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Extended experimental and theoretical study of the observed large magneto-optical anifd@yis
presented for a series of fHéu, superlattices prepared by molecular beam epitaxy wii,2,3 of Fe and
Au atomic planes 0f001) 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 increasenpfand 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 viB&w hybridization of the
electronic states at the interfaces. The high sensitivity of the MOA to the interface structure is studied by
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 the 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.

. INTRODUCTION perpendicular to the sample plane, Welkral!! observed

an orientation dependence of the PKE by using two epitaxial

Many important physical properties of magnetically or- hcp Co films with different(0001) and (11D), basal planes.
dered compounds depend on the relative orientation of the In the past decade, artificial multilayered structures
magnetization and the crystallographic axes as the spin supMLS) have attracted a lot of interest due to their unique
system is coupled to the lattice by the spin-ofi§iO) inter-  physical properties.In some cases, they exhibit simulta-
action. The magnetocrystalline anisotrotCA), which is  neously enhanced MO Kerr rotatinand strong interface
the energy that directs the magnetization along a certaimagnetic anisotrogy and thus one can expect a large anisot-
crystallographic axis, is a ground-state property of a crystaltopy of the MO response from these compounds. For several
The magneto-optical anisotrogivOA), defined as the de- reasons it is important to investigate MLS with a small rep-
pendence of the off-diagonal part of the optical conductivityetition period, in which individual layers consist only of few
tensor on the magnetization direction, arises as a result @gftomic layers(down to monolayeps Such systems can be
electronic excitations and is due to the spin and orbital poeasily modeled theoretically, their interfacial properties are
larizations of initial and final states. particularly enhanced and they are precursors of artificial or-

Although the MCA has been widely studied both dered compounds, which do not exist naturally. Especially,
experimentally and theoreticall§°in a large number of ma- the low periodicity Fe/Au structures are intensively investi-
terials, the investigations of the MOA are still restricted to agated experimentall§=2° and theoreticall§*~2® demonstrat-
few cases only. Theoretical calculations were performed foing unique physical properties. For the monolayer periodic-
Co, FePt, CoPt,CoPd’ and CrQ.2 Experimentally, how- ity, these properties are directly connected with the
ever, the orientation dependence of the magneto-opticdbrmation of thelL 1, ordered structure, which does not exist
(MO) Kerr effect was observed in only one magnetic systemin the Fe-Au phase diagram near equiatomic composition,
hcp Co. In the equatorial Kerr effect Ganshetaal,’ and in ~ but can be fabricated layer-by-layer by molecular beam epi-
the longitudinal Kerr effect(LKE) configuration Osgood taxy (MBE) (Refs. 15 and 1Bwith a high degree of perfec-
et al? studied the Kerr effect magnitude dependence on théion. The theoretical calculatioffs®® yield a strong tetrago-
orientation of the magnetization with respect to the c-axispality for the L1, Fe-Au ordered alloy, with the ratio of
both lying in the basal plane of the hcp Co sample. For thenterlayer to intralayer lattice constant /8.90 in the ferro-
polar Kerr effect(PKE) configuration with magnetization magnetic state, which is in between the values expected from
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FIG. 1. LEED patterns taken during the cFAu,) X 10 sample growth(a) 5X 1 reconstructed A@O01) buffer layer, electron energy 75
eV; (b) 1x 1 pattern after completing the (ALlFe,) layers, electron energy 113 e\) 5X 1 reconstructed A@01) cap layer, electron
energy 75 eV.

the hard sphere modd0.86 and the experimental one presents the electronic structure, the MO spectra, and the
(0.94."° Relatively low tetragonality, as observed experi- MOA of Fe,/Au, (n=1,2,3) MLS. Finally, the results are
mentally, may result from a deviation from the layer struc-summarized in Sec. V.
ture, which is suggested also by the x-ray diffracti®RD)
datal®

Magnetic properties of thé.1, ordered Fe/Au mono- Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS
atomic MLS are very interesting from the application point
of view, for magnetic recording. This system combines large
magnetic moments and a high Curie temperature with a large For the present studies, the well characterized epitaxial
uniaxial magnetic anisotropy perpendicular to Fe and Au(Fe,/Au,) XN superlattices, wherdl is the number of rep-
atomic planes and specific MO Kerr spectra. The strong peretitions andn=1,2,3 is the number of atomic planes, were
pendicular anisotropy of the FAAu; MLS decreases rapidly used. The (FgAu;)x20, (Fe/Auy)x10, and (Fg/
for Fe,/Au, MLS with increasingn, so that the easy mag- Augz)X7 MLS were grown by the MBE in UHV conditions
netization direction lies in the MLS plane already for (base pressure during preparation below® ° mbar) on
n=3.618 An oscillatory behavior of perpendicular anisot- a 30 nm(00DAu buffer layer(preceded ¥ a 4 nm F¢€001)
ropy (accompanied by similar oscillations of the out-of-planeseed layer, deposited on a Mg@01) cleaved substrates in a
lattice spacinygis reported fom between 1 and 4, covering multistage process. The whole structure was finally cov-
also noninteger¥?°The MO spectra of FgAu, MLS have  ered ly a 5 nm Aucap-layer. The Fe and Au monolayers
been investigated experimentally and theoreti¢afi§?¢in  were deposited alternately at 340 K at the rate of about 0.2
comparison with the MO spectra in ultra thin Fe lay&s. nm/min, as controlled by a quartz microbalance with an ac-
The MLS magneto-optical spectra exhibit prominent struc-curacy of =5%. The sample growth was monitorédsitu
ture in the uv spectral range, which could not be explainedy low energy electron diffractiofLEED), which has docu-
assuming a simple stack of thin Fe and Au layers but ignented epitaxial growth with th@®01) orientation across the
related with characteristic electronic structure of the systemwhole sample, as it is exemplified in Fig. 1 for the {Fe

The aim of this work is the detailed experimental andAu,) X 10 MLS. The (5<1) reconstruction of the A0
theoretical investigation of the orientation dependence obuffer layer surfacefFig. 1(a)] is lifted upon the deposition
magneto-optical response in the,FAu, superlattices, first of about 0.5 monolayefML) of Fe and a (X1) LEED
observed in the Fe/Au monoatomic multilayer in Ref. 30.pattern with relatively broad spots is observed after comple-
These structures enable us to study the specific interface etion of the Fe sublayerff=ig. 1(b)]. The (5X1) reconstruc-
fects originated from modified electronic states of the atomgion restores for each Au sublayers already within 1 ML of
at the interface by using the magneto-optical spectroscopfu and it is seen also for the Au caplay¢Fig. 1(c)] prov-
methods sensitive to the change of the electronic structure dfg a perfect epitaxy, comparable with that of the buffer
the materials. The influence of the multilayer structure on thdayer. Thus, very uniform growth conditions are preserved
MOA is studied by the exact modeling of the effects of for subsequent layers, resulting in a high epitaxial quality of
roughness and alloying at the interfaces. The anisotropy dhe superlattices. For the growth mode and the resulting
the d orbital moment with respect to the change of the mag-structure of the Fe/Au MLS an important role plays the Au
netization direction is calculated from the first principles andself-surfactant effect, which was observed when single Fe
explained on the basis af orbital symmetry consideration. films were grown on the reconstructé@1)Au surface>!*?
The relationship of the orbital moment anisotropy with theDuring the Fe growth, the Au surface segregation occurs by
MOA is discussed. an atomic place exchange that leads to the formation of one

The paper is organized as follows. The detailed descripAu monolayer on top of the growing Fe film. This process,
tion of the sample preparation, experimental procedure angarticularly important for the growth of the FEAu; mono-
theoretical framework is provided in Sec. Il. Experimentalatomic superlattices, is responsible for a deviation from a
results and data analysis are presented in Sec. lll. Section Iperfect layer structure as it was observed by Takanashi

A. Sample preparation and experimental procedure
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et al’® by XRD measurements. Local structural and elec- Exx  Exy O
tronic properties of the Fe/Au MLS used for the present stud-
ies could be characterized precisely by the conversion elec- e=| “exy &x 0. @
tron Mossbauer spectroscopEMS), because our samples 0 0 &,y
were made of the isotopically pur@’Fe. The CEMS
analysig® clearly reveals that thé 1, phase, characterized At normal light incidence the relation between the polar
by the tetragonal distortion that is reflected in a large contricomplex Kerr angle and the dielectric tensor components is
bution of the quadrupole interaction to the hyperfine patterngiven b
is present in the (R€Au,) X 20 MLS. However, the amount
of the L1, phase is only~30% of that expected for the ~Exy
perfect layer growth. The vertical mass transport accompa- (80— 1)\/8_xx,
nying the MLS growth leads to Fe aggregation, so that the
resulting structure may be regarded as a mixture of a monowhere 67K and ™ are the polar Kerr rotation and the ellip-
layer and double-layefand to a less extent also trilayer ticity, respectively.
MLS. Nevertheless, it is enough to induce a strong perpen- Here and henceforth, the following definitions have been
dicular anisotropy, which forces the magnetization to theadopted. We choose the time dependence of the electric field
normal direction. The_1, phase disappears abruptly when ase™'“!. Hence, all the complex quantities are expressed by
the MLS modulation period is increased. For thetheir real and imaginary parts as follows;;=e{2+ie{7,
(Fe/Auy) X 10 MLS, only traces of the component attrib- wherea, B=x,y,z, &= (n+ik)?, andn andk are refractive
uted to the tetragonally distorted phase can be found in thindex and extinction coefficient, respectively. The optical
CEMS spectrum. The CEMS spectrum for the {Fe conductivity tensorr,z=o'2+i0') is related to the dielec-
Aus) X 7 sample resembles the one measured for a single Rgc tensore ,; through the equation
trilayer film sandwiched between Af.

In the present work magneto-optical polar Kerr rotation i
(67 and ellipticity (™), and longitudinal Kerr rotation saﬂ(w):5aﬁ+7‘7aﬁ(w)- ©)
(%) and ellipticity (7'¥) spectra were measured at room
temperature with a high sensitivity reaching the For the longitudinal Kerr magnetization geometry, where
10~°-10“ deg range, for the photon energy from 0.8 to 5.8the magnetization lies in the sample plane andyiais is
eV in an improved experimental setup as compared to thaghosen to be parallel to both the direction of the magnetiza-
described in Ref. 33. The spectroscopic measurements iibn and the plane of incidence, the dielectric tensor takes the
both polar and longitudinal magnetization configurationsform

were based on a polarization modulation technique with the
use of a photoelastic modulatdPEM Cak). The angle of exx 0 —e&y

incidence of the light beam on the sample mounted inside e=| 0 & 0 @
closed core electromagnets was set at 2 and 75deg in the X '
polar and longitudinal geometry, respectively. After reflec- exz 0 €22

tion from the sample the light beam passed through an ana- o )
lyzer with its transmission axis set at 0 or 90 deg to the plane 1he formula for the longitudinal complex Kerr angle as it
of incidence forp and s polarization, respectively. In the hgs bee'n derlv_ed fro_m genergl fqrmulas for the Kerr effect
energy range 0.8—1.5 eV a low-noise sensitive InGaAs pho¥ith arbitrary dielectric tensdt is given by

todiode, and in the range of 1.5-5.8 eV, VIS- and UV- sen- i

sitive photomultipliers were used for the detection of light 0K i K — 28,,SiN¢ COSe Ve ®)
intensity. The magnetic field available was 16 kOe in the spooUSE D ’

longitudinal geometry and 18 kOe in the polar geometry and .
was enough to saturate the samples in both configurations, :\;’\\ch
it was derived from the measured magneto-optical hysteresis
loops at fixed wavelengths. The optical properties—

0P+ PR =

@

D:(\/exx(szz_ Sin® @) + \/Szz(sxx_ Sin’ ¢))

refractive indexn and extinction coefficienk—were mea- X (\& 45— SII? @+ COSQ)
sured directly by spectroscopic ellipsometry with the use of a
rotating analyzer method in the energy range 0.8-5.8 eV. X (V& yx€ ,,£0S@ F \&,,— SI? @),
where ¢ is the angle of light incidence, and the upper and
B. Computational details lower signs correspond to theeands light polarization, par-

Phenomenologically, magneto-optical effects at Opticaﬁgg:yand perpendicular to the plane of incidence, respec-

frequencies are treated by means of a dielectric tensor. For . o
7 In the case when the assumptiep,~e,, is justified the
the polar Kerr magnetization geometry and a crystal of te-

tragonal symmetry, where both the fourfold axis and theformula(S) simplifies 10

magnetization direction are perpendicular to the sample sur- . - .
face and thez-axis is chosen to be parallel to them, the di- K, K_ £z SiN (e SirT <pi5|n<ptan<p).
=P >P (*‘J'xx_-’L)(sxx_tan2 QD)\/SXX_Sinz‘P
(
6

electric tensor is composed of the diagosg| ande,,, and
the off-diagonale,, component in the form

)
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Using straightforward symmetry considerations it can bethe dipole optical transition matrix elements, which in a fully
shown that all MO phenomena are caused by the symmetmelativistic description are given &%
reduction, in comparison to the paramagnetic state, caused

by magnetic ordering’ Concerning optical properties this
symmetry reduction only has consequences when SO co

Hnn’(k):m<¢nk|ca| ’/’n’k> (10

WYith Y being the four-component Bloch electron wave

pling is considered in addition. To calculate MO propertiesg,, tions
one therefore has to account for magnetism and SO coupling Equation(9) for the conductivity contains a double sum

at the same time when dealing with the electronic structur
of the material considered. Performing corresponding ban
structure calculations, it is normally sufficient to treat SO
coupling in a perturbative way. A more rigorous scheme,
however, is obtained by starting from the Dirac equation se
up in the framework of relativistic spin density functional

theory3®

[Ca'p+BmC2+|V+Vspﬂ‘rz]¢nk:€nk(/fnk (7)

‘aver all energy bands, which naturally separates in the so-

alled interband contribution, i.en#n’, and the intraband
contribution,n=n’. The intraband contribution to the diag-
onal components o may be rewritten for zero temperature

(wp,a)z [
4

(11)

where o, , are the components of the plasma frequency,

with V,(r) being the spin-polarized part of the exchange-yhich are given by

correlation potential corresponding to thguantization axis.
All other parts of the potential are contained \itfr). The
4X 4 matricese, B, andl are defined by

0 o 1 0 10
“:(a 0 —1)’ ':<o 1)' ®

0
where o are the standard Pauli matrices, ahts the 2x2
unit matrix.

47e?

> Sen—Ep)|TIE2,

(12
m2Vuc nk

(wp,a)ZE

Er is the Fermi energy, anglp=1/7p wherery is the phe-
nomenological Drude electron relaxation time. The intraband
relaxation time parametey, may be different from the in-
terband relaxation time parameter The latter can be fre-
quency dependefit,and, because excited states always have

There are quite a few band structure methods availablg finite lifetime, will be nonzero, whereag, will approach

now that are based on the above Dirac equdttdn.one of

zero for very pure materials. For the interband relaxation

the schemes the basis functions are derived from the Prop@arameter we shall use, unless stated otherwjsel eV.
solution of the Dirac equation for the spin dependent singleThjs value has been found to be on average a good estimate
site potential$”* In another one, the basis functions are of this phenomenological parameter. The contribution of in-
obtained initially by solving the Dirac equation without the trapand transitions to the off-diagonal conductivity is usually
spin-dependent terth*” and then this term is accounted for not considered. Also, we did not study the influence of local
in the variational stefi*°In spite of this approximation, the fie|d effects on the MO properties. We mention, lastly, that
latter scheme gives the results in a close agreement with thee Kramers-Kronig transformation was used to calculate the

former* while being simpler to implement. We should also gispersive parts of the optical conductivity from the absorp-
mention the widely used technique in which the SO couplingijve parts.

is added variationalf} after the scalar relativistic magnetic

~In our band structure calculations we considej /Pel;

Hamiltonian has been constructed. In this case, the Paujjji_s system with one by one stacking @01 planes whose
equation with the SO coupling is solved instead of the DiraGstrycture can be regarded las, type[Fig. 2@)]. The lattice
equation. We should emphasize that all three techniquesarameters used were chosen as follows. The in-plane atomic

yield similar results.

spacing was taken as an average between Au and Fe bulk

The optical conductivity tensor or equivalently, the di- y5jyes @=4.066 A). The out-of-plane lattice spacing for
electric tensor is the basic spectral quantity needed for thg,e Fg/Au; MLS was taken from the recent work of Sato

evaluation of the Kerr effeét The optical conductivity can

et al?’ as 1.915 A which is a slightly lower value as com-

be computed from the energy band-structure by means of “}?ared to the previously published dAé® and used in our

Kubo-Greenwood linear-response expreséfsH:

—je?

AV

Uaﬁ(w) =

f(enk) — T enrk) Hﬁ’n(k)an’(k)
sz:% oo (K) w—onn(K) +iy
9

wheref (e is the Fermi functionfi wp, (K) =€~ €nri IS
the energy difference of the Kohn-Sham energigs andy

previous calculatior® The structures FgAu, and Fg/Aus

are presented in Figs(l® and Zc). There is no experimental
knowledge about the three interlayer spacings, Au-Au, Au-
Fe, and Fe-Fe, in these structures. The Au-Au spacing was
taken the same as in fcc Au, 2.04 A. For the Au-Fe spacing,
value of 1.74 A can be derived from the rigid sphere model
as a mean between the fcc Au (2.04 A) and bec Fe (1.43 A)
bulk values. Similar values for the Au-Fe interlayer spacings
we have obtained by total energy minimization using the
LMTO ab initio calculations. Using the experimentally de-
termined superlattices periods in JH#é&u, and Fg/Auj
MLS structures published in Ref. 20 as constrains, the one-

is the lifetime parameter, which is included to describe theparameter minimization was performed. As a result, the val-

finite lifetime of excited Bloch electron states. THe , are

ues of 1.76 A and 1.74 A for Au-Fe, and corresponding val-
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FIG. 3. Experimental results for FfAu; MLS: refractive index
and extinction coefficienta), polar Kerr rotation and ellipticityb),
longitudinal Kerr rotation and ellipticity fos (c) and p (d) light
polarizations. In the panels, refractive index and rotation are de-
picted as circles, and extinction coefficient and ellipticity as tri-
angles.

atomic-sphere approximation, including the combined cor-
rection (ASA+ CC) 1 Core-charge densities were recalcu-
lated at every iteration of the self-consistency loop. The spin
polarization was included in the variational sf€he com-
bined correction terms were also taken into account in the
optical matrix element calculatiof The basis consisted of

s, p, d, andf LMTO'’s for both Fe and Au was used. The
k-space integrations were performed with the improved tet-
rahedron method and charge self-consistency was achieved
with 2176, 1155, and 702 irreduciblepoints for Fg/Au.,
Fe,/Au,, and Fg/Au; MLS, respectively.

I1l. EXPERIMENTAL RESULTS AND DATA ANALYSIS

Most MO studies of the MLS employ polar magnetization
geometry, PKE, and normal light incidence. The PKE con-
figurations alone cannot be used, however, to study the MO
orientation effects in a very rich family of magnetic layered
structures. The reason is that the main structural anisotropy
axis is the axis perpendicular to the film surface and no other
basal planes exist. The only possibility is to use the polar and
longitudinal (or equatorial Kerr effect geometries simulta-
neously. This approach is more complicated as additional
data on the optical constants are required to extract the basic
quantities—optical conductivity tensor components—

FIG. 2. The unit cells used for FéAu, (L1,) (8), Fe,/Au, (), ~ UNderlying the MO spectra.

and Fg/Au; MLS (c). Black spheres are Fe atoms and shadowed " Fig- 3 the complete set of experimentally obtained el-
ones are AU atoms. lipsometric and magneto-optical spectra in both the polar and

longitudinal magnetization geometry for the Au(5 nm)/
ues of 1.69 and 1.58 A for Fe-Fe interlayer spacing in the(Fe, /Au;) X 20/Au(30 nm)/Fe(4 nm)/MgO(001) sample is
Fe,/Au, and Fg/Au; MLS, respectively, were obtained.  presented. As it is seen in Fig(a}, the spectral dependence

The details of the computational method are described if the effective refractive inder and the extinction coeffi-

our previous papéf and here we only mention several as- cientk of the sample exhibits overall shape close to that of
pects. The electronic structure of the compounds was calclAu metal with the well known feature at the photon energy
lated self-consistently on the basis of the local spin densitpf 2.5 eV, where there is the superposition of the Drude-like
approximatiof® to the density functional theory using the intraband transitions and the interband transition edge. Such
fully relativistic spin-polarized LMTO methdd*®in the  dependence can easily be understood by taking into account

(c)
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that the predominant parts of the sample are the Au overlayer
and underlayer. The effective magneto-optical PKE rotation
67K and ellipticity ™ spectra of the sample are shown in
Fig. 3(b). The essential points of the experiment& spec-
trum are the prominent negative peak centered at around 2.5
eV (i.e., in the Au plasma edge spectral regicemd a hump
clearly visible near 3.2 eV. Thé™K changes a sign above 4
eV and a positive peak at 4.7 eV is formed. TH& en-
hancement at the plasma edge of @uound 2.5 eVYis well
explained by the classical optic multilayer model, and is not
related to the modification of the electronic structure of the
intrinsic magnetic Fg/Au; multilayer. The corresponding
»™K spectrum changes the sign at the energy of the plasma
edge of Au and in the uv spectral region exhibits two peak
structure with a negative peak at 3.8 eV and a positive one at
5.5 eV. The PKE spectra measured in the, /Pal, and , 1© ’ ' 1
Fe;/Aus superlatticegnot shown exhibit similar behavior _ m

like Fe, /Au; one, with the peaks structure in the uv spectral
range shifted to higher energy. The main features and trends
in PKE spectra of Fg/Au, superlattices modulated by inte-
ger atomic layers of the Fe and Au are in agreement with
those reported in Refs. 17 and 20. Similar characteristic
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structure in the PKE spectra in the uv spectral rafmere ) , : : : %‘9 ,
distinct than in the multilayejsvas observed in ultrathin Fe 0 2 4 60 2 4 6
layers sandwiched by Au layers and assigned to optical tran- Brerey (V) Brergy (¢V)

sitions involving quantum-well staté$> FIG. 4. Experimental absorptivéeft panel$ and dispersive

The corresponding complex LKE spectra measured in théright panely parts of the optical conductivity for the FAAu,
longitudinal Kerr magnetization geometry at the angle ofsample. In the panel@) the effective diagonal tensor components
light incidence 75deg are shown in FigicBand Fig. 3d) of the whole samplésolid lines with circle the buffer sample
for s and p light polarizations, respectively. The measured(dashed lines thick Au film (dotted line$, and the extracte¢see
6" and ' appear one order in magnitude smaller than fortex) component of the intrinsic FéAu, structure (circles are
the PKE. In the LKE spectra, the plasma edge of Au overshown. In the panelt) the off-diagonal effective tensor compo-
layer and underlayer of the sample manifests itself as a pedents derived from the poldsolid lines with circle and longitu-
or shoulder near 2.6 eV. As it is seen in Figcl3and 3d), in dinal (solid lines with trianglesKerr effect are shown. In the panels
the spectral region above 2.5 eV thE¢ spectra are domi- (¢) there are the extracted off-diagonal tensor components of the
nated by the peak at 3.2 and minimum around 5.0 eVsfor intrinsic me_lgnetic Fg/Au, structure derived from PKEcircles
and the peak at 4.1 eV fqu polarization, respectively. The and LKE (triangles.

correspondingy™ spectra features are the peak centered at .
4.1 fors and the peaks at 3.4 and 5.1 eV fopolarization, ~ With the use of Eq(3) from the measured optical and MO
respectively. The LKE spectra are consistent forgmmdp  SPectra according to the E(P) for the PKE and Eq(6) for
light polarizations and the optical functiomsand k deter- ~ the LKE. The Fg/Au, superlattices studied are two-
mined from the LKE data alone agree well with those mea_d_lmensmnal structures and can exhibit optlgal anisotropy
sured directly by the elipsometric method. It should beli-€- theoy, and o, tensor components can diffecConse-
pointed out that one can not expect direct correspondené&“e”“ya ECI-(5) for an optically anisotropic meghum should
between the spectra shape and energy peaks position mé Used instead of E¢6) to determine the off-diagonal ten-
sured in polar and longitudinal geometry because the LKESCT component. Unfortunately, in the case of tmetallic
spectra are strongly dependent on the angle of light incidencdms or MLS de!rf?Ct ellipsometric measurements allow to
(particularly forp polarization, when the angle of incidence détermine theo,, " tensor component only. As it will be
approaches its principal value, equal to about 75 deg for th8hown in the next section, the errors causedﬁby using@q.
structures studied Therefore, the direct comparison of the for an optically isotropic medium to extraet;,’ from LKE
PKE and LKE spectra is not adequate and appropriate treaglata are of little importance for the fAu, MLS.
ment should be done by evaluation of the optical conductiv- The results for effective complex,’, wos,’, andwos,’
ity tensor components from the measured spectra. It is webptical conductivity spectra of the Au(5 DhiFe,/
known that the absorptive part of the tensor only, but not theAu;) X 20/Au(30 nm)/Fe(4 nm)/MgO(001) sample are pre-
Kerr rotation itself, is directly connected with the optical sented in Fig. @) and 4b), respectively. In Fig. &), the
transitions between electronic states, their strengths and eny, spectra of 100 nm thick fcc Au film deposited on
ergy positions. Therefore, in the following, we will consider GaA4001) as well as the buffer sample A20 nm/Fe(4
the energy dependence of the conductivity tensor compaam)/MgO(001) used as the substrate to grow the, Fau,
nents underlying the MO effects for the superlattices studiedsuperlattices are also included. As can be seen from Fay. 4
The effective optical conductivity tensor components, di-there is significant difference between the effect'nr%,f(f

agonalo$' and off-diagonakaf)’, o, were determined  spectra for the whole structure and the buffer sample as com-
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pared to that of the Au film in the spectral range below 2.5

eV. The rapid changes of the optical constants at the energ 2 {@ LT MIi (001)
2.5 eV caused by onset of Au interband transitions are /\-. S ] T MLeoh
clearly visible for all the samples. The characteristic features 0 ﬁ\‘\v’

of the absorptive part of thea)ff,f spectrum Fig. 4(b), solid “~

lines with circleg of the whole structure are two broad peaks c':n
of comparable amplitude centered at around 1.6 and 3.3 e\a
and a negative minimum at 4.7 eV. The dispersive part of the‘% ®
wotl! is dominated by a negative peak at 3.9 eV and a§ * ]
positive one at 5.3 eV. The complaxct!(w) functions
[Fig. 4(b), solid lines with trianglekevaluated independently
from the LKE data measured farandp light polarization 0
are the same. As compared to the energy dependence (
wo)e(;f(w), significant differences between the spectra shape I
and magnitude are clearly visible. The ir peak position in the&™ ©

absorptive part ofua)‘f;f shifts to lower energy and the spec- . 2 T

=)

trum amplitude is much smaller. ”2 0

The conductivity tensor components spectra discussecy | |
above represent the effective tensor components of the whol @
complex sample composed of the specific magnetid e, 247 ‘ : .
structure and the Au cap layer and underlayer film. To com- 0 2 4 6
pare the theoreticalb initio calculations with the experiment Energy V) Energy (¢ V)
and to discuss the origin of the magneto-optical and MOA ) , o
effects of the magnetic superlattices, the tensor components F'C: 5- Absorptive(left panels and dispersivaright panels
for the intrinsic magnetic F¢Au,, structure alone should be parts of the off-diagonal conductivity tensor of #éu; MLS; (a)

tracted f th . ”t | data. For thi . experimental results(b) LSDA calculated spectra for F€Au;
e)é ra;: 3 th romh € eXpel'nmenl a ta} a'f or i IS slm’dw LS, (c) the MO anisotropy specti@ymbols represent experimen-
adopte ep enomen.o'oglca matrix ormg ISm Dased O, data, solid lines LSDA, and dashed lines LBA theory).
the Maxwell theory providing computer modeling of the MO

response for a given structurknown as multireflection
calculation.® The procedure assumes that the dielectric ten_nents, the feature related to the plasma edge of Au at 2.5 eV

; I L
sors of the constituent layers of the structure and their thick3IS2PPears fobogy andwayy spectra. The overall structure

nesses are known. In our calculation, the thicknesses of th%f the extracted off-diagonal tensor components of the mag-

constituent layers determined from the technological datgﬁgctﬁgFﬁg:ttt's(fenﬂ%git'scﬁg'Ii;tpnt?ﬁ; (;f Lh;rgﬁaecuggrqgetﬁe
were used. To avoid possible uncertainties and obtaining thd Igniti ges| P ppear |

best precise results, the optical and magneto-optical respon espectral range. The most important conclusion is that both

of the buffer underlying the RéAu, structure, composed of e effective and th? extracted' off—dlggpnal tenspr compo-
the AU30 nm/Fe(4 nm)/MgO(001), was directly measured ne_nts of the _magnet|c superlattice exh_lblt_large_ oru_antanonal
with the use of the control sample and further used in theanlsotropy with respect to the magnetization direction.
multireflection calculations. Finally, we consider a two-layer
system composed of the nonmagnetic Au cover layer and the IV. MAGNETO-OPTICAL ANISOTROPY
magnetic (Fg/Au,) X N superlattice on the AB0 nm/Fe(4 IN Fe,/Au, SUPERLATTICES
nm)/MgO(100 buffer substrate. In the procedure, the contri-
bution of a single layer of given thickness is determined
through its characteristic matrix, composed of the medium
boundary and the medium propagation matrieBhe over- For the quantitative analysis of the magneto-optical an-
all structure of the film is treated as a single layer with theisotropy it is convenient to present the anisotropy as the dif-
parameters expressed in terms of those of individual sublayference between the off-diagonal conductivity tensor compo-
ers. nents woﬂ,ﬁ—w o, Where the factorw provides the
The unknown tensor components of the intrinsiccompatibility with thewo spectra themselves. In Fig. 5 the
(Fe  /Auy) XN MLS structure were extracted by solving nu- waﬂ)ﬁ and wogy spectra of the MLS of nominal FéAu,
merically multireflection equations. The results for thestructure, extracted from the experimental PKE and LKE
Fe /Au; structure are shown in Fig.(@ for oy (circles  data as described in the previous section, and the MOA are
and in Fig. 4c) for ooy, (circles andwao,, (triangles. The  compared to the corresponding spectra calculated for the
spectra represent the results after eliminating the MO contriideal Fg /Au, L1, structure.
bution from the complex underlayer and Au overlayer. In the  Overall, both the spectral shape and the magnitude of the
following discussion, the off-diagonal componentr,, for  experimental optical conductivity spectra are qualitatively
the magnetizatioM parallel to the(001) direction will be  reproduced by the LSDA calculations. However, the position
denoted asw‘(')ﬁ, whereas for thewo,, with the magnetiza-  of the calculated prominent peaks in absorptive pazbaﬁﬁ
tion M perpendicular to th¢001) direction we will use the at 3.8 eV and 5.2 eV is shifted towards smaller energies as
notationwog; . As compared to the effective tensor compo-compared to the experiment. Also, the theoretical calcula-
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A. Comparison of the experimental and theoretical spectra
in Fe,/Au,, MLS
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tions predict larger MOA in comparison with the experimen-
tal one in the nominal R€Au; structure. One of the possible
reasons is that due to the non-exact treatment of the electro

exchange and correlations the LSDA underestimates the

binding energy ofd states and the threshold of interband

transitions in noble metals compared to photoemission anc,

optical measurements:>®

%)
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It seems quite likely that the use of a more appropriate ©
approximation for the self-energy can give rise to a shift of é
the quasiparticle energy bands originated from Alshates 27
and, as a result, to a better agreement between the theory ar
the experiment. In the present work the LBA) method’
has been adopted as a step beyond the LSDA in the treatmel
of the electronic correlations. As it was discussed in Refs. 58
and 59, the LDA-U method can be considered as a rough
approximation to both the self-interaction correction and to
the self-energy of a system with strongly interacting elec-
trons. Moreover, it has been found that the application of the FIG. 6. Absorptive(left panelg and dispersiveright panel$
LDA +U method to pure noble metals allows to improve thepart of the MOA measured for the FgAu; MLS (circles com-
calculated energy position of the threshold of the interbandared with LSDA calculated spectra) MOA modeled with effec-
optical transitions and provides a better approach in descrigive optical conductivity: woe=X- wogi+(1-x) wogt for x
tion of their MO spectré? In the present case of the =0.3 (solid lines and cglculated for sypercell containing 1/1 and
Fe /Au; MLS U, =2.5 eV was applied to Au & states. 2/2 substructureg¢see Fig. 7 (dgsh_ed lines (b) MOA calculate_d
This value ofU,;, considered as a parameter of the model,for perfec_t F:Q/Au1 §tructure(soll_d lines and fqr the structure with
was found to give the best agreement between the calculat '&E substitutional disordgsee Fig. § (dotted lines.
and experimental optical conductivity for fcc Au. The use of ) i
the LDA+ U approximation for Fe/Au; MLS does improve the opposite case to the structure composed_of weII—deflr)ed
slightly the calculated energy position of the peaks of thgNono- and double-layers, we performed a series of modeling
off-diagonal optical conductivity for both orientations of the In Which we examined the effect of substitutional disorder on
magnetizationnot shown, there is no improvement, how- the MO spectra and MOA. Although the solut_)lhty of_Au in
ever, in the shape of the spectra. Comparing the MOA calPulk bcc Fe at the temperature up to 400 K is negligfble,
culated within LSDA and LDA-U methodgsee Fig. &)] enhanced solubility of Au W|th|n the Fe Iayéazr up to 3% was
to the experimental spectrum one can conclude that th@Pserved for 70 A thick Fe film on A001).>" Even up to
LDA + U approximation does not improve the description of®N€ order greater subst!tutlonal disorder was _reported for the
the MOA in the nominal Fg/Au; structure. Fe/AéJ2 (001)_structure§ in the monolay_er regime by Blum

Another and maybe even more important source of th&t @~ The incorporation of Au atoms in the Fe layers can
discrepancies is that the studied sample is not an ideal mon&€ considered as an explanati@s discussed in Ref. Bfor
atomic Fe/Au, MLS of L1, structure but rather a mixture larger Fe-Au interlayer spacing observed e>_<per|mer_1tally in
of mono- and double-layer structures. Having this in mindF€t/Au, structure, as compared to the spacings derived un-
we modeled the effective optical conductivity of the struc-d€r assumption of rigid atomic spheres of bulk Fe and Au
ture by a weighted average of the conductivities calculated€t@!s- The effect will lead to increasing of the effective
for the Fg/Au, and Fg/Au, MLS: waoﬁ=x~waé§fl+(1 Fe-Fe and Fe-Au interlayer spacings |r}1FAeun MLS. The _

22 The best agreement between the theory and thSxample of the model structure used in the calculations is

—X) 00 . . .
: : ; presented in Fig. 8. The structure is composed of the alter-
experiment, both in the MOAFig. 6a)] and the shape of the nating atomic planes of Fe and Au in which one per nine

off-diagonal optical conductivitynot shown was achieved atoms is interchanged by Au and Fe, respectiveg inter-

with x=0.3. This value agrees well with the results of theIayer spacing of 1.915 A was takenWe found that the

48
CEMS analysis. . . moderate substitutional disorder leads mainly to the scaling
In a more advanced approach, we studied the interface

roughness by calculating the MO properties of the mixture of
mono- and double layers, distributed over the whole struc-
ture. We modeled the composed Fe/Au structure using a
large supercell containing the side-by-side placed/Ba;

and Fg/Au, component structures spread over 3 and 7 lat-
tice constantgsee Fig. J. This ratio of the areas was chosen

in a correspondence to the simple procedure described
above, in which the resulting spectra were expressed as the
sum of individual Fe¢/Au, and Feg/Au, contributions. The
results of theab initio calculations for the composed struc-
ture are shown in Fig. (@), from which an even better over-  FIG. 7. Unit cell(doubled along direction of the Fe/Au struc-
all agreement between the theory and experiment both in th@re composed of the 1/1 and 2/2 substructut®ack spheres are
shape and the amplitude of the MOA spectra is observed. ABe atoms and shadow ones are Au atoms

Energy (e V)

Energy (eV)
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FIG. 8. Doubledc(3/y2% 3/y2) unit cell used for modeling of
alloying effect in the Fe/Au MLSblack spheres are Fe atoms and
shadow ones are Au atoms

of the calculatedzrﬂ,ff and MOA spectra amplitude, without
significant changes of the spectra shape. In Fig) 6he
MOA spectra calculated for the model structdsee Fig. 8

are shown. As it is seen, approximately twofold reduction of
the MOA magnitude is observed when the level of the sub-

stitution is 11%.

Figures 9 and 10 show the experimentally obtain:aut!,ﬁ
and wogy spectra in the MLS of nominal FéAu, and
Fe;/Aus structures for two orientations of magnetization:
M| (001) andM_L (001), together with the MOA, in com-

.l X | oo Mi©OD
. vve ML(001)

0 W X
- ] w
%) 1 1 '. Ky
% Il 1
= 4 } . } .
=]
80 — Ml (001)

----- M1(001)

MOA (1029 5-2)
=]

Energy (e V) Energy (e V)

parison with the corresponding spectra calculated for the FIG. 10. Absorptive(left panel$ and dispersiveright panel$

ideal Fe/Au, and Fg/Auj structures. For EgAu, MLS,

parts of the off-diagonal conductivity tensor of #Au; MLS; (a)

the overall shape of the theoretical spectra corresponds wegkperimental resultgb) LSDA calculated spectra. In the panéds

to the experimental ond§ig. 9b)], and a better agreement

the MOA spectra are showisymbols represent experimental data,

in MOA as compared to the previously discussed case of thgolid lines LSDA theory for perfect FéAu; MLS).

ideal Fg /Au; (see Fig. %is observedFig. 9Ac)]. The reason

(a) 1

2T eee MIl (001)
_ 0 “‘V.a'. \/...
S . 3
N L
S 27 , . T . , .
&g | (b) :f’"‘ ““‘\-
8 4 3 .

0
&2
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o
=.1

0 2 4 60 2 4 6
Energy (e V) Energy (e V)

FIG. 9. Absorptive(left panel$ and dispersiveright panel
parts of the off-diagonal conductivity tensor of #éu, MLS; (a)
experimental resultgp) LSDA calculated spectra. In the panéts
the MOA spectra are showsymbols represent experimental data,
solid lines LSDA calculations for perfect FBAu, MLS, and

is that the ideal F&/Au, MLS is a better approach of the real
experimental situation than it was in the case of the/ e,
MLS.*® However, in the high-energy part of the spectra,
above 4 eV, theucr‘(‘)ﬁ and wos; and MOA amplitudes re-
main considerably higher than the ones obtained experimen-
tally. To examine the origin of such a discrepancy, we have
modeled the influence of the substitutional disorder on the
MOA in the case of Fg/Au, MLS. In Fig. 9c) the MOA
spectra calculated for a FEAU, MLS model structure are
shown. The model structure used in this case is similar to
that considered for the case of,FAu; MLS (Fig. 8 with

the same substitutional disorder level and is composed of
double numbers of the Fe-rich and Au-rich atomic layers
with the experimental modulation period of 7.25 A. We
found that the MOA magnitude for the fFAu, MLS in the
high-energy part of the theoretical spectra is markedly re-
duced and is most close to the experimental ones when the
effect of the limited substitutional disorder at the level of the
order of 10% is taken into account.

The experimental and theoretical results for thg/Pei;
structure are presented in Fig. 10. The overall agreement
between the calculated and observiﬁ:ﬂ‘(‘)ff andwo g spectra
for the Fg/Au; structure is less satisfactory than for the
Fe,/Au, MLS. One of the possible reasons is that the real
structure of the Fg/Au; superlattice is far from the ideal
model considered. Nevertheless, both the theoretical and the
experimental MOA spectra are of comparable magnitudes.
The modeling of the interface roughness effects and alloying
for the Fg/Aus structure from first principlesmuch more

dashed lines calculations for the structure with the substitutionacomplicated than for the simpler structurés currently in

disordey.

progress.
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FIG. 11. LSDA calculated absorptive parts of the diagangl Energy (eV)
ando,, (panels a and)and off-diagonah)aﬂ,ff andwogy (panels b
and g components of the optical conductivity tensor for, F&u, FIG. 12. LSDA spin-projected fully-relativistic partial DO&
(left panel$ and Fg/Au, (right panel$ MLS. Theab initio calcu-  statesjatom eV spin) of the L1, ordered Fg/Au; MLS.

lated wos Spectra are represented by dotted lines and the corrected

ones by dashed lingsee text Fe, /Au; MLS only. It diminishes to a negligible value above
this energy region and can be completely neglected in the
whole energy range for the FBAu, and Fg/Aus structures.
The possible errors caused by using the equapmstead

Some conclusions can be drawn from the modeling per
formed: (i) The magnitude of the off-diagonal optical con-
ductivit d MOA tra i itive to th tual .

uctivity an spectra 1s very sensitive 1o the actua (5) are then small and do not affect the conclusion that the

structure at the interfaces, and thus the MO spectroscopy ¢ ; ) .
provide useful independent information about the Fe/Au arge MOA is related to the anisotropy of the off-diagonal
conductivity tensor components.

MLS structures, complementary to that derived from CEMS
measurementgii) In the modeling of the roughness effect,
even using the areas of the component structures as small asB. Microscopic origin of the magneto-optical and orbital
a few atomic spacings leads to the result qualitatively close moment anisotropy in Fe,/Au, MLS

to that obtained from simple additive formula for the super- 1 \nderstand better the microscopic origin of the MOA
position Of. the sp_ectra(m) The magnitude of the MOA de- let us consider in detail the electronic structure of the
creases with the increase of the number of Fe and Au atom'ﬁel/Aul L1, MLS. Spin-projected densities of Fe and Au
Ia)(/jers gf the superlatnce(av)r;l' he Ilmltedﬁsubs_tltu?]onge(jhs- states are shown in Fig. 12 and the calculated spin and or-
(|3/|r|_gr oes not suppress the MOA effect in the, Feu, bital magnetic moments are summarized in Table I. Within
s ioned i oA the AuFe) monolayer, each atom is surrounded by four
. '_A‘S It was mentioned in Sec. lll, féAu, MLS can eX- " other AUFe) atoms at a separation corresponding to the
hibit optical anisotropy, but the,, component of the optical nearest-neighbor spacing in bulk &e). Due to the smaller
conductivity tensor is unavailable directly in the experiment.., \ b+ of the nearest neighbors of the same type both Fe

On the other hand, both the,, and o, can be easily ob- 574 Ay d states are much narrower than in corresponding
tained from the calculations and allows us to verify numeri-

cally the gorrec'iness of using the_ equatiGhinstead of(5) TABLE |. Calculated spinMg and orbitalM, magnetic mo-
tf) determinew oyt fr.om the experimental data. The abSQFP' ments(in ug) of Fe /Au; versus magnetization direction.
tive parts of the diagonal components of the conductivity.

tensor calculated for ideal FéAu; and Fe/Au, structures M||[001] M_L[001]

are shown in Figs. &) and 11c). The largest difference

betweeno,, and o,, spectra is observed for the Héu, Atom  State Mg ML Ms ML
MLS below the photon energy of about 3.5 eV. For the s 0.0097 0.0000 0.0098 0.0000
Fe,/Au, and also Fg/Aus (not shown in the figuneMLS p -0.0033 —0.0006 —0.0030  0.0005
the calculated optical anisotropy is significantly smaller. The d 2 8593 0.0920 2 8612 0.0587
th?oretiﬁal COﬂdLIJCti\llity tgnggr (l:oKmponenlts were g_sed to (r:]al— ¢ 0'0019 _0' 0008 0 6019 _0 (')010
culate the complex longitudinal Kerr angle according to the ' ’ ) )
exact formula(5). Then, the approximate oy, was derived fotal 28676 0.0906 2.8698 0.0582
from the calculated LKE angle using the equatiéhfor an s —0.0346  0.0000 —0.0345  0.0000
isotropic medium. The off-diagonal conductivity spectra re- p —0.0567 0.0035 —0.0566  0.0058
calculated in this way are compared mréﬁ obtained di- Au d 0.1085 0.0293 0.1098 0.0300
rectly from the ab initio calculations in Figs. 1(b) and f 0.0100 -0.0014 0.0100 —0.0016
11(d). A marked difference between the “exact” and “ap- total 0.0272 0.0315 0.0287 0.0342

proximate” wog values is observed in the ir range for the




PRB 62 MAGNETO-OPTICAL ANISOTROPY STUDY @& ... 13741

with the angular momenturhinside the atomic sphere cen-
tered at the sitg¢ respectively(see Appendix In analogy to
the I-projected density of statedm,(E) can be referred to

as site- and-projected density of the expectation valud of
This quantity has purely relativistic origins and when the SO
interaction is equal to zerdm,(E)=0. As van Vleck®
showed for a free ion, the absence of orbital degeneracy is a
sufficient condition for the quenching of the orbital moment,
which means that the first-order contribution should vanish:
(¥ |T,|W,)=0. Thus, thedm,(E) can be considered as the
measure of unquenching of the orbital moment due to the SO
interaction.

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

Energy (e V)

4

-6

r

FIG. 13. LSDA energy band structure of thel, ordered
Fe /Au; MLS for two orientations of magnetizatiorM||(001)

E
(solid lines, andM L (001) (dotted lines. My ()= J Ebd my (E)dE, (14

bulk metals. As a result the majority spin Betates are fully WhereE, is the bottom of the valence band. Then, the orbital
occupied which leads to a significant enhancement of Fe spiffomentm; at the sitet is given by:

magnetic moment (2.84g) compared to the value of _ E 15

2.2 ug for bulk Fe. This enhanced magnetization has been my=mq (Er) (15
observed® but the experimental value of 2.79.25ug is  (here and henceforth we will drop the indefor simplicity).
somewhat smaller than the calculated one. Such a difference Both dm(E) and m;(E) are defined in the local coordi-
can be explained by the deviation of the sample structur@ate system chosen in such a way thakis is directed along
from the idealL 1,. the magnetization and, consequently, they depend on the

The energy bands in FAu; MLS calculated for differ- relative orientation of the magnetization with respect to the
ent magnetization directions are shown in Fig. 13. This comerystallographic axes. In the case of,Fau, MLS we will
parison is useful as it helps to identify the states, which areise the notationssn}'(E) and mj" (E) for m(E) calculated
sensitive to the change of the magnetization direction andwith M||(001) andVL (001), respectively. The difference of
consequently, can potentially give a contribution to MOA, these two functions
MCA and the anisotropy of the orbital moment. In;FAu;

MLS, for example, such states are the electronic states at Am(E)=m|(E)—m/ (E) (16)
about —4.0, —2.8, and—1.4 eV in the vicinity of thel’
point and those with energies-5.2, —1.5, and 0.5
+1.8 eV located around th® symmetry point as well as
alongl'=X—M —T directions.

Comparing the values of the magnetic moments calcu
lated for different magnetization directions one can see fro
Table | that Fe spin moments are almost independent of th
magnetization direction. At the same time the anisotropy o
Fe orbital moment, which is determined mainly by He
states, is quite large and is of the same order of magnitude
it was experimentally observed in Co/Au MI®$This be-
havior could be expected as in the presence of SO interacti
the anisotropy of the orbital moment is of the orderébA,
where¢ is the SO coupling strength ardis the crystal field
splitting, while the anisotropy of the spin moment is propor-
tional to (¢/A)2.54 As Au d states are fully occupied the spin

and orbital moments at Au site are small and depend Wealerbital character of partial density of festates in the vicin-
on the magnetization direction.

To understand better the anisotropic behavior of Fe ancljty of the Fermi level(Fig. 19. It is worth mentioning that

Au orbital magnetic moments let us introduce a site-tN ©Only nonzero matrix elements of the operator
dependent functiodm (E) given by calculatgd between real i harmonics with=2 are
|(dy2—y2|l,|dyy)| =2 and|(d,,l,|d,,)|=1. Hence, the larg-
est contribution tam;(E) can be expected from tha._ 2
andd,, orbitals. Also, it should be pointed out that, in con-
. trast to the case of transition metal films considered in Ref. 4
wherel , is z-projection of the angular momentum operator, in which the on-site SO interaction is the only source for the
E.« and \If{‘,k are the energy of thath band and the part of unquenching of the orbital moment, in a compound consist-
the corresponding LMTO wave function formed by the statedng of 3d metal atoms with a large magnetization and a

can provide useful information on the orientation depen-
dence of the orbital moment. Figure 14 shows the functions
dm(E), m(E), andAm(E) calculated for Fe and Au sites
in Fe; /Au; MLS. Here and in the rest of the paper we will
only consider the contribution coming frochorbitals to the
| related functions. All three functions show strong energy
ependence. The variations of the functions at Au and Fe
sites are comparable, but Adiorbital momentm,(Eg) is
significantly smaller as Ad-states are almost fully occupied
"i‘gee Fig. 12 The anisotropy of the Au orbital moment
0Am|(E) vanishes aEg. At about—1.2 eV Fed, states are
g\ready occupied while| are still almost emptyFig. 12
and, as a result, bothn(E) and Am;(E) are zero at this
energy. At the Fermi energy, however, we observe strong
anisotropy of Fed orbital moment.
To understand better such a behavior let us analyze the

dnn'(E):%<*Ifﬂklfz|\1f?.k>6<E—Enk). (13)
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) ] FIG. 15. Thed-orbitals projecteddm(E) on Fe site for two
FIG. 14. Thedm(E) and m|(E) for two orientations of mag-  grientations of magnetization andkpartial density of statesin
netization together withm,(E) for theL1, ordered Fg/Au; MLS statesfatom eV spif) for the L1, ordered Fg¢/Au; MLS.
(see text

Spin-projected densities of Fe and Ad states for
Fe,/Au, MLS are shown in Fig. 16 and the calculated spin
and orbital magnetic moments are given in Table Il. As com-

; / pared to the results for F€Au;, MLS, the change in the local

In the particular case of FéAu, MLS there is a peak at gpyironment and the increase of the number of Fe nearest-
—0.5 eVin the density of Fel,o_2 states(Fig. 15 which  peighhors around Fe sites result in broadeningd dfands
hybridize rather strongly with Ad states. The density af,  and decrease of the calculated Fe spin magnetic moment to
states is constant in this energy interval and, as a CoNSer 79 ... As opposite to the RéAu,; MLS where we ob-
quence, thedm(E) has a maximum at this energy for gepyed the strong anisotropy of the &erbital moment, the
M[|(001). The states, which form the peak of DOS justge, /Ay, MLS reveals very small anisotropy in the orbital
above the Fermi level, are predominantlydaf. 2 charac- magnetic momen(Table Il and Fig. 17. In Fig. 17 the func-

ter and they do not contribute tm(E). When the magne-  tionsdm(E), m,(E), andAm,(E) calculated for Fe and Au
tization direction changes from(001) to ML (001) the  gjtes in Fg/Au, MLS are shown. Although all the three
local coordinate system in whickim(E) is calculated  fynctions show strong energy dependence like in the case
should also be changed accordingly. In the rotated coordlnatpel/Aul, however, at the Fermi energy we observe negli-
systemds,2_,2 orbital transforms into a linear combination gible anisotropy of Fel orbital moment. The explanation can
of the ds,2_2 and d,2_2 orbitals and a sharp peak of pe found in Fig. 18. In the case of féu, MLS there also
dmy (E) appears above the Fermi level which follows the are two peaks in the partial density of Hestates below and
shape of the corresponding peak of the densitydgt_2  above the Fermi level but in contrast to the, F&u; MLS
states. At the same time, tlgz_,2 orbital, which plays the they have the same,z_,2 character(Fig. 18 with a strong
crucial role in the formation of the peak afm|(E) at  admixture of ds2_,2. Moreover, the partial weights of
—0.5 eV, transforms intq/§/2d3zz_,z+%dxz_yz and, as a d,2_2 anddz,2_2 states at the Fermi level are such that
result of the reduced contribution of thigz_ 2 orbital to the ~ m;(Eg) changes only slightly upon the changing of the mag-
wave functiondm (E) is suppressed below the Fermi level. netization direction fromM||(001) toML (001) and the an-
These simple considerations allow to explain the strong deisotropy of the Fe orbital momentm,(Eg) is very small
pendence of the Fe orbital moment on the magnetizatioisee insert in Fig. 1)7

direction in the Fe/Au; MLS. The dependence of the MOA on the SO coupling and

relatively weak SO coupling anddsatoms for which the SO
coupling is strong the unquenching of thd 8rbital moment
can be caused to a great extent by tlie-8d hybridization.
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FIG. 16. LSDA spin-projected fully-relativistic partial DO$ 04 + N
stated/fatom eV spip) of the Fg/Au, MLS. ) dm,(E)
02 T
hybridization strengths is very complicatésee, e.g., Ref. A\
66) and does not allow to introduce a simple model consid- 0.0 w" vy '
eration as in the case of the MC anisotrdgyWhile the VY :v !
anisotropic band splitting can be directly related to the MCA, -0.2 T | |
the situation with MOA is more complex as the eigenvalues I | I
and wave functions of both the initial and final states enter -0-4 T_. "
the expression for the matrix elements. Therefore, the only 8 6 4 2 0 2 48 6 -4 -2 0 2
way to obtain a realistic description of the MOA is to per- Energy (eV) Energy (eV)

form numerical calculations. The optical conductivity can be
expressed as a sum of additive contributions coming from
interband transitions with the initial and/or final states lying
in different nonoverlapping energy intervals. In the case of

FIG. 17. Thedm(E) andm,(E) for two orientations of mag-
netization together wittAm,(E) for the Fe /Au, MLS.

Fe /Au,, the Fed; and Fed, states are well separated in Ref. 67, where, within an atomic sphere about either one of
energy, but overlapped with the Alstates in a wide energy the atomic positions, the optical transition matrix elements
interval (see Fig. 12 Even less distinct separation in the were set to zero. In this way, the optical conductivity spectra
energy position of the initial Fe and Adistates is observed and MOA can be analyzed in terms of the contributions aris-

in the case of FgAu, MLS (see Fig. 16 It seems to be

ing from the transitions on the particular sites. The decom-

more informative to examine the dependence of the MOA orposition of the MOA into the contributions from interband
the site-dependent optical transition matrix elements. Théransitions on the Fe and Au sites in;FAu; MLS is shown
calculations have been performed in the way as described im Fig. 19@). As it can be seen, the MO anisotropy spectrum

TABLE II. Calculated spinMg and orbitalM, magnetic mo-
ments(in ug) of Fe,/Au, versus magnetization direction.

M|[[001] M_L[001]
Atom State Mg M Mg M
s —0.0045 0.0000 —0.0044 0.0000
p —0.0192 0.0001 -—0.0191 -—0.0005
Fe d 2.8056 0.0835 2.8064 0.0934
f 0.0084  —0.0013 0.0084 —0.0015
total 2.7902 0.0824 2.7912 0.0914
s —0.0260 0.0000 —0.0259 0.0000
p —0.0200 0.0026 —0.0200 0.0036
Au d 0.0778 0.0155 0.0770 0.0182
f 0.0059  —0.0009 0.0059 —0.0012
total 0.0377 0.0172 0.0370 0.0206

magnitude is determined by both the Au and Fe sites, de-
pending on the spectral region. Only in the 0 tal eV
energy interval the MOA can be connected exclusively with
the transition on the Fe site. The interband transitions on the
Au site are mainly responsible for the MOA spectra in the
~1to~5 eV energy interval. The transitions occur between
the Aud, states located at energiés<—1 eV below the
Fermi level and the hybridized states pfand f characters
lying in the energy range up to 2 eV above the Fermi level.
The enhanced density of these final states arises due to the
strong hybridization with Fel, states in the energy interval.

In particular, the peak at 3.7 eV in MOA spectra is com-
pletely determined by these transitions. The peak at 5.3 eV is
equally due to both the Fe and Au related transitions. The
results of the analysis for F€Au, MLS is shown in Fig.
19(b). As in the case of R¢Au; MLS, the transitions on
both Fe and Au sites determine resulting MOA spectra in the
Fe,/Au, MLS; however, main contribution arises from tran-
sitions on the Au site in the whole spectral range. We have
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FIG. 19. Decomposition of the calculated MOA spedtsalid
lines) into the contributions coming from all interband transitions

on Fe(dashed linesand Au(dotted line$ sites in Fg/Au, (a) and
Fe, /AU, (b) MLS.

verified that the prominent peak in the,#&u, MOA spec-
tra at 5.5 eV is mostly determined by Alrelated transitions
to the final states extended up te4 eV above the Fermi
level.

Two major effects lead to the appearance of the MOA
when the magnetization direction is changé&dthe change
of the band energie¢Fig. 13 and (ii) the change of the
orbital character of the wave functions. To determine which
of the effects dominates we performed two model calcula-
tions. In the first one, the spectra were obtained using the as
calculated band energies while the corresponding momentum
matrix elements at everi-point were averaged over the
magnetization directions. The calculated MOA is zero in this
case, whereas the MOA obtained from the second calcula-
tion, in which—vice versa—the averaged band energies and
as calculated matrix elements were used, is in a very good
agreement with the results of theb initio calculation. It
clearly demonstrates that the main effect of MOA comes
from the change of the orbital character of the wave func-
tions due to the magnetization axis rotation. This is exactly
the origin also the anisotropy of the orbital moment, as dis-
cussed before. Although the common origin of both anisotro-
pies is the spin-orbit interaction, the relationship between the
orbital moment anisotropy and the MOA is not simple.
While the orbital moment anisotropy is determined by the
integral property of the occupied staféxys.(13)—(16)], the
magneto-optical anisotropy is related to the energy depen-
dent quantity being the convolution of all the initial occupied
and final unoccupied states within the given energy differ-
ence[Eqg. (9)].

We examined the dependence of the MOA on the ex-
change splitting and the SO interaction in the way as in Refs.
33 and 67. We found that the SO coupling of Au is equally
responsible for the large MOA as the exchange splitting of
Fe. If we set the SO coupling on Fe to zero, the off-diagonal
optical conductivity is changed in the whole energy interval
by a negative shift similar for both magnetization directions
[Figs. 2@a) and 2@db)]. So, the contribution of the SO cou-
pling on Fe site to the conductivity is significant but almost
isotropic. As a result, the MO anisotropy practically does not
depend on the SO coupling strength on Fe Hrig. 20c)].

On the other hand, putting the SO coupling on Au site to
zero affects strongly the off-diagonal optical conductivities
leading to a strong suppression of the MOA. As in the case
of Fe; /Au; MLS, setting the SO coupling on Fe to zero in
the Fe/Au, MLS changes the MO anisotropy to a lesser
extent than the off-diagonal optical conductivitynot
shown. However, putting the SO coupling on Au site to zero
strongly affects both the off-diagonal optical conductivity
and the MOA. Thus, the SO coupling of Au is mainly re-
sponsible for the large MO anisotropy in the Fe/Au MLS.

V. SUMMARY

The large orientation dependence of the magneto-optical
response in the KéAu, multilayer structures has been ex-
perimentally observed. The magnitude of the magneto-
optical anisotropy is very sensitive to the actual atomic struc-
ture of the superlattice and decreases as the number of
atomic layers of the same type increases. The MOA phenom-
enon in Fe/Au, MLS and its high sensitivity on the super-
lattice microstructure was investigated bl initio calcula-
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Fe /An,; density of states, both being predominantlydgf_,> char-
acter. As a result, the change of the magnetization direction
leads to almost isotropic Feorbital moment in the Fg Au,
MLS.

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

Ml (001)
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APPENDIX

MOA (102° 5-2)

The functiondm,(E) can be most easily defined when
the SO coupling is included in the LMTO Hamiltonian at the
: — variational step. In this case the one center expafisifrihe
0 2 4 6 LMTO Bloch wave function is given by

Energy (e V)

Kipy— k k - -
FIG. 20. Calculated absorptive off-diagonal part of the optical v (r)—“%s (Afims® i (1) + Biims®uit (T)) Yim(r o xs.
conductivity (a,p and MO anisotropy(c) in the Fg/Au; MLS (A1)
(solid lineg together with the results of the calculations for the SO
coupling set to zero on Au sit@dashed linesand Fe sitedotted ~ whereAlX; and Bl . can be expressed in terms of the eig-
lines). envectors obtained after solving the LMTO eigenvalue prob-

lem, ¢,(ry) and ¢,y (ry) are the radial solution of the
tions by modeling of the effects of substitutional disorderSchralinger equation in spherically symmetric potential in-
and the roughness at the interfaces. In the case of th@de the atomic sphere taken at a fixed enesgyand its
Fe, /Au; MLS the calculations describe well the measuredenergy derivative, respectively,,(r;) are the spherical har-

spectra only after taking into account the real structure ofnonics, y, is the eigenfunction of the, operator corre-
MLS, namely, the mixture of mono- and double-layer struc-sponding to spin projectios, andtim denote the site, the
tures. It was verified that limited substitutional disorder atangular momentum, and the magnetic quantum number, re-
the interfaces leads to the decreasing of the MO anisotropypectively. Then, the part of the Bloch wave function formed
The orientation anisotropy of the orbital moment was by the states with the angular momentur inside the

calculated from th_e first prmqples. As NJstates are almost atomic sphere centered at the stite\lf{‘,kl, is given by (A1)

completely occupied, the spin and orbital moments at the Au . o ., . !
) o with only the terms witt=t" andl=1" left in the sum. This

site are small and depend weakly on the magnetization d'feads to the following expression fam, (E):
rection in the Fe/Au;. At the same time the anisotropy of =/

Fe orbital moment, which is determined mainly by He .

states, is quite large. It was shown that two strong maxima in dmy(E)= >, > m(|AJ J2+[BJK J%(¢2) S(E—Epy),
Fed partial density of states in vicinity of the Fermi level of nk ms (A2)

the Fg/Au; MLS, which are predominantly al,2_,2 char-
acter below the Fermi level, and df;,2_,2 character just where we have taken into account tha¥,,(r)=mY;u(r)
above the Fermi level arise. Such an orbital character ognd<¢§> is

partial density of states leads to the strong anisotropy af Fe

orbital moment in the RgAu; MLS. In the case of the N BTN

Fe,/Au, MLS there are two strong maxima in Eepartial <¢u>—f ¢y(r)redr.
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