc Au (2.04 Å) and bcc Fe (1.43
bulk values. Similar values for the Au-Fe interlayer spacin
we have obtained by total energy minimization using t
LMTO ab initio calculations. Using the experimentally de
termined superlattices periods in Fe2 /Au2 and Fe3 /Au3
MLS structures published in Ref. 20 as constrains, the o
parameter minimization was performed. As a result, the v
ues of 1.76 Å and 1.74 Å for Au-Fe, and corresponding v
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ues of 1.69 and 1.58 Å for Fe-Fe interlayer spacing in
Fe2 /Au2 and Fe3 /Au3 MLS, respectively, were obtained.

The details of the computational method are describe
our previous paper33 and here we only mention several a
pects. The electronic structure of the compounds was ca
lated self-consistently on the basis of the local spin den
approximation50 to the density functional theory using th
fully relativistic spin-polarized LMTO method41–43 in the

FIG. 2. The unit cells used for Fe1 /Au1 (L10) ~a!, Fe2 /Au2 ~b!,
and Fe3 /Au3 MLS ~c!. Black spheres are Fe atoms and shadow
ones are Au atoms.
e

in

u-
ty

atomic-sphere approximation, including the combined c
rection (ASA1CC).41,51Core-charge densities were recalc
lated at every iteration of the self-consistency loop. The s
polarization was included in the variational step.39 The com-
bined correction terms were also taken into account in
optical matrix element calculations.48 The basis consisted o
s, p, d, and f LMTO’s for both Fe and Au was used. Th
k-space integrations were performed with the improved
rahedron method52 and charge self-consistency was achiev
with 2176, 1155, and 702 irreduciblek-points for Fe1 /Au1 ,
Fe2 /Au2, and Fe3 /Au3 MLS, respectively.

III. EXPERIMENTAL RESULTS AND DATA ANALYSIS

Most MO studies of the MLS employ polar magnetizatio
geometry, PKE, and normal light incidence. The PKE co
figurations alone cannot be used, however, to study the
orientation effects in a very rich family of magnetic layere
structures. The reason is that the main structural anisotr
axis is the axis perpendicular to the film surface and no ot
basal planes exist. The only possibility is to use the polar
longitudinal ~or equatorial! Kerr effect geometries simulta
neously. This approach is more complicated as additio
data on the optical constants are required to extract the b
quantities—optical conductivity tensor components
underlying the MO spectra.

In Fig. 3 the complete set of experimentally obtained
lipsometric and magneto-optical spectra in both the polar
longitudinal magnetization geometry for the Au(5 nm
(Fe1 /Au1)320/Au(30 nm)/Fe(4 nm)/MgO(001) sample
presented. As it is seen in Fig. 3~a!, the spectral dependenc
of the effective refractive indexn and the extinction coeffi-
cient k of the sample exhibits overall shape close to that
Au metal with the well known feature at the photon ener
of 2.5 eV, where there is the superposition of the Drude-l
intraband transitions and the interband transition edge. S
dependence can easily be understood by taking into acc

d

FIG. 3. Experimental results for Fe1 /Au1 MLS: refractive index
and extinction coefficient~a!, polar Kerr rotation and ellipticity~b!,
longitudinal Kerr rotation and ellipticity fors ~c! and p ~d! light
polarizations. In the panels, refractive index and rotation are
picted as circles, and extinction coefficient and ellipticity as t
angles.
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that the predominant parts of the sample are the Au overla
and underlayer. The effective magneto-optical PKE rotat
uPK and ellipticity hPK spectra of the sample are shown
Fig. 3~b!. The essential points of the experimentaluPK spec-
trum are the prominent negative peak centered at around
eV ~i.e., in the Au plasma edge spectral region!, and a hump
clearly visible near 3.2 eV. TheuPK changes a sign above
eV and a positive peak at 4.7 eV is formed. TheuPK en-
hancement at the plasma edge of Au~around 2.5 eV! is well
explained by the classical optic multilayer model, and is
related to the modification of the electronic structure of
intrinsic magnetic Fe1 /Au1 multilayer. The corresponding
hPK spectrum changes the sign at the energy of the pla
edge of Au and in the uv spectral region exhibits two pe
structure with a negative peak at 3.8 eV and a positive on
5.5 eV. The PKE spectra measured in the Fe2 /Au2 and
Fe3 /Au3 superlattices~not shown! exhibit similar behavior
like Fe1 /Au1 one, with the peaks structure in the uv spect
range shifted to higher energy. The main features and tre
in PKE spectra of Fen /Aun superlattices modulated by inte
ger atomic layers of the Fe and Au are in agreement w
those reported in Refs. 17 and 20. Similar characteri
structure in the PKE spectra in the uv spectral range~more
distinct than in the multilayers! was observed in ultrathin F
layers sandwiched by Au layers and assigned to optical t
sitions involving quantum-well states.29,53

The corresponding complex LKE spectra measured in
longitudinal Kerr magnetization geometry at the angle
light incidence 75 deg are shown in Fig. 3~c! and Fig. 3~d!
for s and p light polarizations, respectively. The measur
uLK andhLK appear one order in magnitude smaller than
the PKE. In the LKE spectra, the plasma edge of Au ov
layer and underlayer of the sample manifests itself as a p
or shoulder near 2.6 eV. As it is seen in Fig. 3~c! and 3~d!, in
the spectral region above 2.5 eV theuLK spectra are domi-
nated by the peak at 3.2 and minimum around 5.0 eV fos
and the peak at 4.1 eV forp polarization, respectively. The
correspondinghLK spectra features are the peak centered
4.1 for s and the peaks at 3.4 and 5.1 eV forp polarization,
respectively. The LKE spectra are consistent for thes andp
light polarizations and the optical functionsn and k deter-
mined from the LKE data alone agree well with those m
sured directly by the elipsometric method. It should
pointed out that one can not expect direct corresponde
between the spectra shape and energy peaks position
sured in polar and longitudinal geometry because the L
spectra are strongly dependent on the angle of light incide
~particularly forp polarization, when the angle of incidenc
approaches its principal value, equal to about 75 deg for
structures studied!. Therefore, the direct comparison of th
PKE and LKE spectra is not adequate and appropriate tr
ment should be done by evaluation of the optical conduc
ity tensor components from the measured spectra. It is w
known that the absorptive part of the tensor only, but not
Kerr rotation itself, is directly connected with the optic
transitions between electronic states, their strengths and
ergy positions. Therefore, in the following, we will consid
the energy dependence of the conductivity tensor com
nents underlying the MO effects for the superlattices stud

The effective optical conductivity tensor components,
agonalsxx

e f f and off-diagonalvsxy
e f f , vsxz

e f f were determined
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with the use of Eq.~3! from the measured optical and MO
spectra according to the Eq.~2! for the PKE and Eq.~6! for
the LKE. The Fen /Aun superlattices studied are two
dimensional structures and can exhibit optical anisotro
~i.e., thesxx andszz tensor components can differ!. Conse-
quently, Eq.~5! for an optically anisotropic medium shoul
be used instead of Eq.~6! to determine the off-diagonal ten
sor component. Unfortunately, in the case of thinmetallic
films or MLS direct ellipsometric measurements allow
determine thesxx

e f f tensor component only. As it will be
shown in the next section, the errors caused by using Eq~6!
for an optically isotropic medium to extractsxz

e f f from LKE
data are of little importance for the Fen /Aun MLS.

The results for effective complexsxx
e f f , vsxy

e f f , andvsxz
e f f

optical conductivity spectra of the Au(5 nm)/(Fe1 /
Au1)320/Au(30 nm)/Fe(4 nm)/MgO(001) sample are pr
sented in Fig. 4~a! and 4~b!, respectively. In Fig. 4~a!, the
sxx spectra of 100 nm thick fcc Au film deposited o
GaAs~001! as well as the buffer sample Au~30 nm!/Fe~4
nm!/MgO~001! used as the substrate to grow the Fen /Aun
superlattices are also included. As can be seen from Fig.~a!
there is significant difference between the effectivesxx

e f f

spectra for the whole structure and the buffer sample as c

FIG. 4. Experimental absorptive~left panels! and dispersive
~right panels! parts of the optical conductivity for the Fe1 /Au1

sample. In the panels~a! the effective diagonal tensor componen
of the whole sample~solid lines with circles!, the buffer sample
~dashed lines!, thick Au film ~dotted lines!, and the extracted~see
text! component of the intrinsic Fe1 /Au1 structure ~circles! are
shown. In the panels~b! the off-diagonal effective tensor compo
nents derived from the polar~solid lines with circles! and longitu-
dinal ~solid lines with triangles! Kerr effect are shown. In the panel
~c! there are the extracted off-diagonal tensor components of
intrinsic magnetic Fe1 /Au1 structure derived from PKE~circles!
and LKE ~triangles!.
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pared to that of the Au film in the spectral range below 2
eV. The rapid changes of the optical constants at the en
2.5 eV caused by onset of Au interband transitions
clearly visible for all the samples. The characteristic featu
of the absorptive part of thevsxy

e f f spectrum@Fig. 4~b!, solid
lines with circles# of the whole structure are two broad pea
of comparable amplitude centered at around 1.6 and 3.3
and a negative minimum at 4.7 eV. The dispersive part of
vsxy

e f f is dominated by a negative peak at 3.9 eV and
positive one at 5.3 eV. The complexvsxz

e f f(v) functions
@Fig. 4~b!, solid lines with triangles# evaluated independentl
from the LKE data measured fors and p light polarization
are the same. As compared to the energy dependenc
vsxy

e f f(v), significant differences between the spectra sh
and magnitude are clearly visible. The ir peak position in
absorptive part ofvsxz

e f f shifts to lower energy and the spe
trum amplitude is much smaller.

The conductivity tensor components spectra discus
above represent the effective tensor components of the w
complex sample composed of the specific magnetic Fen /Aun
structure and the Au cap layer and underlayer film. To co
pare the theoreticalab initio calculations with the experimen
and to discuss the origin of the magneto-optical and MO
effects of the magnetic superlattices, the tensor compon
for the intrinsic magnetic Fen /Aun structure alone should b
extracted from the experimental data. For this aim,
adopted the phenomenological matrix formalism based
the Maxwell theory providing computer modeling of the M
response for a given structure~known as multireflection
calculation!.54 The procedure assumes that the dielectric t
sors of the constituent layers of the structure and their th
nesses are known. In our calculation, the thicknesses of
constituent layers determined from the technological d
were used. To avoid possible uncertainties and obtaining
best precise results, the optical and magneto-optical resp
of the buffer underlying the Fen /Aun structure, composed o
the Au~30 nm!/Fe~4 nm!/MgO~001!, was directly measured
with the use of the control sample and further used in
multireflection calculations. Finally, we consider a two-lay
system composed of the nonmagnetic Au cover layer and
magnetic (Fen /Aun)3N superlattice on the Au~30 nm!/Fe~4
nm!/MgO~100! buffer substrate. In the procedure, the con
bution of a single layer of given thickness is determin
through its characteristic matrix, composed of the medi
boundary and the medium propagation matrices.54 The over-
all structure of the film is treated as a single layer with t
parameters expressed in terms of those of individual sub
ers.

The unknown tensor components of the intrins
(Fe1 /Au1)3N MLS structure were extracted by solving n
merically multireflection equations. The results for t
Fe1 /Au1 structure are shown in Fig. 4~a! for sxx ~circles!
and in Fig. 4~c! for vsxy ~circles! andvsxz ~triangles!. The
spectra represent the results after eliminating the MO con
bution from the complex underlayer and Au overlayer. In t
following discussion, the off-diagonal componentvsxy for
the magnetizationM parallel to the~001! direction will be
denoted asvsoff

i , whereas for thevsxz with the magnetiza-
tion M perpendicular to the~001! direction we will use the
notationvsoff

' . As compared to the effective tensor comp
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nents, the feature related to the plasma edge of Au at 2.5
disappears forvsoff

i andvsoff
' spectra. The overall structur

of the extracted off-diagonal tensor components of the m
netic superlattice alone is similar to that of the effective on
and the most significant changes in the spectra appear in
ir spectral range. The most important conclusion is that b
the effective and the extracted off-diagonal tensor com
nents of the magnetic superlattice exhibit large orientatio
anisotropy with respect to the magnetization direction.

IV. MAGNETO-OPTICAL ANISOTROPY
IN Fen ÕAun SUPERLATTICES

A. Comparison of the experimental and theoretical spectra
in Fen ÕAun MLS

For the quantitative analysis of the magneto-optical
isotropy it is convenient to present the anisotropy as the
ference between the off-diagonal conductivity tensor com
nents vsoff

i 2vsoff
' , where the factorv provides the

compatibility with thevs spectra themselves. In Fig. 5 th
vsoff

i and vsoff
' spectra of the MLS of nominal Fe1 /Au1

structure, extracted from the experimental PKE and LK
data as described in the previous section, and the MOA
compared to the corresponding spectra calculated for
ideal Fe1 /Au1 L10 structure.

Overall, both the spectral shape and the magnitude of
experimental optical conductivity spectra are qualitative
reproduced by the LSDA calculations. However, the posit
of the calculated prominent peaks in absorptive part ofvsoff

i

at 3.8 eV and 5.2 eV is shifted towards smaller energies
compared to the experiment. Also, the theoretical calcu

FIG. 5. Absorptive~left panels! and dispersive~right panels!
parts of the off-diagonal conductivity tensor of Fe1 /Au1 MLS; ~a!
experimental results,~b! LSDA calculated spectra for Fe1 /Au1

MLS, ~c! the MO anisotropy spectra~symbols represent experimen
tal data, solid lines LSDA, and dashed lines LDA1U theory!.
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13 738 PRB 62L. UBA et al.
tions predict larger MOA in comparison with the experime
tal one in the nominal Fe1 /Au1 structure. One of the possibl
reasons is that due to the non-exact treatment of the elec
exchange and correlations the LSDA underestimates
binding energy ofd states and the threshold of interba
transitions in noble metals compared to photoemission
optical measurements.55,56

It seems quite likely that the use of a more appropri
approximation for the self-energy can give rise to a shift
the quasiparticle energy bands originated from Au 5d states
and, as a result, to a better agreement between the theor
the experiment. In the present work the LDA1U method57

has been adopted as a step beyond the LSDA in the treat
of the electronic correlations. As it was discussed in Refs
and 59, the LDA1U method can be considered as a rou
approximation to both the self-interaction correction and
the self-energy of a system with strongly interacting el
trons. Moreover, it has been found that the application of
LDA1U method to pure noble metals allows to improve t
calculated energy position of the threshold of the interba
optical transitions and provides a better approach in desc
tion of their MO spectra.60 In the present case of th
Fe1 /Au1 MLS Ue f f52.5 eV was applied to Au 5d states.
This value ofUe f f , considered as a parameter of the mod
was found to give the best agreement between the calcu
and experimental optical conductivity for fcc Au. The use
the LDA1U approximation for Fe1 /Au1 MLS does improve
slightly the calculated energy position of the peaks of
off-diagonal optical conductivity for both orientations of th
magnetization~not shown!, there is no improvement, how
ever, in the shape of the spectra. Comparing the MOA
culated within LSDA and LDA1U methods@see Fig. 5~c!#
to the experimental spectrum one can conclude that
LDA1U approximation does not improve the description
the MOA in the nominal Fe1 /Au1 structure.

Another and maybe even more important source of
discrepancies is that the studied sample is not an ideal m
atomic Fe1 /Au1 MLS of L10 structure but rather a mixtur
of mono- and double-layer structures. Having this in mi
we modeled the effective optical conductivity of the stru
ture by a weighted average of the conductivities calcula
for the Fe1 /Au1 and Fe2 /Au2 MLS: vsoff5x•vsoff

1/11(1
2x)•vsoff

2/2. The best agreement between the theory and
experiment, both in the MOA@Fig. 6~a!# and the shape of the
off-diagonal optical conductivity~not shown! was achieved
with x50.3. This value agrees well with the results of t
CEMS analysis.18

In a more advanced approach, we studied the interf
roughness by calculating the MO properties of the mixture
mono- and double layers, distributed over the whole str
ture. We modeled the composed Fe/Au structure usin
large supercell containing the side-by-side placed Fe1 /Au1
and Fe2 /Au2 component structures spread over 3 and 7
tice constants~see Fig. 7!. This ratio of the areas was chose
in a correspondence to the simple procedure descr
above, in which the resulting spectra were expressed as
sum of individual Fe1 /Au1 and Fe2 /Au2 contributions. The
results of theab initio calculations for the composed stru
ture are shown in Fig. 6~a!, from which an even better over
all agreement between the theory and experiment both in
shape and the amplitude of the MOA spectra is observed
-
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the opposite case to the structure composed of well-defi
mono- and double-layers, we performed a series of mode
in which we examined the effect of substitutional disorder
the MO spectra and MOA. Although the solubility of Au i
bulk bcc Fe at the temperature up to 400 K is negligible61

enhanced solubility of Au within the Fe layer up to 3% w
observed for 70 Å thick Fe film on Au~001!.62 Even up to
one order greater substitutional disorder was reported for
Fe/Au ~001! structures in the monolayer regime by Blu
et al.32 The incorporation of Au atoms in the Fe layers c
be considered as an explanation~as discussed in Ref. 32! for
larger Fe-Au interlayer spacing observed experimentally
Fe1 /Au1 structure, as compared to the spacings derived
der assumption of rigid atomic spheres of bulk Fe and
metals. The effect will lead to increasing of the effecti
Fe-Fe and Fe-Au interlayer spacings in Fen /Aun MLS. The
example of the model structure used in the calculations
presented in Fig. 8. The structure is composed of the a
nating atomic planes of Fe and Au in which one per n
atoms is interchanged by Au and Fe, respectively~the inter-
layer spacing of 1.915 Å was taken!. We found that the
moderate substitutional disorder leads mainly to the sca

FIG. 6. Absorptive~left panels! and dispersive~right panels!
part of the MOA measured for the Fe1 /Au1 MLS ~circles! com-
pared with LSDA calculated spectra;~a! MOA modeled with effec-
tive optical conductivity: vsoff5x•vsoff

1/11(12x)•vsoff
2/2 for x

50.3 ~solid lines! and calculated for supercell containing 1/1 a
2/2 substructures~see Fig. 7! ~dashed lines!; ~b! MOA calculated
for perfect Fe1 /Au1 structure~solid lines! and for the structure with
the substitutional disorder~see Fig. 8! ~dotted lines!.

FIG. 7. Unit cell~doubled alongz direction! of the Fe/Au struc-
ture composed of the 1/1 and 2/2 substructures~black spheres are
Fe atoms and shadow ones are Au atoms!.
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of the calculatedsoff
i and MOA spectra amplitude, withou

significant changes of the spectra shape. In Fig. 6~b! the
MOA spectra calculated for the model structure~see Fig. 8!
are shown. As it is seen, approximately twofold reduction
the MOA magnitude is observed when the level of the s
stitution is 11%.

Figures 9 and 10 show the experimentally obtainedvsoff
i

and vsoff
' spectra in the MLS of nominal Fe2 /Au2 and

Fe3 /Au3 structures for two orientations of magnetizatio
M i(001) andM'(001), together with the MOA, in com
parison with the corresponding spectra calculated for
ideal Fe2 /Au2 and Fe3 /Au3 structures. For Fe2 /Au2 MLS,
the overall shape of the theoretical spectra corresponds
to the experimental ones@Fig. 9~b!#, and a better agreemen
in MOA as compared to the previously discussed case of
ideal Fe1 /Au1 ~see Fig. 5! is observed@Fig. 9~c!#. The reason

FIG. 8. Doubledc(3/A233/A2) unit cell used for modeling of
alloying effect in the Fe/Au MLS~black spheres are Fe atoms a
shadow ones are Au atoms!.

FIG. 9. Absorptive~left panels! and dispersive~right panels!
parts of the off-diagonal conductivity tensor of Fe2 /Au2 MLS; ~a!
experimental results,~b! LSDA calculated spectra. In the panels~c!
the MOA spectra are shown~symbols represent experimental da
solid lines LSDA calculations for perfect Fe2 /Au2 MLS, and
dashed lines calculations for the structure with the substitutio
disorder!.
f
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e

ell

e

is that the ideal Fe2 /Au2 MLS is a better approach of the rea
experimental situation than it was in the case of the Fe1 /Au1
MLS.18 However, in the high-energy part of the spect
above 4 eV, thevsoff

i and vsoff
' and MOA amplitudes re-

main considerably higher than the ones obtained experim
tally. To examine the origin of such a discrepancy, we ha
modeled the influence of the substitutional disorder on
MOA in the case of Fe2 /Au2 MLS. In Fig. 9~c! the MOA
spectra calculated for a Fe2 /Au2 MLS model structure are
shown. The model structure used in this case is simila
that considered for the case of Fe1 /Au1 MLS ~Fig. 8! with
the same substitutional disorder level and is composed
double numbers of the Fe-rich and Au-rich atomic laye
with the experimental modulation period of 7.25 Å. W
found that the MOA magnitude for the Fe2 /Au2 MLS in the
high-energy part of the theoretical spectra is markedly
duced and is most close to the experimental ones when
effect of the limited substitutional disorder at the level of t
order of 10% is taken into account.

The experimental and theoretical results for the Fe3 /Au3
structure are presented in Fig. 10. The overall agreem
between the calculated and observedvsoff

i andvsoff
' spectra

for the Fe3 /Au3 structure is less satisfactory than for th
Fe2 /Au2 MLS. One of the possible reasons is that the r
structure of the Fe3 /Au3 superlattice is far from the idea
model considered. Nevertheless, both the theoretical and
experimental MOA spectra are of comparable magnitud
The modeling of the interface roughness effects and alloy
for the Fe3 /Au3 structure from first principles~much more
complicated than for the simpler structures! is currently in
progress.

al

FIG. 10. Absorptive~left panels! and dispersive~right panels!
parts of the off-diagonal conductivity tensor of Fe3 /Au3 MLS; ~a!
experimental results,~b! LSDA calculated spectra. In the panels~c!
the MOA spectra are shown~symbols represent experimental dat
solid lines LSDA theory for perfect Fe3 /Au3 MLS!.



e
n-
a
c

A
S

t,
al
os
er
-
m

l
nt

ri

p-
it

he

h
ca
th

re

-
e

e
the

the
al

A
he

or-
in
ur
the

Fe
ing

ct

13 740 PRB 62L. UBA et al.
Some conclusions can be drawn from the modeling p
formed: ~i! The magnitude of the off-diagonal optical co
ductivity and MOA spectra is very sensitive to the actu
structure at the interfaces, and thus the MO spectroscopy
provide useful independent information about the Fe/
MLS structures, complementary to that derived from CEM
measurements.~ii ! In the modeling of the roughness effec
even using the areas of the component structures as sm
a few atomic spacings leads to the result qualitatively cl
to that obtained from simple additive formula for the sup
position of the spectra.~iii ! The magnitude of the MOA de
creases with the increase of the number of Fe and Au ato
layers of the superlattices.~iv! The limited substitutional dis-
order does not suppress the MOA effect in the Fen /Aun
MLS.

As it was mentioned in Sec. III, Fen /Aun MLS can ex-
hibit optical anisotropy, but theszz component of the optica
conductivity tensor is unavailable directly in the experime
On the other hand, both thesxx and szz can be easily ob-
tained from the calculations and allows us to verify nume
cally the correctness of using the equation~6! instead of~5!
to determinevsoff

' from the experimental data. The absor
tive parts of the diagonal components of the conductiv
tensor calculated for ideal Fe1 /Au1 and Fe2 /Au2 structures
are shown in Figs. 11~a! and 11~c!. The largest difference
betweensxx and szz spectra is observed for the Fe1 /Au1
MLS below the photon energy of about 3.5 eV. For t
Fe2 /Au2 and also Fe3 /Au3 ~not shown in the figure! MLS
the calculated optical anisotropy is significantly smaller. T
theoretical conductivity tensor components were used to
culate the complex longitudinal Kerr angle according to
exact formula~5!. Then, the approximatevsoff

' was derived
from the calculated LKE angle using the equation~6! for an
isotropic medium. The off-diagonal conductivity spectra
calculated in this way are compared tovsoff

' obtained di-
rectly from the ab initio calculations in Figs. 11~b! and
11~d!. A marked difference between the ‘‘exact’’ and ‘‘ap
proximate’’ vsoff

' values is observed in the ir range for th

FIG. 11. LSDA calculated absorptive parts of the diagonalsxx

andszz ~panels a and c! and off-diagonalvsoff
i andvsoff

' ~panels b
and d! components of the optical conductivity tensor for Fe1 /Au1

~left panels! and Fe2 /Au2 ~right panels! MLS. Theab initio calcu-
latedvsoff

' spectra are represented by dotted lines and the corre
ones by dashed lines~see text!.
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Fe1 /Au1 MLS only. It diminishes to a negligible value abov
this energy region and can be completely neglected in
whole energy range for the Fe2 /Au2 and Fe3 /Au3 structures.
The possible errors caused by using the equation~6! instead
of ~5! are then small and do not affect the conclusion that
large MOA is related to the anisotropy of the off-diagon
conductivity tensor components.

B. Microscopic origin of the magneto-optical and orbital
moment anisotropy in Fen ÕAun MLS

To understand better the microscopic origin of the MO
let us consider in detail the electronic structure of t
Fe1 /Au1 L10 MLS. Spin-projected densities of Fe and Aud
states are shown in Fig. 12 and the calculated spin and
bital magnetic moments are summarized in Table I. With
the Au~Fe! monolayer, each atom is surrounded by fo
other Au~Fe! atoms at a separation corresponding to
nearest-neighbor spacing in bulk Au~Fe!. Due to the smaller
number of the nearest neighbors of the same type both
and Au d states are much narrower than in correspond

ed

FIG. 12. LSDA spin-projected fully-relativistic partial DOS~in
states/~atom eV spin!! of the L10 ordered Fe1 /Au1 MLS.

TABLE I. Calculated spinMS and orbitalML magnetic mo-
ments~in mB) of Fe1 /Au1 versus magnetization direction.

M i@001# M'@001#

Atom State MS ML MS ML

s 0.0097 0.0000 0.0098 0.0000
p 20.0033 20.0006 20.0030 0.0005

Fe d 2.8593 0.0920 2.8612 0.0587
f 0.0019 20.0008 0.0019 20.0010

total 2.8676 0.0906 2.8698 0.0582

s 20.0346 0.0000 20.0345 0.0000
p 20.0567 0.0035 20.0566 0.0058

Au d 0.1085 0.0293 0.1098 0.0300
f 0.0100 20.0014 0.0100 20.0016

total 0.0272 0.0315 0.0287 0.0342
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bulk metals. As a result the majority spin Fed states are fully
occupied which leads to a significant enhancement of Fe
magnetic moment (2.87mB) compared to the value o
2.2 mB for bulk Fe. This enhanced magnetization has be
observed16 but the experimental value of 2.7560.25mB is
somewhat smaller than the calculated one. Such a differe
can be explained by the deviation of the sample struc
from the idealL10.

The energy bands in Fe1 /Au1 MLS calculated for differ-
ent magnetization directions are shown in Fig. 13. This co
parison is useful as it helps to identify the states, which
sensitive to the change of the magnetization direction a
consequently, can potentially give a contribution to MO
MCA and the anisotropy of the orbital moment. In Fe1 /Au1
MLS, for example, such states are the electronic state
about 24.0, 22.8, and21.4 eV in the vicinity of theG
point and those with energies25.2, 21.5, and 0.5
41.8 eV located around theM symmetry point as well as
alongG2X2M2G directions.

Comparing the values of the magnetic moments ca
lated for different magnetization directions one can see fr
Table I that Fe spin moments are almost independent of
magnetization direction. At the same time the anisotropy
Fe orbital moment, which is determined mainly by Fed
states, is quite large and is of the same order of magnitud
it was experimentally observed in Co/Au MLS.63 This be-
havior could be expected as in the presence of SO interac
the anisotropy of the orbital moment is of the order ofj/D,
wherej is the SO coupling strength andD is the crystal field
splitting, while the anisotropy of the spin moment is propo
tional to (j/D)2.64 As Au d states are fully occupied the sp
and orbital moments at Au site are small and depend we
on the magnetization direction.

To understand better the anisotropic behavior of Fe
Au orbital magnetic moments let us introduce a si
dependent functiondml(E) given by

dmtl~E!5(
nk

^C t l
nku l̂ zuC t l

nk&d~E2Enk!, ~13!

where l̂ z is z-projection of the angular momentum operato
Enk andC t l

nk are the energy of thenth band and the part o
the corresponding LMTO wave function formed by the sta

FIG. 13. LSDA energy band structure of theL10 ordered
Fe1 /Au1 MLS for two orientations of magnetization:M i(001)
~solid lines!, andM'(001) ~dotted lines!.
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with the angular momentuml inside the atomic sphere cen
tered at the sitet, respectively~see Appendix!. In analogy to
the l-projected density of states,dmtl(E) can be referred to
as site- andl-projected density of the expectation value ofl̂ z .
This quantity has purely relativistic origins and when the S
interaction is equal to zerodmtl(E)[0. As van Vleck65

showed for a free ion, the absence of orbital degeneracy
sufficient condition for the quenching of the orbital mome
which means that the first-order contribution should vani

^Cku l̂ zuCk&50. Thus, thedmtl(E) can be considered as th
measure of unquenching of the orbital moment due to the
interaction.

Furthermore, just as the number of states is defined as
integral of DOS, we can define the integral ofdmtl(E)

mtl~E!5E
Eb

E

dmtl~E!dE, ~14!

whereEb is the bottom of the valence band. Then, the orb
momentml at the sitet is given by:

ml[mtl~EF! ~15!

~here and henceforth we will drop the indext for simplicity!.
Both dml(E) and ml(E) are defined in the local coordi

nate system chosen in such a way thatz axis is directed along
the magnetization and, consequently, they depend on
relative orientation of the magnetization with respect to
crystallographic axes. In the case of Fen /Aun MLS we will
use the notationsml

i(E) and ml
'(E) for ml(E) calculated

with M i(001) andM'(001), respectively. The difference o
these two functions

Dml~E!5ml
i~E!2ml

'~E! ~16!

can provide useful information on the orientation depe
dence of the orbital moment. Figure 14 shows the functio
dml(E), ml(E), andDml(E) calculated for Fe and Au site
in Fe1 /Au1 MLS. Here and in the rest of the paper we w
only consider the contribution coming fromd orbitals to the
ml related functions. All three functions show strong ener
dependence. The variations of the functions at Au and
sites are comparable, but Aud orbital momentml(EF) is
significantly smaller as Aud-states are almost fully occupie
~see Fig. 12!. The anisotropy of the Au orbital momen
Dml(E) vanishes atEF . At about21.2 eV Fed↑ states are
already occupied whiled↓ are still almost empty~Fig. 12!
and, as a result, bothml(E) and Dml(E) are zero at this
energy. At the Fermi energy, however, we observe stro
anisotropy of Fed orbital moment.

To understand better such a behavior let us analyze
orbital character of partial density of Fed states in the vicin-
ity of the Fermi level~Fig. 15!. It is worth mentioning that
the only nonzero matrix elements of thel̂ z operator
calculated between real harmonics withl 52 are
u^dx22y2u l̂ zudxy&u52 and u^dxzu l̂ zudyz&u51. Hence, the larg-
est contribution toml(E) can be expected from thedx22y2

anddxy orbitals. Also, it should be pointed out that, in co
trast to the case of transition metal films considered in Re
in which the on-site SO interaction is the only source for t
unquenching of the orbital moment, in a compound cons
ing of 3d metal atoms with a large magnetization and
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relatively weak SO coupling and 5d atoms for which the SO
coupling is strong the unquenching of the 3d orbital moment
can be caused to a great extent by the 3d–5d hybridization.
In the particular case of Fe1 /Au1 MLS there is a peak a
20.5 eV in the density of Fedx22y2 states~Fig. 15! which
hybridize rather strongly with Aud states. The density ofdxy
states is constant in this energy interval and, as a co
quence, thedml(E) has a maximum at this energy fo
M i(001). The states, which form the peak of DOS ju
above the Fermi level, are predominantly ofd3z22r 2 charac-
ter and they do not contribute todml(E). When the magne-
tization direction changes fromM i(001) to M'(001) the
local coordinate system in whichdml(E) is calculated
should also be changed accordingly. In the rotated coordi
systemd3z22r 2 orbital transforms into a linear combinatio
of the d3z22r 2 and dx22y2 orbitals and a sharp peak o
dml

'(E) appears above the Fermi level which follows t
shape of the corresponding peak of the density ofd3z22r 2

states. At the same time, thedx22y2 orbital, which plays the
crucial role in the formation of the peak ofdml

i(E) at
20.5 eV, transforms intoA3/2d3z22r 21 1

2 dx22y2 and, as a
result of the reduced contribution of thedx22y2 orbital to the
wave function,dml

'(E) is suppressed below the Fermi leve
These simple considerations allow to explain the strong
pendence of the Fe orbital moment on the magnetiza
direction in the Fe1 /Au1 MLS.

FIG. 14. Thedml(E) and ml(E) for two orientations of mag-
netization together withDml(E) for theL10 ordered Fe1 /Au1 MLS
~see text!.
e-

t

te

e-
n

Spin-projected densities of Fe and Aud states for
Fe2 /Au2 MLS are shown in Fig. 16 and the calculated sp
and orbital magnetic moments are given in Table II. As co
pared to the results for Fe1 /Au1 MLS, the change in the loca
environment and the increase of the number of Fe near
neighbors around Fe sites result in broadening ofd bands
and decrease of the calculated Fe spin magnetic mome
2.79mB . As opposite to the Fe1 /Au1 MLS where we ob-
served the strong anisotropy of the Fed orbital moment, the
Fe2 /Au2 MLS reveals very small anisotropy in the orbit
magnetic moment~Table II and Fig. 17!. In Fig. 17 the func-
tionsdml(E), ml(E), andDml(E) calculated for Fe and Au
sites in Fe2 /Au2 MLS are shown. Although all the thre
functions show strong energy dependence like in the c
Fe1 /Au1, however, at the Fermi energy we observe neg
gible anisotropy of Fed orbital moment. The explanation ca
be found in Fig. 18. In the case of Fe2 /Au2 MLS there also
are two peaks in the partial density of Fed states below and
above the Fermi level but in contrast to the Fe1 /Au1 MLS
they have the samedx22y2 character~Fig. 18! with a strong
admixture of d3z22r 2. Moreover, the partial weights o
dx22y2 and d3z22r 2 states at the Fermi level are such th
ml(EF) changes only slightly upon the changing of the ma
netization direction fromM i(001) toM'(001) and the an-
isotropy of the Fe orbital momentDml(EF) is very small
~see insert in Fig. 17!.

The dependence of the MOA on the SO coupling a

FIG. 15. Thed-orbitals projecteddml(E) on Fe site for two
orientations of magnetization andd-partial density of states~in
states/~atom eV spin!! for the L10 ordered Fe1 /Au1 MLS.
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hybridization strengths is very complicated~see, e.g., Ref.
66! and does not allow to introduce a simple model cons
eration as in the case of the MC anisotropy.3,4 While the
anisotropic band splitting can be directly related to the MC
the situation with MOA is more complex as the eigenvalu
and wave functions of both the initial and final states en
the expression for the matrix elements. Therefore, the o
way to obtain a realistic description of the MOA is to pe
form numerical calculations. The optical conductivity can
expressed as a sum of additive contributions coming fr
interband transitions with the initial and/or final states lyi
in different nonoverlapping energy intervals. In the case
Fe1 /Au1, the Fed↑ and Fed↓ states are well separated
energy, but overlapped with the Aud states in a wide energ
interval ~see Fig. 12!. Even less distinct separation in th
energy position of the initial Fe and Aud states is observed
in the case of Fe2 /Au2 MLS ~see Fig. 16!. It seems to be
more informative to examine the dependence of the MOA
the site-dependent optical transition matrix elements. T
calculations have been performed in the way as describe

FIG. 16. LSDA spin-projected fully-relativistic partial DOS~in
states/~atom eV spin!! of the Fe2 /Au2 MLS.

TABLE II. Calculated spinMS and orbitalML magnetic mo-
ments~in mB) of Fe2 /Au2 versus magnetization direction.

M i@001# M'@001#

Atom State MS ML MS ML

s 20.0045 0.0000 20.0044 0.0000
p 20.0192 0.0001 20.0191 20.0005

Fe d 2.8056 0.0835 2.8064 0.0934
f 0.0084 20.0013 0.0084 20.0015

total 2.7902 0.0824 2.7912 0.0914

s 20.0260 0.0000 20.0259 0.0000
p 20.0200 0.0026 20.0200 0.0036

Au d 0.0778 0.0155 0.0770 0.0182
f 0.0059 20.0009 0.0059 20.0012

total 0.0377 0.0172 0.0370 0.0206
-

,
s
r
ly

f

n
e
in

Ref. 67, where, within an atomic sphere about either one
the atomic positions, the optical transition matrix eleme
were set to zero. In this way, the optical conductivity spec
and MOA can be analyzed in terms of the contributions a
ing from the transitions on the particular sites. The deco
position of the MOA into the contributions from interban
transitions on the Fe and Au sites in Fe1 /Au1 MLS is shown
in Fig. 19~a!. As it can be seen, the MO anisotropy spectru
magnitude is determined by both the Au and Fe sites,
pending on the spectral region. Only in the 0 to;1 eV
energy interval the MOA can be connected exclusively w
the transition on the Fe site. The interband transitions on
Au site are mainly responsible for the MOA spectra in t
;1 to ;5 eV energy interval. The transitions occur betwe
the Au d↓ states located at energiesE<21 eV below the
Fermi level and the hybridized states ofp and f characters
lying in the energy range up to 2 eV above the Fermi lev
The enhanced density of these final states arises due to
strong hybridization with Fed↓ states in the energy interva
In particular, the peak at 3.7 eV in MOA spectra is com
pletely determined by these transitions. The peak at 5.3 e
equally due to both the Fe and Au related transitions. T
results of the analysis for Fe2 /Au2 MLS is shown in Fig.
19~b!. As in the case of Fe1 /Au1 MLS, the transitions on
both Fe and Au sites determine resulting MOA spectra in
Fe2 /Au2 MLS; however, main contribution arises from tran
sitions on the Au site in the whole spectral range. We ha

FIG. 17. Thedml(E) and ml(E) for two orientations of mag-
netization together withDml(E) for the Fe2 /Au2 MLS.
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13 744 PRB 62L. UBA et al.
FIG. 18. Thedml(E) on Fe site for two orientations of magne
tization andd-partial density of states~in states/~atom eV spin!! for
the Fe2 /Au2 MLS.

FIG. 19. Decomposition of the calculated MOA spectra~solid
lines! into the contributions coming from all interband transitio
on Fe~dashed lines! and Au~dotted lines! sites in Fe1 /Au1 ~a! and
Fe2 /Au2 ~b! MLS.
verified that the prominent peak in the Fe2 /Au2 MOA spec-
tra at 5.5 eV is mostly determined by Aud related transitions
to the final states extended up to;4 eV above the Ferm
level.

Two major effects lead to the appearance of the MO
when the magnetization direction is changed:~i! the change
of the band energies~Fig. 13! and ~ii ! the change of the
orbital character of the wave functions. To determine wh
of the effects dominates we performed two model calcu
tions. In the first one, the spectra were obtained using th
calculated band energies while the corresponding momen
matrix elements at everyk-point were averaged over th
magnetization directions. The calculated MOA is zero in t
case, whereas the MOA obtained from the second calc
tion, in which—vice versa—the averaged band energies
as calculated matrix elements were used, is in a very g
agreement with the results of theab initio calculation. It
clearly demonstrates that the main effect of MOA com
from the change of the orbital character of the wave fu
tions due to the magnetization axis rotation. This is exac
the origin also the anisotropy of the orbital moment, as d
cussed before. Although the common origin of both anisot
pies is the spin-orbit interaction, the relationship between
orbital moment anisotropy and the MOA is not simpl
While the orbital moment anisotropy is determined by t
integral property of the occupied states@Eqs.~13!–~16!#, the
magneto-optical anisotropy is related to the energy dep
dent quantity being the convolution of all the initial occupie
and final unoccupied states within the given energy diff
ence@Eq. ~9!#.

We examined the dependence of the MOA on the
change splitting and the SO interaction in the way as in R
33 and 67. We found that the SO coupling of Au is equa
responsible for the large MOA as the exchange splitting
Fe. If we set the SO coupling on Fe to zero, the off-diago
optical conductivity is changed in the whole energy interv
by a negative shift similar for both magnetization directio
@Figs. 20~a! and 20~b!#. So, the contribution of the SO cou
pling on Fe site to the conductivity is significant but almo
isotropic. As a result, the MO anisotropy practically does n
depend on the SO coupling strength on Fe site@Fig. 20~c!#.
On the other hand, putting the SO coupling on Au site
zero affects strongly the off-diagonal optical conductiviti
leading to a strong suppression of the MOA. As in the ca
of Fe1 /Au1 MLS, setting the SO coupling on Fe to zero
the Fe2 /Au2 MLS changes the MO anisotropy to a less
extent than the off-diagonal optical conductivity~not
shown!. However, putting the SO coupling on Au site to ze
strongly affects both the off-diagonal optical conductivi
and the MOA. Thus, the SO coupling of Au is mainly r
sponsible for the large MO anisotropy in the Fe/Au MLS.

V. SUMMARY

The large orientation dependence of the magneto-opt
response in the Fen /Aun multilayer structures has been e
perimentally observed. The magnitude of the magne
optical anisotropy is very sensitive to the actual atomic str
ture of the superlattice and decreases as the numbe
atomic layers of the same type increases. The MOA phen
enon in Fen /Aun MLS and its high sensitivity on the supe
lattice microstructure was investigated byab initio calcula-



e
t

ed
o
c
a
p

t
A
d
f

f

e

tion

on
ites
e

he
ue

s-
ly
ute
rk
tific

n
e

g-
ob-

n-

-

, re-
ed

a

O

PRB 62 13 745MAGNETO-OPTICAL ANISOTROPY STUDY OF . . .
tions by modeling of the effects of substitutional disord
and the roughness at the interfaces. In the case of
Fe1 /Au1 MLS the calculations describe well the measur
spectra only after taking into account the real structure
MLS, namely, the mixture of mono- and double-layer stru
tures. It was verified that limited substitutional disorder
the interfaces leads to the decreasing of the MO anisotro

The orientation anisotropy of thed orbital moment was
calculated from the first principles. As Aud states are almos
completely occupied, the spin and orbital moments at the
site are small and depend weakly on the magnetization
rection in the Fe1 /Au1. At the same time the anisotropy o
Fe orbital moment, which is determined mainly by Fed
states, is quite large. It was shown that two strong maxima
Fed partial density of states in vicinity of the Fermi level o
the Fe1 /Au1 MLS, which are predominantly ofdx22y2 char-
acter below the Fermi level, and ofd3z22r 2 character just
above the Fermi level arise. Such an orbital character
partial density of states leads to the strong anisotropy of Fd
orbital moment in the Fe1 /Au1 MLS. In the case of the
Fe2 /Au2 MLS there are two strong maxima in Fed partial

FIG. 20. Calculated absorptive off-diagonal part of the optic
conductivity ~a,b! and MO anisotropy~c! in the Fe1 /Au1 MLS
~solid lines! together with the results of the calculations for the S
coupling set to zero on Au site~dashed lines! and Fe site~dotted
lines!.
a

st
r
he

f
-
t
y.

u
i-

in

of

density of states, both being predominantly ofdx22y2 char-
acter. As a result, the change of the magnetization direc
leads to almost isotropic Fed orbital moment in the Fe2 /Au2
MLS.

It is found that the interplay of the strong SO interacti
on Au sites and the large exchange splitting on Fe s
through Aud-Fe d hybridization is responsible for the larg
MOA and the anisotropy of Fed orbital moment. It is shown
that the main effect of the MO anisotropy arises from t
changing of the orbital character of the wave functions d
to the change of the magnetization direction.
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APPENDIX

The functiondmtl(E) can be most easily defined whe
the SO coupling is included in the LMTO Hamiltonian at th
variational step. In this case the one center expansion41 of the
LMTO Bloch wave function is given by

Cnk~r !5(
t lms

„Atlms
nk fnt l~r t!1Btlms

nk ḟn l t~r t!…Ylm~ r̂ t!xs ,

~A1!

whereAtlms
nk andBtlms

nk can be expressed in terms of the ei
envectors obtained after solving the LMTO eigenvalue pr
lem, fnt l(r t) and ḟnt l(r t) are the radial solution of the
Schrödinger equation in spherically symmetric potential i
side the atomic sphere taken at a fixed energy«n and its
energy derivative, respectively,Ylm( r̂ t) are the spherical har
monics, xs is the eigenfunction of theŝz operator corre-
sponding to spin projections, and t lm denote the site, the
angular momentum, and the magnetic quantum number
spectively. Then, the part of the Bloch wave function form
by the states with the angular momentuml 8 inside the
atomic sphere centered at the sitet8 C t8 l 8

nk is given by~A1!
with only the terms witht5t8 andl 5 l 8 left in the sum. This
leads to the following expression fordmtl(E):

dmtl~E!5(
nk

(
ms

m~ uAtlms
nk u21uBtlms

nk u2^ḟn
2&!d~E2Enk!,

~A2!

where we have taken into account thatl̂ zYlm( r̂ )5mYlm( r̂ )
and ^ḟn

2& is

^ḟn
2&5E ḟn

2~r !r 2 dr.

l

h

.
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35Š. Višňovský, Czech. J. Phys., Sect. B34, 969 ~1984!.
36G. Metzger, P. Pluvinage, and R. Torguet, Ann. Phys.~Paris! 10,

5 ~1965!.
37W.H. Kleiner, Phys. Rev.142, 318 ~1966!.
38A.H. MacDonald and S.H. Vosko, J. Phys. C12, 2977~1979!.
39H. Ebert, Phys. Rev. B38, 9390~1988!.
40I.V. Solovyev, A.B. Shik, V.P. Antropov, A.I. Liechtenstein

V.A. Gubanov, and O.K. Andersen, Sov. Phys. Solid State31,
1285 ~1989!.

41O.K. Andersen, Phys. Rev. B12, 3060~1975!.
42V.V. Nemoshkalenko, A.E. Krasovskii, V.N. Antonov, Vl.N. An

tonov, U. Fleck, H. Wonn, and P. Ziesche, Phys. Status Solid
120, 283 ~1983!.

43V.N. Antonov, A.Ya. Perlov, A.P. Shpak, and A.N. Yaresko,
Magn. Magn. Mater.146, 205 ~1995!.

44H. Ebert, H. Freyer, A. Vernes, and G.-Y. Guo, Phys. Rev. B53,
7721 ~1996!.

45J. Schoenes, inMaterials Science and Technology, Vol. 3A: Elec-
tronic and Magnetic Properties of Metals and Ceramics, edited
by K.H.J. Buschow, R.W. Cahn, P. Haasen, and E.J. Kram
~Verlag Chemie, Weinheim, 1992!, p. 147.

46R. Kubo, J. Phys. Soc. Jpn.12, 570 ~1957!.
47C.S. Wang and J. Callaway, Phys. Rev. B9, 4897~1974!.
48V.N. Antonov, A.I. Bagljuk, A.Ya. Perlov, V.V. Nemoshkalenko

Vl.N. Antonov, O.K. Andersen, and O. Jepsen, Low Tem
Phys.19, 494 ~1993!.

49A. Santoni and F.J. Himpsel, Phys. Rev. B43, 1305~1991!.
50U. von Barth and L.A. Hedin, J. Phys. C5, 1629~1972!.
51V.V. Nemoshkalenko and V.N. Antonov,Computational Meth-

ods in Solid State Physics~Gordon and Breach, London, 1998!.
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