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We report on the electronic structure and magnetic properties of hybrid heterostructures combined the ferro-
magnetic double perovskite Sr,CrOsOg (SCOsO) and ferroelectric BaTiO; (BTO) calculated in the GGA ap-
proach using the fully relativistic spin-polarized Dirac LMTO method. The electronic band structure is studied in
the BTO and SCOsO oxides as well as in SCOsO/BTO heterostructures with different supercells: (1x1x1)
monolayered, (2x2x1), and (1x1x2) SCOsO/BTO heterostructures. The optical and magneto-optical spectra of
pure BTO and SCOsO oxides as well as of the SCOsO/BTO heterostructures are investigated theoretically and
compared with avaliable experimental data. The element-specific x-ray absorption spectra as well as the x-ray
magnetic circular dichroism at the Ti, Ba, and Os L, 3 edges in SCOsO/BTO heterostructures are investigated
theoretically. Good agreement with experimental spectra has been found.
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1. Introduction

Materials with multiple simultaneous electric and mag-
netic ordering attract much attention in recent years. The
phenomena of ferroelectricity and ferromagnetism derive
from the fact that the electrons possess charge and spin,
hence, a material may have an electric or magnetic polariza-
tion. A few materials possess both ferroelectric and magnetic
polarizations in the same phase with a coupling between
them. These materials are called multiferroics and possess
the so called magneto-electric (ME) effect [1, 2]. Multi-
ferroics provide novel device concepts, which have recently
become of great interest to researchers from the application
point of view [3-6]. Besides, the fundamental physics of
multiferroic materials is very fascinating.

Unfortunately, the number of multiferroics offering a
perspective for applications is quite rare. A key reason for
this limited set is the fact that the two order parameters
have exactly the opposite requirements in terms of the
electronic structure. Typically, ferromagnetism (especially
in metallic systems) is related to the ordering of spins of
electrons in incomplete ionic shells, that is, it results from
partially filled d orbitals and requires the kinetic energy of
the electron to be dominant; on the other hand, ferroelectri-
city results from relative shifts of negative and positive ions
that induce surface charges, usually it requires formally
empty d orbitals and a perfectly insulating state. For this
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reason, in a single-phase multiferroics, the effect is often
very weak, and multiple ordering occurs only at low tem-
peratures for most materials. As a result, potential applica-
tions have not been realized yet. In fact, BiFeOs; is the only
room temperature multiferroic (antiferromagnetic and ferro-
electric) so far, which has attracted great interest and ex-
tensive studies in the past decade [7].

Besides the search and synthesis of single-phase multi-
ferroics, much effort in past decade has been made to syn-
thesis heterostructures composed of materials that have
large ferromagnetic (FM) and ferroelectric (FE) ordering,
with the possibility of ME coupling. Several configurations
have been employed to fabricate ME composite thin films:
composites with FE or FM terminal layers, multilayer nano-
structures, superlattice structures with alternate FM and FE
layers and epitaxial ferroelectromagnetic nanocomposites
fabricated by self-assembly technique. These nanostructured
thin films have been found to exhibit a larger ME effect
than that of the single-phase materials by more than one
order of magnitude [8]. A new level in design and develop-
ment in multiferroic thin films has been achieved due to
improved first-principles computational techniques. The
advancement of both experimental fabrication processes
and theoretical modeling codes and parallel processing
among theoretical and experimental scientists has aided in
the design of new magnetoelectrics with larger coupling
parameters [9, 10].
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Most technologically important ferroelectrics such as
BaTiO; (BTO) and (Pb, Zr)TiO; are transition metal ox-
ides with the perovskite (ABOj) structure. They have a
cubic structure at high temperature with a small B-site cati-
on at the center of an octahedral cage of oxygen ions and a
large A-site cation at the unit cell corners. In parallel, there
is a large number of ferrites with the spinel structure
(AB,0,) [11]. Recently, there have been reports on
COFeZO4/BaTi03, SrRUO3/BaTi03, Lao_67sr0.33MnO3/BaTi03,
and Fe;0,/BaTiO; hybrids [12-17]. They show a magneto-
electric coupling effect, manifesting itself as a change in
the magnetization and resistance of the ferromagnetic thin
film at the structural phase transition temperatures of
BaTiOs. Another promising materials are the ferromagnetic
double perovskites (DP) A,BB’'Os (A = alkaline earth or
rare earth and BB’ are heterovalent transition metals such
as B = Fe, Cr, Mn, Co, Ni; B'= Mo, Re, W, Os) [18, 19].
They often demonstrate intrinsically complex magnetic struc-
tures and a wide variety of physical properties as a conse-
quence of the strong interplay between structure, charge and
spin ordering [20] (see Ref. 21 for a review article on these
materials). In particular, the series Sr,CrB'Og with B’ being
W, Re, and Os ions is very promising due to their record
high values of T, (T, =500 K and 635 K for B’ = W and Re,
respectively) [22, 23]. Sr,CrOsOg has an even higher order-
ing temperature T, = 725 K, the highest known in this class,
and was reported to be an insulator [24].

Artificial oxide heterostructures are particularly promising
for the realization of materials with improved and new func-
tionalities and novel device concepts. Nano-structuring is a
promising approach that has opened the door to the design
of practical devices based on the ME coupling. Thin film
multiferroics are beginning to reveal a range of fascinating
phenomena as well as to stimulate the exploration of new
device heterostructures, which have potential applications
in microdevices and integrated units such as microsensors,
microelectromechanical systems devices and high density
information storage. Hereby, interface and surface effects
play a crucial role. Due to the complexity of the involved
oxide materials, the rich variety of physics resulting from
band bending effects, magnetic exchange, or elastic coupling
at interfaces in heterostructures is far from being under-
stood and needs further detailed studies. Moreover, inter-
mixing of the different atomic species deposited in multi-
layer structures plays an important role and might influ-
ence or even dominate the overall physical properties.
Therefore, a careful investigation of the electronic structure
of artificial material systems is highly necessary.

The aim of this work is the detailed theoretical investi-
gations of the electronic structure, the optical and magneto-
optical (MO) properties as well as x-ray magnetic circular
dichroism (XMCD) in SCOsO/BTO heterostructures. The
energy band structure of these heterostructures is calculated
within the ab initio approach using the fully relativistic spin-
polarized Dirac linear-muffin-tin-orbital (LMTO) method.

The paper is organized as follows. The computational
details are presented in Sec. 2. Section 3 presents the elect-
ronic structure of BTO, SCOsO and the SCOsO/BTO
heterostructures. Section 4 is devoted to the theoretical
calculations of the optical and MO properties, x-ray absorp-
tion spectra (XAS) and XMCD. Theoretical results are
compared to the experimental measurements. Finally, the
results are summarized in Sec. 5.

2. Computational details

2.1. Magneto-optical effects

MO effects refer to various changes in the polarization
state of light upon interaction with materials possessing a
net magnetic moment, including rotation of the plane of
linearly polarized light (Faraday, Kerr rotation), and the
complementary differential absorption of left and right
circularly polarized light (circular dichroism). In the near
visible spectral range these effects result from excitation of
electrons in the conduction band. Near x-ray absorption
edges, or resonances, magneto-optical effects can be en-
hanced by transitions from well-defined atomic core levels
to transition symmetry selected valence states.

For a crystal of cubic symmetry, where the magnetization
M is parallel to the z-axis, the dielectric tensor is com-
posed of the diagonal ¢,, and &,, and the off-diagonal ¢,
components in the form

Exx  Exy 0
€= gy &y 0| (1)
0 0 ¢,

A complete description of the MO effects is given by the
four nonzero elements of the dielectric tensor or, equiva-
lently, by the complex refractive index n(w)

n(w) = ye(w) =1-5(w) +iB(w) O]

for several normal modes corresponding to the propagation
of pure polarization states along specific directions in the
sample, which can be obtained by solving Maxwell’s equa-
tions [25]. Two of these modes are for circular components
of opposite (+) helicity with the wave vector h||M and

have indices
N, =1-0, +iP, = Je,u tigy . (3)

The other two modes are for linear polarizations with
h L M [26]. One has the electric vector E || M and index
n =1-8+ip =4/e,,. The other has ELM and
n, :1_6L +iBL = \}(Six +8§y)/8xx :

The x-ray magnetic circular dichroism is given by
B, —B_ and is first order in M . Magnetic linear dichroism
n, —n; (also known as the Voigt effect) is quadratic in M.
The Voigt effect is present in both ferromagnets and
antiferromagnets, while the first order MO effects in the
forward scattering beam are absent with the net magnetiza-
tion in antiferromagnets.
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Within the one-particle approximation, the absorption
coefficient p}(m) for incident x-ray of polarization A and
photon energy 7 can be determined as the probability of
electronic transitions from initial core states with the total
angular momentum j to final unoccupied Bloch states

u (@) =

2

nk

(4)

where \{'jmj and E;, are the wave function and the ener-
gy of a core state with the projection of the total angular
momentum m;; ¥ and Eg are the wave function and
the energy of a valence state in the nth band with the wave
vector K; Eg is the Fermi energy.

IT, is the electron-photon interaction operator in the di-
pole approximation

I, =—¢ea a,, (®)

where a are the Dirac matrices, a, is the A polarization
unit vector of the photon vector potential, with
a, =1/~/2(1, £i,0), a; =(0,0,1). Here, + and — denotes,
respectively, left and right circular photon polarizations
with respect to the magnetization direction in the solid.
Then, x-ray magnetic circular and linear dichroisms are
given by p, —p_and p —(u, +p_)/2, respectively. More
detailed expressions of the matrix elements for the spin-
polarized fully relativistic LMTO method may be found in
Refs. 27, 28.

2.2. Structural models

Barium titanate is the prototype ferroelectric. Its crys-
tallographic structure shows a variety of phase transitions,
dependent on the temperature [29, 30]. Above 393 K, bulk
BTO is cubic [Pm3m; group number 221, see Fig. 1(b)]
and paraelectric. Below 393 K, it becomes ferroelectric
and its lattice structure changes to tetragonal (P4/mmm).
Within the ferroelectric state, the lattice symmetry is fur-
ther reduced to orthorhombic (below 278 K), and finally to
rhombohedral (below 183 K). The dielectric constant, the
spontaneous polarization, as well as the lattice constants
change abruptly at these phase transition temperatures, ac-
companied by a thermal hysteresis [31].

The low temperature (2 K) phase of SCOsO is a rhombo-
hedral double perovskite structure with the space group R3,
and returns to the cubic double perovskite structure (Fm3m)
at higher temperatures (500 K) [24].

Figure 1 shows three types of heterostructures used in
our calculations: a monolayered (1x1x1) heterostructure, a
(2x2x1) supercell heterostructure, and a (1x1x2) super-
cell heterostructure together with SCOsO and BTO crystal
structures.

(9.
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Fig. 1. (Color online) Schematic representations of the (a) 14/ m
SCOsO structure; (b) Pm3m BTO structure; (c) P4mm
SCOsO/BTO monolayered (1x1x1) heterostructure; (d) P4mm
SCOsO/BTO (2x2x1) heterostructure; () P4mm SCOsO/BTO
(1x1x2) heterostructure.

2.3. Calculation details

The details of the computational method are described
in our previous papers [32-38], and here we only mention
some aspects specific to the present calculations. The calcu-
lations were performed using the spin-polarized fully relativ-
istic LMTO method [39, 40] for the experimentally meas-
ured lattice parameters [30]. Our implementation of the
LMTO method uses four-component basis functions con-
structed by solving the Dirac equation inside an atomic
sphere [41]. The local spin-density approximation (LSDA)
part of the calculations was based on the spin-density
functional with the Perdew—Wang exchange-correlation
potential [42]. The exchange-correlation functional of a
GGA-type was also used in the version of Perdew, Burke,
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and Ernzerhof [43]. The basis consisted of the s, p, and d
LMTQO’s for O sites and empty spheres, the s, p, d, and f
LMTOQO?’s for Ti, Cr, Sr, and Os sites, and the s, p, d, f, and g
LMTQO’s for Ba sites. The k-space integrations were per-
formed with the improved tetrahedron method [44]. We
used 16x16x16 division of the Brillouin zone (BZ). This
corresponds to 4096 k-points in the irreducible part of BZ
in SCOsO on BTO. The finite lifetime of a core hole was
accounted for by folding the XAS and XMCD spectra with
a Lorentzian. The widths of core levels were taken from
Ref. 45. The finite experimental resolution of the spectrom-
eter was accounted for by a Gaussian of 0.6 eV width.

In the x-ray absorption process an electron is promoted
from a core level to an unoccupied state, leaving a core
hole. As a result, the electronic structure at this state differs
from that of the ground state. In order to reproduce the
experimental spectrum the self-consistent calculations should
be carried out including the core hole. In this study the
core-hole effect was fully taken into account in the self-
consistent iterations by removing an electron at the core
orbital using the supercell approximation. The core state of
the target atom in the ground state provides the initial state ||>
for the spectral calculation. The final states |f> are the
conduction band states obtained separately by the calcula-
tions in which one of the core electrons of the target atom
is placed at the lowest conduction band. The interaction
and the screening of the electron-hole pair are fully ac-
counted for by the self-consistent iterations of the final
state Kohn—Sham equations. This procedure simulates the
experimental situation, in which the sample can easily supply
an electron to screen a localized charge produced by the core
hole. Such an approach considers the symmetry breaking of
the system in a natural way, and self-consistently describes
the charge redistribution induced by the core hole. A similar
approximation has been used by several authors [46-52]
for the interpretation of the x-ray absorption. However, the
effect of the electron-hole interaction in the final state on
the XMCD spectra has been investgated to a much lesser
extent in the literature. One should mention that the effect
of the electron-hole interaction in the final state is different
for different edges and systems with different localization of
the electronic states. For example, Ikeno and Mizoguchi [52]
show that the proper introduction of the core-hole effect
improves the agreement between the calculated and experi-
mentally measured XAS at the oxygen K edge in MgO.
Mo and Ching [48] obtained excellent agreement with
experimental XAS for Si K, Si L,3, and O K edges in
o-Si02. The usual interpretation using the orbital-resolved
local density of states in the conduction band was unsatis-
factory. The final-state interaction improves the agree-
ment between theory and experiment for the XMCD
spectra at the Gd M, and N K edges in GdN, however,
it has a minor influence on the shape of the Gd L,,
XMCD spectra [34]. We should mention also that the size

of the supercell is important, and it should be large enough
to inhibit the interaction between excited atoms in neigh-
boring supercells. In our calculations we used a 2x2x2
supercell. At one of the Ti (or Os and Ba) atoms we created
a hole at the 2p,;, or 2pg, levels separately for the self-
consistent calculations of the L, and L5 spectra, respectively.

It is well-known that the Kohn-Sham equation of DFT
is described by a local potential which depends only on the
electron spin density. The orbital current, which is respon-
sible for the orbital magnetic moment M, is, however, not
included into the equations. This means, that although the
spin magnetic moment M is self-consistently determined
in LSDA (GGA), there is no framework to determine simul-
taneously M, self-consistently. Therefore, the LSDA (GGA)
calculations fail to produce the correct value of the orbital
moment of the elements with strong SO interaction, such
as uranium compounds [53-58]. Numerous attempts have
been made to solve that problem. They can be roughly
classified into two categories. One is based on the so-called
current density functional theory [59-61] which is intended
to extend the density functional theory to include the orbital
current as an extra degree of freedom, which describes M.
Unfortunately an explicit form of the current density func-
tional is at present unknown. The other category includes
orbital polarization (OP) [54-57] and self-interaction cor-
rections (SIC) [62], and LSDA+U [63, 64] approaches,
which provide a means to calculate M, beyond the LSDA
(GGA) scheme. In our previous publication we show that
to obtain an insulating ground state in SCOsO, one has to
take into account the OP correction [65].

Solovyev et al. [63] argued that the key parameter re-
sponsible for the exchange-correlation enhancement of the
orbital magnetic moments in solids is the “Hubbard U~
rather than the intra-atomic Hund’s second rule coupling,
being consistent with a more general concept of the orbital
polarization. This leads to a unified rotationally invariant
LSDA+U prescription for the orbital magnetism [64]. This
generalization of the LSDA+U method takes into account
that in the presence of SO coupling the occupation matrix of
localized electrons becomes nondiagonal in spin indexes [64].
The matrix elements of this method contain both F® =U,
which provides the splitting of the localized states into
“lower and upper Hubbard subbands”, and the terms pro-
portional to the Slater integrals F?, F*, and F°, which are re-
sponsible for angular correlations within the localized shell.
In the case when U is effectively screened and U 4 =U —J
becomes small, the latter terms give the dominant contribu-
tion to the corresponding matrix elements. In our GGA+U
calculations we used U = J = 0.8 eV. In this case U =0
and the effect of the GGA+U comes from nonspherical
terms which are determined by F?, F*, and F® Slater inte-
grals. In the following we will refer to calculations per-
formed using the GGA+U method with Uy =0 as
GGA+OP calculations.
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3. Electronic structure

Generally in 3d transition metal oxides (TMQOSs), the
SO coupling is typically less than 0.05 eV. This is much
smaller than other important energies in 3d TMOs, such as
the on-site Coulomb interaction energy, U (3-5eV), and
the crystal-field splitting energy, A (2-3 eV). Therefore,
the SO coupling is not dominant in determining the physical
properties of 3d TMOs. On the other hand, in 5d TMOs
the SO coupling is approximately 0.3-0.5eV [66], and
therefore should be taken into account [67].

Figure 2 presents the energy band structures of BTO,
the SCOsO double perovskite, SCOsO/BTO, and
[SCOsO/BTO],,4, heterostructures calculated in the fully
relativistic Dirac approach. The energy band structure of
SCOs0 in spin polarized calculations without SO coupling
possesses identical widths of occupied Os spin-down states
and Cr spin-up t,, manifolds of 1.8 eV [65]. The Cr spin
moment is completely compensated by the Os, six O and
two Sr spin moments. Therefore, first principles calculations
predict that SCOsO is (without considering the SO coupling)
actually a ferrimagnetic semimetal with precisely compen-
sating spin moments, or a spin-asymmetric compensated
semimetallic ferrimagnet in which the electrons and holes
are each fully polarized and have opposite spin directions,
in spite of a zero net moment and hence no macroscopic
magnetic field. This is a peculiar state indeed. The SO
coupling degrades this state by giving a nonzero total mo-
ment, but the band structure is little changed. Upon includ-
ing the SO coupling, the Cr moment is almost unchanged,
the Os spin moment is slightly reduced and an orbital mo-
ment is induced [65]. The total net moment of 0.545 pg
reflecting both spin and orbital compensations is reasonably
close to the measured saturation moment of 0.75 pg [24].
We can conclude that the observed saturation moment of
ferrimagnetic SCOsO is entirely due to the spin-orbit cou-
pling, and without this coupling SCOsO would be spin
compensated (zero net moment). A similar picture is valid
also for the SCOsO/BTO, [SCOsO/BTO]y,,, and
[SCOsO/BTO],,,,, heterostructures. The spin polarized
calculations produce a spin-asymmetric compensated
ferrimagnet with no macroscopic magnetic field in which
two Cr spin moments of 4.711 pg is completely compen-
sated with two Os spin moments of —3.445 pg, nine oxy-
gen spin moments of —1.182 pg, four Sr spin moments of
—0.063 pg, two Ba spin moments of —0.013 pg, and two
Ti spin magnetic moments of -0.008 pg (for the
[SCOsO/BTO],,4, heterostructure). The total net moment
is equal to 1.803 pg and 1.545 pg for the SCOsO/BTO
and [SCOsO/BTO],,,, heterostructures, respectively.

The ground state band structure of SCOsO with the SO
coupling has a semimetal character. To obtain the insu-
lating ground state observed experimentally [24] one has to
take into account the OP correction. We applied intra-
atomic Coulomb repulsion U on the Os ion using the
LSDA+SO+0OP method (with U =U-J=0¢eV) to

WIN/ | WV
NERTY

' XM TI' RMX RO 5 10 15
Sr,CrOsOq
N\
\
% X//\ L
23 I e e el i
5 > ?
= - B
84 __\j}
L1 | |
' Z UWK T k I 0 5 1015 20
BaTiO,/Sr,CrOsOg

4

3
> 2
R
5 o L —
()
= —1
e ] =

-3

r x MA zT 10 20 30

Energy, eV

20 40 60

Fig. 2. (Color online) The energy band structure of BTO, the
SCOsO double perovskite, SCOsO/BTO and SCOsO/BTO
(Ix1x2) heterostructures calculated in the GGA+SO+OP
approximation.

obtain the insulating solution (see the middle panel in
Fig. 2). Therefore, the opening of the gap in SCOsO is not
such as in a Mott insulator (it is a band insulator), but rather
as an “energy gap correction” to GGA. The GGA+SO+OP
approach produces the insulating solution for SCOsO, and
the SCOsO/BTO, [SCOsO/BTOly,, heterostructures,
however, the [SCOsO/BTO],,.,q heterostructure is a sem-
imetal with very small DOS at the Fermi level.

The partial DOSs for the SCOsO/BTO heterostructure
with the spin-orbit coupling and OP taking into account are
presented in Fig. 3. The electronic energy bands between
-19.5eV and -16.5 eV are dominated by the O 2s states.
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Fig. 3. (Color online) The partial DOSs [in states/(atom-eV)] of
SCOsO/BTO calculated in the GGA+SO+OP spin-polarized ap-
proximation. The p partial DOSs of Cr, Ti, and, Os are multi-
plied by the factor of 10.

The O 2p states occupy mostly the =7.5eV to -1.8eV
energy interval. Thre is a small amount of Ba 5d hybrid-
ized valence states from -2 eV to -6.5eV. The Ba 4f
empty states are situated from 3.5 eV to 9.5 eV above the
Fermi level. The Sr 4d and 5p empty states above the
Fermi level are situated from 3 eV to 7.5eV and above

10 eV, respectively. The occupied Cr 3d spin-up states are
at -1.4 eV to 0 eV, narrow spin-down Cr empty states are
at 1.9eV to 2.3eV above the Fermi level. The energy
states in the close vicinity of the Fermi level at the Os site are
derived purely from the x? —y? and yz orbitals. Because of
a smaller exchange splitting and the opposite spin magnetic
moment direction (see Table 1) the Os 5d empty spin-up
states are situated closer to the Fermi level than the corre-
sponding Cr 3d states. The Os 65 states occupy two energy
intervals from -17.2 eV to -19.7 eV and from -1.9 eV
to —6 eV. Most of the Ti 3d states are empty. They are
subdivided into two groups. The states occupying the 1 eV
to 3.2 eV energy interval have x> —y? and yz characters.
The high energy states from 3.4eV to 7 eV consist of
3z%2 —1and xy orbitals. The occupied Ti 3d states are situat-
ed from -2 eV to -5 eV below the Fermi level. The occupied
Ti4p states occupy two energy intervals from -16.6 eV
to -18.7 eV and from -1.5 eV to -5 eV.

Table 1. The theoretically calculated and experimentally
measured spin M, and orbital M, magnetic moments (in pg) at
the Cr, Os, Ti, Sr, Ba, and O sites of the SCOsO double
perovskite and SCOsO/BTO ,,4,, heterostructure

Atom | Method SCOsO SCOsO/BTO

Mg M, M, M,

Cr GGA+SO | 2.289 -0.031 2.420 -0.047
Sumrules | 1.939 -0.024
Theory [24] 2.216 -0.024
Theory [68] 2.194 0.142
Theory [69] 2.21 -0.02

Os GGA+SO | -1.434 0.104 -1.548 0.105

Sumrules | -1.236 0.103 -1.436 0.007
Theory [24] -1.214 0.122
Theory [68]| -1.312 0.173
Theory [69] -1.32 0.11

Ti GGA+SO -0.001 | -0.002

Sr GGA+SO | -0.031 | -0.003 | -0.013 | -0.002

Ba | GGA+SO -0.006 | -0.001

(0] GGA+SO | -0.085 | -0.006 | -0.048 0.005

In magnets, the spin M, and orbital M; magnetic mo-
ments are basic quantities and their separate determination
is therefore important. The methods of their experimental
determination include traditional gyromagnetic ratio meas-
urements [70], magnetic form factor measurements using
neutron scattering [71], and magnetic x-ray scattering [72].
In addition to these, the x-ray magnetic circular dichroism
combined with several sum rules [73, 74] has attracted much
attention as a method of site- and symmetry-selective deter-
mination of Mg and M,. Table 1 presents the comparison
between calculated and experimental magnetic moments at
the Cr, Os, Ti, Ba, Sr, and O sites of the SCOsO double
perovskite and SCOsO/BTO,,,,, heterostructure.
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The Cr and Os spin and orbital moments are antiparallel
in the SCOsO double perovskite and SCOsSO/BTO;, 4,4
heterostructure, in accordance with Hund’s third rule. In
SCOsO the Cr spin moment of 2.289 pug as well as the
orbital moment of —0.031 pg are in good agreement with
previous calculations [24, 69]. Our Os spin magnetic mo-
ment in SCOsO is slightly larger and orbital moment is
smaller than the results of Refs. 24, 68. The results from
different calculations may vary somewhat since the calcu-
lated moments depend on the details of calculations and
especially on the sizes of muffin-tin spheres, which usually
differ from each other for different calculations.

Table 1 also presents the Cr and Os magnetic moments
obtained from the sum rules applied to the theoretically
calculated XAS and XMCD spectra. The XMCD sum rules
are derived within an ionic model using a number of ap-
proximations [75]. It is well known than the application of
the sum rules sometimes results in an error up to 50% [76].
However, we found relatively good agreement between the
theoretically calculated magnetic moments in the frame of
band theory and derived from the theoretical XAS and
XMCD spectra using the sum rules.

Finally, our calculations produce induced spin and or-
bital magnetic moments at the oxygen site in SCOsO of
about —0.085 pg and -0.006 pg, respectively. Going from
SCOsO to the SCOsO/BTO heterostructure the spin and
orbital magnetic moments increase in absolute value both at
the Cr and Os sites (Table 1), and decrease in absolute value
at the oxygen site. The spin magnetic moments change to
2.539 ug and 2.472 pg at the Cr site and to —1.662 g and
-1.558 pg at the Os site in the [SCOsO/BTO];,,, and
[SCOsO/BTO],,,,q heterostructures, respectively. We can
conclude that both the spin and orbital magnetic moments
are changed only slightly in different heterostructures. The
hybridization between Ti and other transition metals d states
plays an important role in the formation of the band struc-
ture of SCOsO/BTO heterostructures. It leads to induced
spin and orbital magnetic moments at the Ti sites. The Sr
and Ba sites also possess small induced spin and orbital
magnetic moments (see Table 1).

4. Physical properties

4.1. Optical and MO properties

Among various properties of crystalline solids, the opti-
cal response to incident light is one of the standard phe-
nomena used to characterize materials. Figure 4 shows the
experimentally measured [77] diagonal optical reflectivity
spectra (the upper panel) and dielectric functions &,,, (the
middle panel) and €,,, (the lower panel) of BTO and
the spectra calculated by the spin-polarized fully relativistic
LMTO method in the GGA+SO+OP approximation for
BTO, the SCOsO double perovskite, the SCOsO/BTO
monolayered (1x1x1) and (1x1x2) supercell heterostruc-
tures. In the following, &,,, and &,,, denote the dispersive
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Fig. 4. (Color online) The experimentally measured [77] diagonal
optical reflectivity spectra (upper panel) and dielectric functions
€, (middle panel), and ¢,,, (lower panel) of BTO (open magen-
ta circles) and the spectra calculated in the GGA+SO+QOP approx-
imation for BTO (blue curves), the SCOsO double perovskite
(green curves), SCOsO/BTO monolayered (1x1x1) heterostructure
(red curves) and (1x1x 2) supercell heterostructure (black curves).

and absorptive parts, respectively, of the complex diagonal
dielectric function e,, = &y +1€9y.

Optical interband transitions in BTO take place from nine
valence bands derived from O 2p orbitals separated by a
direct gap of 2.35eV at the I' point to the Ti 3d-derived
conduction bands (the upper panel of Fig. 2). The energy
gap is somewhat lower than the experimental band gap of
3.2 eV for BTO [78]. The origin of this discrepancy may
be the GGA approximation which underestimates the band
gaps even for insulators. Our theoretical calculations are in
good agreement with previous calculations [77, 79, 80] and
describe well the shape and energy positions of the major
peaks in the optical reflectivity spectrum as well as in the
dielectrical functions g(w). However, due to underestima-
tion of the energy gap, the optical absorption starts at
smaller energies in our calculations in comparison with the
experimental data (see the lower panel of Fig. 4). It also
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affects the low energy part of the ¢,,, () function from 3
to 4 eV (the middle panel of Fig. 4).

The optical reflectivity spectrum of the SCOsO double
perovskite has several local minima at 1.8 eV, 2.8 eV, and
4V and a strong reflective peak at 0.9 eV, which is absent
in the optical reflectivity spectrum of BTO. The absorptive
part of the dielectric function, e,,,(®), shows a strong
peak at around 1eV and a smaller peak at 2.2 eV. Both
peaks are absent in the absorptive part of the dielectric
function of BTO and originate from the interband transi-
tions between the energy bands in the close vicinity of the
Fermi level (see Fig. 2). Figure 4 also presents the optical
spectra for the SCOsO/BTO monolayered (1x1x1) and
(1x1x2) supercell heterostructures. We found that the en-
ergy position of the major fine structures in the optical
spectra for SCOsO and the heterostructures are pretty the
same. However, the intensity of the major low energy peak
at around 1 eV is significantly reduced going from SCOsO
to the (1x1x1) and (1x1x2) heterostructures.

It is interesting to note that the major peak in the ab-
sorptive part of the dielectric function, ¢,,, (®), at around
5 eV observed experimentally in BTO (the lower panel of
Fig. 4) is well described by the theoretically calculated BTO
spectrum as well as the spectrum for the SCOsO/BTO
monolayered (1x1x1) heterostructure. The other two spectra,
for pure SCOsO and the (1x1x 2) supercell heterostructure,
have lower intensity.

Figure 5 shows the theoretical Kerr rotation spectra (a)
and Kerr ellipticity (b) of the SCOsO double perovskite,
the SCOsO/BTO monolayered (1x1x1) and (1x1x2)
supercell heterostructures calculated in the GGA+SO+OP
approximation. Kerr rotation is quite large in SCOsO and
the heterastructures. The characteristic features of the Kerr
rotation spectrum in SCOsO are a sharp positive peak in
the IR spectral range at ~ 0.15 eV, a negative minimum of
around 0.5° at 1.2 eV, two strong prominent positive peaks
with more than 1° amplitude situated between 1.6 and
2.5 eV with a local minimum in-between at 2.05 eV, and
another strong positive peak of 1.2° at 3.1 eV followed by
smaller negative and positive peaks at 3.75 eV and 4.2 eV,
respectively. The Kerr spectra in the (1x1x1) and (1x1x2)
heterostructures differ from the SCOsO Kerr spectrum in
small details. In the IR spectral range below 1 eV the Kerr
spectrum for the (1x1x1) heterostructure has much smaller
and broader fine structures. The (1x1x2) heterostructure
has an additional negative peak at 0.1 eV and two negative
peaks at 1.05 eV and 1.3 eV. The peaks above 2.5 eV have
a UV shift in both heterastructures in comparison with the
Kerr spectrum in the SCOsO perovskite.

Essential points of the experimental Kerr ellipticity
spectrum in SCOsO are zero-crossings at 0.15eV and
around 1.2 eV (that correspond to the 0.15eV and 1.2 eV
peaks in the Kerr rotation) with a broad positive structures
between them, a prominent negative minimum at ~ 1.4 eV
and several positive peaks above 1.8 eV. As in the Kerr
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(en) [a—
>§

|
—_
T

: m ﬁ\
8
JN/<e VAN
Té . SCOsO
;2 N — SCOsO/BTO
— [SCOsO/BTO],.,,.
_2_ (b) Il Il [ Il Il ]1 "
0 1 2 3 4 5
Energy, eV

Fig. 5. (Color online) The theoretical Kerr rotation spectra (a) and
Kerr ellipticity (b) of the SCOsO double perovskite (green
curves), SCOsO/BTO monolayered (1x1x1) heterostructure (red
curves) and (1x1x2) supercell heterostructure (black curves)
calculated in the GGA+SO+OP approximation.

rotation, the ellipticity peaks above 2.5 eV have an UV shift
in both heterastructures in comparison with the ellipticity
spectrum in SCOsO. The (1x1x2) heterostructure has an
additional negative peak at 0.1 eV. The intensity of the
prominent peak at 1.4 eV is significantly increased in the
ellipticity spectra for both heterostructures in comparison
with the SCOsO ellipticity spectrum.

4.2. XMCD spectra

The XMCD is a powerful tool to study the element-
specific local magnetic interactions and also it reflects the
spin and orbital polarizations of the local electronic states.
The XMCD experiments measure the difference of the x-rays
absorption with opposite (left and right) directions of circu-
lar polarization. At first we consider the XAS and XMCD
properties of the ions which become magnetic in the
SCOsO/BTO heterostructure, namely, Ti and Ba.

The XAS of the ferroelectric barium titanate BTO at the
Ti L,; edges have been investigated experimentally, as
well as theoretically by several authors [81-83]. Figure 6
(the upper panel) presents the experimental x-ray absorp-
tion spectrum [81] at the Ti L, ; edges in BTO compared
with the theoretically calculated ones for BTO and the
SCOsO/BTO heterostructure. The lower panel of Fig. 5
shows the theoretically calculated XMCD spectrum at the
Ti L, ; edges in the SCOsO/BTO heterostructure. The ex-
perimentally measured Ti L, 3 XAS consist of four major
peaks in the range of 455-466 eV. The two peaks with
lower energy are Ti L; edge peaks while the two peaks
with higher energy are Ti L, edge peaks. It is well known
that when a Ti ion is octahedrally coordinated, its two L,
and L, peaks split into two separate e, and t,, peaks [84].
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Fig. 6. (Color online) Upper panel: the experimental x-ray ab-
sorption spectrum [81] (open circles) at the Ti L, ; edges in BTO
compared with the theoretically calculated ones for BTO with
(dashed red curve) and without (dotted black curve) taking into
account the core-hole effect, as well as for the SCOsO/BTO
heterostructure (full blue curve). Lower panel: the theoretically
calculated XMCD spectrum at the Ti L,, edges in the
SCOsO/BTO heterostructure.

The separation between these e, and t,, peaks is associat-
ed with the crystal-field splitting modified by the exchange
interaction. Because the SO splitting of the core Ti 2p level
(AEgo =5.74eV) and the Ti 3d crystal-field splitting
modified by the exchange interaction (AEqx = 3.3 eV) are
of the same order of magnitude the L; and L, x-ray ab-
sorption spectra are strongly overlapped. The four experi-
mentally observed intense peaks from 455 to 466 eV can
be, to a first approximation, assigned to 2p;, — €y,
2D3; > tyg, 2Py, —> €4, and 2py, — t,4 transitions, respec-
tively. However, the 2p,;, — €y and 2py;, — t, transitions
(L, spectrum) contribute also to the two low energy peaks.
As expected from Ti** ions and their octahedral coordi-
nation, BTO and the SCOsO/BTO heterostructure have
similar spectra, as shown in Fig. 5. This demonstrates that
there is no difference in the chemical environment of Ti ions.
For the whole multilayered films, the Ti** ions are in octa-
hedral coordination with oxygen, with all octahedra sharing
corners. The theory reproduces the energy position of all
fine structures quite well, however, it does not reproduce
the experimentally observed L; /L, x-ray absorption ratio.
It is well known that the L, and L; absorption channels in
early 3d transition metals with nearly empty d bands
are strongly coupled through the photoelectron-core-hole
Coulomb and exchange interactions [85-88]. This leads to

the L; /L, branching ratio close to 1:1, far from the statis-
tical ratio 2:1, which is obtained in the single-particle theory
unless the SO interaction in the final 3d band is consid-
ered. From our band structure calculations we obtained the
L, / L, branching ratio equal to 1.65, which is far from the
experimentally observed. This problem can be accounted
for through many-electron calculations and we address it
for future investigations.

We investigated the core-hole effect in the final state
using the supercell approximation where the excited atom
is formally treated as an impurity. We found that the core-
hole interaction strongly influences Ti empty 3d states:
they become much more narrow and shift downward by
~2.4¢eV (see Fig. 7). The core-hole interaction signifi-
cantly improves the agreement between theoretically cal-
culated and experimentally measured Ti L, 3 XAS in BTO
(the upper panel in Fig. 6). The theory reproduces well the
widths of all four major peaks in the x-ray absorption. Af-
ter taking into account the core-hole effect we obtained the
L, /L, branching ratio equal to 1.2, which is in much bet-
ter agreement with the experiment.

Pure BTO possesses no dichroism because all the ions
in BTO are nonmagnetic. However, due to the hybridiza-
tion between Ti d states and Cr/Os d states in the
SCOsO/BTO heterostructures there are induced spin and
orbital magnetic moments at the Ti sites (see Table 1).
Therefore, one would expect a well pronounced XMCD
signal at the Ti L, ; edges (the lower panel of Fig. 6). The
experimental measurements of the XMCD spectra at Ti
L, 5 edges in SCOsO/BTO are highly desirable.

The XAS of the ferroelectric barium titanate BTO at the
Ba L; edge have been investigated experimentally, as well
as theoretically by several authors [89-94]. Figure 8 shows

————— without hole

—— with hole

Ti 3d partial DOS, states/(atom - eV)

-10f
1 1 1
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Fig. 7. (Color online) The Ti 3d partial density of states [in
states/(atom-eV)] calculated for BTO with (full blue curve) and
without (dashed red curve) taking into account a core-hole at the
Ti 2 py, core level.
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the experimental x-ray absorption spectrum [89] at the
Ba L; edge in BTO compared with the theoretically calcu-
lated ones for BTO and the SCOsO/BTO heterostructure.
The lower panel of Fig. 8 presents the theoretically calcu-
lated XMCD spectrum in the SCOsO/BTO heterostructure
at the Ba L5 edge. On the basis of the dipole selection rule,
the large white line in BTO at around 5249 eV is ascribed
to the resonant excitation from Ba 2p,,, to Ba5s and 5d
unoccupied states. The low- and high-energy regions could
be tentatively attributed to the hybridization of Ba 5d and
O 2p orbitals. The spectrum was calculated with taking
into account a Ba 2p,, core hole and convoluted by a
1 eV Lorentzian contribution accounting for the core-hole
lifetime broadening. We found that the core-hole effect has
a small influence on the shape of the Ba L; x-ray absorp-
tion spectrum. The theoretically calculated spectrum repro-
duces well the overall profile, including the low- and high-
energy regions noted above and the small peaks at the high
energies above the white line. Yoshii et al. [94] show that
Ba L; XAS reveals no apparent change between the room
temperature paraelectric cubic phase and the ferroelectric
tetragonal phase at 150° C. On the basis of the discussion in
Ref. 95, the absence of temperature dependence of the spec-
trum implies the absence of atomic displacements around
Ba®* ions. The Ba L; x-ray absorption spectra also have
almost the same shape in pure BTO and in the SCOsO/BTO
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Fig. 8. (Color online) Upper panel: the experimental x-ray ab-
sorption spectrum [89] (open circles) at the Ba L; edge in BTO
compared with the theoretically calculated ones for BTO (dashed
red curve) and the SCOsO/BTO heterostructure (full blue curve).
Lower panel: the theoretically calculated XMCD spectrum for the
SCOsO/BTO heterostructure at the Ba L, edge.

heterostructure. The high energy shoulders at around
5251.5eV and 5253.5eV are better pronounced in the
heterostructure.

Figure 9 shows the calculated XAS and XMCD spectra
at the Os L, ; edges in the SCOsO double perovskite and
SCOsO/BTO heterostructure together with the experi-
mental spectra for SCOsO [24]. The theoretically calculated
Os L, and L; XAS for these structures have a high resem-
blance to each other. The theory reproduces well the shape
of the Os L, ; x-ray absorption spectra. The XAS at the L,
and L, edges in the SCOsO/BTO heterostructure possess
an additional high energy peak shifted by approximately
15 eV from the major absorption peak.

The lower panels in Fig. 9 present the experimental
XMCD [24] at the Os L, 5 edges in SCOsO compared with
the theoretically calculated ones for SCOsO and the
SCOsO/BTO heterostructure. The Os Ly XMCD spectrum
is positive and has a double peak structure. The dichroism at
the Os L, edge is much stronger and has an opposite sign
in comparison with the Ly XMCD spectrum. The theory
reproduces well the shape of the Os L, ; XMCD spectra in
the SCOsO double perovskite. The theoretically calculated
Os Ly spectrum in the SCOsO/BTO heterostructure has a
more intensive high energy peak in comparison with SCOsO.

The XAS and XMCD spectra at the Cr L, 5 edges are very
similar for the SCOsO double perovskite and SCOsO/BTO
heterostructures (not shown). We can conclude that the
presence of the BTO layer in the SCOsO/BTO hetero-
structures only moderately changes the magnetic structure
of the SCOsO layer.
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Fig. 9. (Color online) Upper panel: the experimental x-ray ab-
sorption spectra [24] (open circles) at the Os L,, edges in
SCOsO compared with the theoretically calculated ones for
SCOsO (full green curves) and the SCOsO/BTO heterostructure
(dashed blue curves). Lower panel: the experimental XMCD
[24] (open circles) at the Os L, ; edges in SCOsO compared with
the theoretically calculated ones for SCOsO (full green curves)
and the SCOsO/BTO heterostructure (dashed blue curves).
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5. Conclusions

The combination of several physical properties such as
superconductivity, ferro- and antiferro-magnetism, ferro-
electricity, or even multiferroicity in artificial heterostruc-
tures paves the way to a rich variety of interesting new
physics and novel concepts in condensed matter physics.
Oxide thin films and their artificial heterostructures are at
the forefront of modern materials science due to an enor-
mous progress in oxide thin film technology. Along with
that they have outstanding physical properties.

In this work we present a systematic study of the elec-
tronic structure and physical properties of the SCOsO/BTO
heterostructures using the fully relativistic spin-polarized
Dirac linear muffin-tin orbital band-structure method in the
GGA approximation. The ground state band structure of
SCOsO with the SO coupling has a semimetal character. To
obtain the insulating ground state observed experimentally
[24] one has to take into account the OP correction. We
applied intra-atomic Coulomb repulsion U on the Os ion
using the LSDA+SO+OP method (with Uz =U —J =0 eV)
to obtain the insulating solution. Therefore, the opening of the
gap in SCOsO is not such as in a Mott insulator (it is a band
insulator), but rather as an “energy gap correction” to GGA.
The GGA+SO+QOP approach produces the insulating solution
for SCOsO and the SCOsO/BTO, [SCOsO/BTO],,,, hetero-
structures, however, the [SCOsO/BTO],,,,, heterostructure
is a semimetal with very small DOS at the Fermi level.

First principles calculations predict that SCOsO as well
as the SCOsO/BTO heterostructures are (without considering
the SO coupling) actually ferrimagnetic with precisely com-
pensating spin moments, or spin-asymmetric compensated
semiconductor ferrimagnets in which the electrons and holes
are each fully polarized and have opposite spin directions,
in spite of a zero net moment and hence no macroscopic
magnetic field. The SO coupling degrades this by giving a
nonzero total moment, but the band structure is little
changed. Therefore, the saturation moments of ferrimagnetic
SCOsO and the SCOsO/BTO heterostructures are entirely
due to the SO coupling.

The element-specific x-ray absorption spectra and x-ray
magnetic circular dichroism at the Ti, Ba, and Os L, 5 edges
in SCOsO and the SCOsO/BTO heterostructures were inves-
tigated theoretically from first principles. The theory de-
scribes rather well the shape and relative intensities of the
x-ray absorption and XMCD spectra in SCOsO and BTO.
The final-state interaction improves the agreement between
the theory and the experiment at the Ti L, ; edges, however,
it has a minor influence on the shape of the Ba and Os L, 5
x-ray absorption spectra.

Artificial oxide heterostructures are particularly promis-
ing for the realization of materials with improved and new
functionalities and novel device concepts. Due to the com-
plexity of the involved oxide materials, the rich variety of
physics is far from being understood and needs further de-
tailed studies. Moreover, intermixing of the different atomic

species deposited in multilayer structures plays an important
role and might influence or even dominate the overall
physical properties. Therefore, a careful investigation of the
electronic structure, optical, and element-specific XMCD
properties of artificially constructed material systems is
highly desirable.
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EnekTpoHHa cTpykTypa Ta hisnyHi BNacTUBOCTI
riopmaHux retepocTpykTyp Sr,CrOsOq/BaTiOs

V. N. Antonov, L. V. Bekenov

[IpencraBineHO eNEKTPOHHI CIEKTPH Ta MArHiTHI BIaCTUBOCTI
TiOpHIHUX TeTePOCTPYKTYp, IO MOETHYIOTH (pepOMArHITHHII TO-
nBiiaui 1IepoBekiT Sr,CrOsOg (SCOsO) Ta CerHeToeneKTpUuK
BaTiO; (BTO), siki po3paxosani B migxoai GGA i3 BUKOpUCTaH-
HSIM TOBHICTIO PEJATHBICTCHKOTO CIIIHONOJISAPHU30BAHOTO METOLY
LMTO [ipaka. CTpyKTypa eJIeKTpOHHHUX CMYT BHUBYAETHCS B OK-
cupax BTO ta SCOsO, a takox y rerepocrpykrypax SCOsO/BTO
i3 pisHnME cynepenementamu: (1x1x1) ogHomaposux, (2x2x1) Ta
(1x1x2) SCOsO/BTO rerepoctpykryp. OnTHYHI Ta MarHiToOI-
THuHi cnekrtpu uymctux okcuaiB BTO Tta SCOsO, a Takox
SCOsO/BTO reTepoCTpyKTYp [OOCIIDKYIOTBCS TEOPETHYHO Ta
MOPIBHIOIOTECST 3 JIOCTYITHHMH EKCIIEPUMEHTAIFHUMH JaHUMHU.
TeopeTHyHO MOCHIMKEHO CHIEKTPH CHEeUU(IYHOro MOTIMHAHHS
PEHTTEHIBCHKUX NIPOMEHIB, @ TaKOX PCHTTEHIBCHKHI MAarHITHUIH
KpyroBui quxpoism Ha L, 3 pebpax Ti, Ba Ta Os y SCOsO/BTO
reTepoCTPyKTypax. BussieHo 1o0py 3rofy 3 eKClIepuMeHTallb-
HHMMH CIIEKTPAMH.

KirowoBi ciioBa: eNIeKTpOHHA CTPYKTypa, MarHiTHHH MOMEHT,

PCHTTeHIBChbKUIT ~ MarHITHUH — LUPKYJSIPHUI
JIIXPOi3M, AieNleKTpudHa (QYHKIIs, 00epTaHHI

Keppa, rerepocTpyKTypu, MyabTHHEPOTKH.
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