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We report on the electronic structure and magnetic properties of hybrid heterostructures of the ferromagnetic
double perovskite Sr2CrReO6 (SCRO) and ferroelectric BaTiO3 (BTO) calculated in the GGA approach
using the fully relativistic spin-polarized Dirac LMTO method. The electronic band structure and optical
properties are studied in the BTO and SCRO oxides as well as in SCRO/BTO heterostructures with different
supercells: SCRO/BTO monolayered (1 × 1 × 1), (2 × 2 × 1), and (1 × 1 × 2) heterostructures. We investigated
theoretically the magnetization, spin and orbital magnetic moments as well as magnetocrystalline anisotropy
energy (MAE) in the SCRO on the BTO substrate as a function of the temperature assuming that the finite
temperature can be mimicked by the experimental lattice constants corresponding to this temperature. We found
that the spin and orbital magnetic moments are monotonic, almost linear functions of temperature but change
abruptly at the points of the BTO structural phase transitions. The magnetization M also possesses “jumps” at
the structural phase transitions in agreement with the experiment. However, the theoretically predicted jumps in
the total magnetic moment are much smaller than the experimentally measured ones. We found that the Cr/Re
disorder increases the jump in the magnetic moment by an order of magnitude compared to the calculated data
without disorder. The microscopic origin of such huge effect is discussed. The theoretically calculated temperature
dependence of the total magnetic moment with 25% of the Cr/Re disorder is in excellent agreement with the critical
amplitude, obtained from the fitting of the experimentally measured magnetization M (T ). From the theoretically
calculated MAE we found that the easy axis of magnetization for the tetragonal and orthorhombic phases is
along the 〈001〉 direction in agreement with the experiment. However, it changes to the 〈111̄〉 direction in the
rhombohedral phase. The intersite Cr/Re disorder reduces the MAE for the tetragonal and orthorhombic phases
and increases it for the rhombohedral phase. We found that the major contribution to the MAE is due to the orbital
magnetic anisotropy at the Re site. We also found that the MAE in the monolayered SCRO/BTO heterostructure
is significantly increased in comparison with the MAE in SCRO on BTO substrate. The element-specific x-ray
absorption spectra as well as the x-ray magnetic circular dichroism at the Ti, Ba, and Re L2,3 edges in SCRO/BTO
heterostructures are investigated theoretically from first principles and compared with available experimental
spectra.
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I. INTRODUCTION

Materials with multiple simultaneous electric and magnetic
ordering offer possibilities for new physical cross-correlation
effects and therefore new concepts for applications. Ferroelec-
tricity and ferromagnetism derive from the fact that the elec-
trons possess charge and spin. Depending on the surroundings,
a material may have an electric polarization or a magnetic
polarization. A few materials possess both ferroelectric and
magnetic polarizations in the same phase and a coupling
between them. These materials are called multiferroics and
possess the so-called magnetoelectric (ME) effect, meaning
magnetic (electric) induction of polarization P (magnetization
M) [1,2]. Multiferroics offer rich physics and novel device
concepts, which have recently become of great interest to
researchers [3–6]. Aside from the potential applications, the
fundamental physics of multiferroic materials is rich and
fascinating.

However, only a small number of multiferroics offer a
perspective for applications. A key reason for this limited
set is the fact that the two order parameters have exactly

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, ferroelectricity 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 reason, in a single-phase multiferroic,
the effect is often very weak, and multiple ordering occurs only
at low temperatures for most materials. As a result, potential
applications have not been realized yet. In fact, BiFeO3 is
the only room temperature multiferroic (antiferromagnetic and
ferroelectric) so far, which has attracted great interest and
extensive studies in the past decade [7].

In parallel to extensive research on synthesizing single-
phase multiferroics and exploring relevant magnetoelectric
phenomena, much effort has been made to synthesize het-
erostructure thin films composed of materials that have large
ferromagnetic (FM) and ferroelectric (FE) ordering, with the
possibility of ME coupling. Several configurations have been
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employed to fabricate ME composite thin films: composites
with FE or FM terminal layers, multilayer nanostructures,
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 development in multiferroic
thin films has been achieved due to improved first-principles
computational techniques. The advancement of both experi-
mental 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].

Most technologically important ferroelectrics such as
BaTiO3 (BTO) and (Pb, Zr)TiO3 are transition metal oxides
with perovskite (ABO3) structure. They have a cubic structure
at high temperature with a small B-site cation 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 a spinel structure (AB2O4) [11]. Recently, there
have been reports on CoFe2O4/BaTiO3, SrRuO3/BaTiO3,
La0.67Sr0.33MnO3/BaTiO3, and Fe3O4/BaTiO3 hybrids [12–
17]. They show a magnetoelectric coupling effect, manifesting
itself as a change in the magnetization and resistance of
the ferromagnetic thin film at the structural phase transition
temperatures of BaTiO3.

In this regard, another group of promising materials are
the ferromagnetic double perovskites (DP) A2BB′O6 (A =
alkaline earth or rare earth and BB′ are heterovalent transition
metals such as B = Fe, Cr, Mn, Co, Ni; B′ = Mo, Re,
W) [18,19]. They often demonstrate intrinsically complex
magnetic structures and a wide variety of physical properties
as a consequence of the strong interplay between structure,
charge, and spin ordering [20] (see Ref. [21] for a review paper
on these materials). In particular, the series Sr2CrB′O6 with B′
being W, Re, or Os ions is very promising due to their record
high values of Tc (Tc = 500 and 635 K for B′ = W and Re,
respectively) [22,23]. Sr2CrOsO6 has an even higher ordering
temperature Tc = 725 K, the highest known in this class, and
was reported to be an insulator [24].

Czeschka et al. [25] and Opel et al. [26] have grown
heteroepitaxial Sr2CrReO6 (SCRO) on BTO by laser-MBE.
Due to coherent growth, the in-plane lattice constants and
crystal structure type of the SCRO film follow those of the
BTO substrate as a function of temperature. In particular, the
epitaxial coherency strain in the SCRO film abruptly changes
at the structural phase transitions of BTO. The magnetization
of the ferromagnetic SCRO film together with its resistivity
shows large steplike variations at the corresponding phase
transition temperatures. This demonstrates a strong coupling
of the magnetic properties to elastic distortions, i.e., a large
magnetoelastic coupling. Taken together, a strong coupling
between the ferroelectric order parameter in BTO and the
ferromagnetic order parameter in SCRO has been shown.
Hence the SCRO/BTO heterostructure can be considered as
a magnetoelectric multiferroic.

Artificial oxide heterostructures are particularly promis-
ing for the realization of materials with improved and new
functionalities and novel device concepts. Nanostructuring

is a promising approach that has opened the door to the
design of practical devices based on 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, micro-
electromechanical system (MEMS) devices, and high density
information storage. Hereby, interface and surface effects play
a crucial role. Due to the complexity of the involved oxide ma-
terials, the rich variety of physics resulting from band bending
effects, magnetic exchange, or elastic coupling at interfaces in
heterostructures is far from being understood and needs further
detailed 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 of artificial material systems is highly necessary.

The aim of this work is to preform a detailed theoretical
investigation of the electronic structure, optical properties, and
x-ray magnetic circular dichroism (XMCD) in SCRO/BTO
heterostructures. The energy band structure of these het-
erostructures is calculated within the ab initio approach using
the fully relativistic spin-polarized Dirac LMTO method. We
also investigated the temperature dependence of the magne-
tization, spin, and orbital magnetic moments, as well as the
magnetocrystalline anisotropy energy (MAE) in the SCRO on
the BTO substrate.

The paper is organized as follows. The computational
details are presented in Sec. II. Section III presents the elec-
tronic structure, optical properties, x-ray absorption spectra
(XAS), and XMCD in the SCRO/BTO heterostructures. In
Sec. IV, we investigate the temperature dependence of the
magnetization, spin, and orbital magnetic moments, as well
as the magnetocrystalline anisotropy energy in the SCRO
on the BTO substrate. Our theoretical results are compared
to the experimental measurements. Finally, the results are
summarized in Sec. V.

II. COMPUTATIONAL DETAILS

a. Magnetocrystalline anisotropy. Magnetic anisotropy is an
important parameter, since it determines the extent to which the
magnetization retains its orientation in response to a magnetic
field. As the most important magnetic anisotropy term, the
magnetocrystalline anisotropy is related to the crystal symme-
try of a material. The magnetocrystalline anisotropy energy
describes the tendency of the magnetization to align along
specific spatial directions rather than to randomly fluctuate over
time. Whereas the exchange interaction among electron spins
is purely isotropic, the orbital magnetization, via the spin-orbit
interaction, connects the spin magnetization to the atomic
structure of a magnetic material, hence giving rise to magnetic
anisotropy [27]. It should be noted that for systems with
strong structural anisotropy one may have effective anisotropic
exchange among spins in a lattice mediated by the anisotropic
interaction among localized and delocalized orbitals.

The calculation of the magnetocrystalline anisotropy energy
has been a long-standing problem. At the early stage it was
treated in a perturbative way [28,29]. Recent investigations
elaborated the MAE problem using ab initio calculated energy
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bands obtained within the local-spin density approximation
(LSDA) [30–32]. The calculation of the MAE from first
principles poses a great computational challenge. The prime
obstacle is the smallness of the MAE, which is of only a few
meV/atom, a value that must be obtained from the difference
of two total energies for different magnetization directions,
which are both of the order of 4 × 104 eV/atom. Owing to this
numerical problem, it remained at first unclear if the LSDA
could at all describe the MAE correctly, since a wrong easy axis
was obtained for hcp Co and fcc Ni [33]. Recent contributions
aimed at improving the numerical techniques [30,31,34], and
the correct easy axis was obtained for hcp Co, [30] bcc Fe,
and fcc Co [31] as well as for some other complex compounds
[35–37].

For the materials exhibiting uniaxial anisotropy, such as a
tetragonal crystal, the MAE can be expressed as [38]

�E(θ, φ) = K1sin2θ + K2sin4θ + K3sin4θsin2φ, (1)

where Ki is the anisotropy constant of the 2ith order, θ and
φ are the magnetization polar and azimuthal angles of the
Cartesian coordinate system where the c axis coincides with
the z axis.

For orthorhombic crystals, MAE has the form [39,40]

�E(θ, φ) = K1sin2θ + K ′
2sin2θcos2φ

+K2sin4θ + K3sin4θsin2φ. (2)

The MAE for a rhombohedral crystal is [38]

�E(θ, φ) = K1sin2θ + K ′
2sin2θcos2φ

+K2sin4θ + K ′
3cosθsin3θcos3φ. (3)

Both the dipolar interaction and the spin-orbit coupling give
rise to the MAE, the former contributing only to the first-order
constant K1. Here, we deal with the MAE caused only by the
spin-orbit interaction. Both magneto-optical effects and the
MAE have a common origin in the spin-orbit coupling and
exchange splitting. Thus a close connection between the two
phenomena seems plausible. In this paper, the MAE is defined
as the difference between two self-consistently calculated fully
relativistic total energies for two different crystallographic
directions, �E(θ, φ) = E(θ, φ) − E〈001〉.

b. Structural models. Barium titanate is the prototype ferro-
electric. Its crystallographic structure shows a variety of phase
transitions, dependent on the temperature [26,41]. Above 393
K, bulk BTO is cubic [Pm3̄m; group number 221, see Fig. 1(b)]
and paraelectric. Below 393 K, it becomes ferroelectric and its
lattice structure changes to tetragonal (P 4/mmm). Within the
ferroelectric state, the lattice symmetry is further reduced to or-
thorhombic (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, accompanied by a thermal hysteresis
[42].

At room temperature, the crystal structure of SCRO is
tetragonal (I4/m; group number 87) [21] [see Fig. 1(a)]. The
oxygen atoms surrounding the Cr and Re sites provide the oc-
tahedral environment. SCRO/BTO heterostructure possesses
tetragonal crystal structure (P 4mm; group number 99).

Figure 1 shows three types of heterostructures used
in our calculations: SCRO/BTO monolayered (1 × 1 × 1)

FIG. 1. Schematic representation of (a) I4/mSCRO structure, (b)
Pm3̄m BTO structure, (c) P 4mm SCRO/BTO monolayered (1 × 1 ×
1) heterostructure, (d) P 4mm SCRO/BTO (2 × 2 × 1) heterostruc-
ture, and (e) P 4mm SCRO/(BTO (1 × 1 × 2) heterostructure.

heterostructure, (2 × 2 × 1) supercell heterostructure, and
(1 × 1 × 2) supercell heterostructure together with SCRO and
BTO crystal structures.

c. Calculation details. The details of the computational
method are described in our previous papers [43–47], and
here we only mention some aspects specific to the present
calculations. The calculations presented in this work were
performed using the spin-polarized fully relativistic linear-
muffin-tin-orbital (LMTO) method [48,49] for the experimen-
tally measured lattice parameters [26]. Our implementation
of the LMTO method uses four-component basis functions
constructed by solving the Dirac equation inside an atomic
sphere [50]. The LSDA part of the calculations was based
on the spin-density functional with the Perdew-Wang [51] of
the exchange-correlation potential. The exchange-correlation
functional of a GGA-type was also used in the version of
Perdew, Burke, and Ernzerhof [52]. The basis consisted of the
s, p, and d LMTO’s for O sites and empty spheres, the s, p,
d, and f LMTO’s for Ti, Cr, Sr, and Re sites, and the s, p,
d, f , and g LMTO’s for Ba sites. The k-space integrations
were performed with the improved tetrahedron method [53].
To attain good convergence in total energy, a large number
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of k points has to be used in the calculations. To resolve the
difference in total energies and to investigate the convergence,
we used 16 × 16 × 16 BZ division. This corresponds to 4096
k points in the irreducible part of BZ in SCRO on BTO.
The crystal structure and atomic positions at the interface of
the heterostructures was optimized using the Vienna ab initio
simulation package (VASP) [54,55].

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, self-consistent calculations should be carried out
including a 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 |i〉 for the spectral calculation.
The final states |f 〉 are the conduction band states obtained
separately by calculations 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 accounted 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 allows for 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
[56–61]. We should mention that the size of the supercell is
important, and ultimately it should be large enough to inhibit
interaction between excited atoms in neighboring supercells. In
our calculations we used a SCRO/BTO2×2×2 supercell. At one
of the Ti (or Re) atoms we create a hole at the 2p1/2 or 2p3/2

levels separately for the self-consistent GGA calculations of
the L2 and L3 spectra, respectively.

III. SCRO/BTO HETEROSTRUCTURES

Generally, in 3d transition metal oxides (TMOs), the SO
coupling is typically less than 0.05 eV. This is much smaller
than the other important energies in 3d TMOs, such as on-
site Coulomb interaction energy, U (3–5 eV), and the crystal-
field splitting energy, � (2–3 eV). Therefore the SO coupling
is not dominant in determining the physical properties of 3d

TMOs. On the other hand, in the 5d TMOs, the SO coupling is
approximately 0.3–0.5 eV [62], and therefore should be taken
into account when describing the electronic structure of 5d

TMOs [63].

A. Electronic structure

We start with a review of the basic electronic and magnetic
properties of the compounds using the standard LSDA and
GGA approximations. Figure 2 presents the energy band
structures of SCRO double perovskite, SCRO/BTO, and
[SCRO/BTO]1×1×2 heterostructures calculated in the GGA
approach (the LSDA approach produces similar results). The
GGA approach produces the half-metallic states in all the
structures under consideration where the only contribution
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FIG. 2. The energy band structure of SCRO double perovskite,
SCRO/BTO and SCRO/BTO (1 × 1 × 2) heterostructures calculated
in the GGA approximation.

around the Fermi level comes from the minority spins. There is
an energy gap of 0.45, 0.80, 0.70, and 0.78 eV between the Cr eg

and Re t2g states in the spin-up channel for SCRO, SCRO/BTO,
[SCRO/BTO]1×1×2, and [SCRO/BTO]2×2×1 heterostructures,
respectively. A total spin magnetic moment is equal to 1 μB,
2 μB, 4 μB, and 8 μB in spin-polarized calculation (without
taking into account the SO coupling) for SCRO, SCRO/BTO,
[SCRO/BTO]1×1×2, and [SCRO/BTO]2×2×1 heterostructures,
which is consistent with the expected half-metallic nature of
these compounds.

The spin-resolved DOSs are presented in Fig. 3 for the
SCRO/BTO heterostructure with spin-orbit coupling taking
into account (GGA+SO approximation). The crystal field at
the transition metal site (C2V point symmetry) causes the
splitting of d orbitals into a five singlets a1, a1, b1, a2, and b2

(3z2 − 1, x2 − y2, xz, xy, and yz, respectively). The electronic
energy bands between −19.6 and −15.5 eV are dominated by
O 2s states. O 2p states are occupied the −7.5 to −1.8 eV
energy interval. Spin-orbit doublet of quasi-core Ba 5p1/2 and
5p3/2 states are situated inside of the valence band at the −10.7
and −13.3 eV energy interval. There is a small amount of Ba
5d hybridized valence states at −2 to −6.5 eV. Ba 5d empty
states are situated at the 3.5 to 8.5 eV above the Fermi level
with narrow Ba 4f empty states just above them at the 8 to
9.6 eV. Occupied Cr 3d spin-up states at −0.2 to −1.4 eV
are a combination of the x2 − y2 and yz orbitals, the same
orbitals create a narrow spin-down empty state at the 1.5 to
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FIG. 3. The partial DOSs [in states/(atom eV)] of SCRO/BTO
calculated in the GGA+SO spin-polarized approximation. The p

partial DOSs at the Cr, Ti, and, Re are multiplied by the factor of
10.

2.2 eV above the Fermi level. Spin-up states above the Fermi
level at the 1 to 2 eV consist of the 3z2 − 1 and xy orbitals.
The energy states in close vicinity of the Fermi level at the Re
site are also derived from purely the x2 − y2 and yz orbitals.
However, due to smaller exchange splitting and the opposite
spin magnetic moment direction (see Table I) the Re 5d empty
spin-up states are situated closer to the Fermi level at the 0.6

TABLE I. The theoretically calculated and the experimentally
measured spin, Ms , and orbital, Ml , magnetic moments (in μB) at
the Cr, Re, Ti, Sr, Ba, and O sites of SCRO double perovskite and
SCRO/BTO1×1×1 heterostructure.

SCRO SCRO/BTO

Atom Method Ms Ml Ms Ml

Cr GGA+SO 2.239 −0.038 2.543 −0.053
Theory [69] 2.17 −0.03
Theory [70] 2.52 −0.04

Re GGA+SO −1.087 0.286 −1.157 0.379
Sum rules −0.740 0.236

Exp. [71] (XMCD) −0.68 0.25
Theory [72] −0.78 0.20
Theory [70] −1.31 0.69

Ti GGA+SO – – −0.009 0.010

Sr GGA+SO −0.012 0.001 −0.010 0.001

Ba GGA+SO – – −0.002 0.002

O GGA+SO −0.021 0.004 −0.024 0.004

to 1.2 eV. Besides, Fermi level crosses spin-down Re 5d states
of the x2 − y2 and yz orbitals, they are situated at the −0.8 to
0.4 eV (Fig. 3).

The occupation number of Ti 3d is equal to 1.87 electrons.
Most Ti 3d states are empty. They are subdivided into two
groups. The states occupying the energy interval between 0.6
to 2.7 eV have x2 − y2 and yz character. The high energy
states at the 3.1 to 6.8 eV consist of the 3z2 − 1 and xy

orbitals.
The Fermi energy falls in an energy gap of about 0.8 eV in

the majority spin channel, between the fully filled Cr t2g and
empty Re t2g bands. Thus the GGA calculation produces in
SCRO/BTO a half-metallic ferrimagnet.

B. Magnetic moments

In magnets, the spin, Ms , and orbital, Ml , magnetic mo-
ments are basic quantities and their separate determination is
therefore important. Methods of their experimental determina-
tion include traditional gyromagnetic ratio measurements [64],
magnetic form factor measurements using neutron scattering
[65], and magnetic x-ray scattering [66]. In addition to these,
the x-ray magnetic circular dichroism combined with several
sum rules [67,68] has attracted much attention as a method
of site- and symmetry-selective determination of Ms and
Ml . Table I presents the comparison between calculated and
experimental magnetic moments at the Cr, Re, Ti, Ba, Sr,
and O sites of SCRO double perovskite and SCRO/BTO1×1×1

heterostructure.
The Cr and Re spin and orbital moments are antiparal-

lel in the SCRO double perovskite and SCRO/BTO1×1×1

heterostructure, in accordance with Hund’s third rule. The
GGA+SO Cr spin moment of 2.239 μB as well as the orbital
moment −0.038 μB are in good agreement with the previous
calculations [69,70] in SCRO. Our Re spin magnetic moment
in SCRO is slightly larger than the results of Refs. [70,72],
as well as the experimental data [71], but still larger than the
data of Wang et al. [70]. The results from different calculations
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may vary somewhat since the calculated moments depend on
the details of the calculations and especially on the sizes of
the muffin-tin spheres which usually differ from each other for
different calculations.

Majewski et al. [71] have extracted the spin and orbital
magnetic moments, Ms and Ml , of Re using the experimentally
measured XAS and XMCD spectra at the Re L2,3 edges, they
used nh = 5.3 for the number of 5d holes. They obtained
Ms = −0.68 μB and Ml = 0.25 μB. Both the spin and
otbital moments are smaller than the ones from our first-
principles calculations (Table I). Because of the significant
implications of the sum rules, numerous experimental and
theoretical studies aimed at investigating their validity for
itinerant magnetic systems have been reported, but with widely
different conclusions. The claimed adequacy of the sum rules
varies from very good (within 5% agreement) to very poor (up
to 50% discrepancy) [73,74]. This lack of a consensus may
have several origins. XMCD sum rules are derived within an
ionic model using a number of approximations. For L2,3, they
are [73] the following: (1) ignoring the exchange splitting of
the core levels; (2) replacing the interaction operator α · aλ

by ∇ · aλ; (3) ignoring the asphericity of the core states;
(4) ignoring the difference of d3/2 and d5/2 radial wave
functions; (5) ignoring p → s transitions; and (6) ignoring
the energy dependence of the radial matrix elements. On the
experimental side, the indirect x-ray absorption techniques,
i.e., the total electron and fluorescence yield methods, are
known to suffer from saturation and self-absorption effects that
are very difficult to correct for [75]. The total electron yield
method can be sensitive to the varying applied magnetic field,
changing the electron detecting efficiency, or, equivalently,
the sample photocurrent. The fluorescence yield method is
insensitive to the applied field, but the yield is intrinsically
not proportional to the absorption cross section, because the
radiative to nonradiative relative core-hole decay probability
depends strongly on the symmetry and spin polarization of the
XAS final states [76]. Besides, the experimentally measured
Re L2,3 x-ray absorption spectra have a large background
scattering intensity [see Fig. (7) below] and the integration
of the corresponding XASs may lead to an additional error in
the estimation of the magnetic moments using the sum rules.

It is interesting to compare the spin and orbital moments
obtained from the theoretically calculated XAS and XMCD
spectra through sum rules with directly calculated values in
order to avoid additional experimental problems. The number
of Re 5d electrons is calculated by integrating the occupied d

partial density of states inside the corresponding atomic sphere,
which gives the value nh = 5.425. Sum rules give the spin
and orbital magnetic moments equal to Ms = −0.740 μB and
Ml = 0.236 μB. These values are closer to the experimentally
estimated ones from sum rules [71].

Spin and orbital magnetic moments are increased in abso-
lute value going from SCRO to SCRO/BTO heterostructure
both at the Cr and Re sites (Table I). The spin magnetic
moments change to 2.557 μB and 2.464 μB at the Cr
site and to −1.177 μB and −1.092 μB at the Re site in
[SCRO/BTO]1×1×2 and [SCRO/BTO]2×2×1 heterostructures,
respectively. We can conclude that both the spin and orbital
magnetic moments are changed only slightly in different
heterostructures.
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FIG. 4. The experimentally measured [77] diagonal optical re-
flectivity spectra (top) and dielectric functions ε1xx (middle) and ε2xx

(bottom) of BTO (open magenta circles), and the spectra calculated
by the SPR LMTO method in the GGA+SO approximation for BTO
(blue curves), SCRO double perovskite (green curves), SCRO/BTO
monolayered (1 × 1 × 1) heterostructure (black curve), and (1 × 1 ×
2) supercell heterostructure (red curves).

The hybridization between Ti and other transition metal
d states plays an important role in the formation of the
band structure of SCRO/BTO heterostructures. It leads to
the induced spin and orbital magnetic moments at the Ti sites.
The Sr, Ba, and O sites also possess small induced spin and
orbital magnetic moments (see Table I).

C. Optical properties

Among the various properties of crystalline solids, the
optical response to incident light is one of the standard
phenomena used to characterize materials. Figure 4 shows
the experimentally measured [77] diagonal optical reflectivity
spectra (top) and dielectric functions ε1xx (middle) and ε2xx

(bottom) of BTO (open magenta circles), and the spectra
calculated by the SPR LMTO method in the GGA+SO approx-
imation for BTO (blue curves), SCRO double perovskite (green
curves), SCRO/BTO monolayered (1 × 1 × 1) heterostructure
(black curves), and (1 × 1 × 2) supercell heterostructure (red
curves). In the following, ε1xx and ε2xy denote the dispersive
and absorptive parts, respectively, of the complex diagonal
dielectric function εxx = ε1xx + iε2xx .
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Optical interband transitions in BTO take place between
nine valence bands derived from O 2p orbitals separated by
a direct gap of 2.35 eV at the � point to the Ti 3d-derived
conduction bands (not shown). 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 dielectric function ε(ω). However, due to
underestimation of the energy gap, the optical absorption starts
at smaller energies in our calculations in comparison with the
experimental data (see bottom of Fig. 4). It also affects the low
energy part of the ε1xx (ω) function at 3 to 4 eV (middle panel
of Fig. 4).

The optical reflectivity spectrum of SCRO double per-
ovskite has two deep local minima at 0.8 and 2.8 eV. The
absorptive part of the dielectric function, ε2xx (ω), shows a
strong peak at around 1 eV. Our theoretical calculations of
the optical properties of SCRO are in good agreement with
previous calculations by Das et al. [69].

Figure 4 also presents the optical spectra for the SCRO/BTO
monolayered (1 × 1 × 1) heterostructure (black curve) and
(1 × 1 × 2) supercell heterostructure (red curves). We found
that the optical spectra for different types of supercell het-
erostructures are pretty much the same. The optical spectra
for the (1 × 1 × 2) supercell heterostructure are slightly more
smooth functions of energy in comparison with the SCRO/BTO
monolayered (1 × 1 × 1) heterostructure (compare red and
black curves on top of Fig. 4). The optical reflectivity spectrum
for the SCRO/BTO heterostructure has deeper minimum at the
0.8 eV in comparison with the SCRO spectrum. The strong
peak appearing at 1 eV in the ε2xx (ω) dielectric function of
SCRO perovskite is significantly reduced in the SCRO/BTO
heterostructure (bottom of Fig. 4).

D. 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 absorption of x rays
with opposite (left and right) directions of circular polarization.
Let us first consider the XAS and XMCD properties of the
ions that became magnetic in the SCRO/BTO heterostructure,
namely, Ti and Ba.

The XAS spectra of the ferroelectric barium titanate BTO
at the Ti L2,3 edges have been investigated experimentally,
as well as theoretically by several authors [81–83]. Figure 5
(top) presents the experimental x-ray absorption spectrum
[81] (open circles) at the Ti L2,3 edges in BTO compared
with the calculated ones for BTO (dashed red curve) and
SCRO/BTO heterostructure (full blue curve). The bottom of
Fig. 5 shows the calculated XMCD spectrum at the Ti L2,3

edges in the SCRO/BTO heterostructure. The experimentally
measured Ti L2,3 XAS consists of four major peaks in the range
of 455–466 eV. The two peaks with lower energy are the Ti-L3

edge, while the two peaks with higher energy are the Ti-L2

edges. It is well known that when the Ti ion is octahedrally
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FIG. 5. (Top) The experimental x-ray absorption spectrum [81]
(open circles) at the Ti L2,3 edges in BTO compared with the theo-
retically calculated ones for BTO with the core-hole effect taken into
account (dashed red curve), BTO without the core-hole effect taken
into account (dotted black curve), and SCRO/BTO heterostructure
(full blue curve). (Bottom) Theoretically calculated XMCD spectrum
at the Ti L2,3 edges in SCRO/BTO heterostructure.

coordinated, the two peaks of Ti L3 and L2 will split into two
main separate peaks eg and t2g [84]. The separation between
these two main peaks is associated with the crystal-field
splitting modified by the exchange interaction. Because the SO
splitting of the core Ti 2p level (�ESO = 5.74 eV) and the Ti
3d crystal-field splitting modified by the exchange interaction
(�ECF = 3.3 eV) are of the same order of magnitude, the L3

and L2 x-ray absorption spectra are strongly overlapped. The
four experimentally observed intense peaks from 455 to 466 eV
can be, to a first approximation, assigned to 2p3/2 → eg ,
2p3/2 → t2g , 2p1/2 → eg , and 2p1/2 → t2g transitions, respec-
tively. However, the 2p1/2 → eg and 2p1/2 → t2g transitions
(L2 spectrum) contribute also to the two low energy peaks.

As expected from the Ti4+ ions and their octahedral coor-
dination, BTO and SCRO/BTO heterostructure have similar
spectra, as shown in Fig. 5. This demonstrates that there is no
difference in the chemical environments of Ti ions. For the
whole multilayered films, Ti4+ is in octahedral coordination
with oxygen, with all octahedra sharing corners. The theory
reproduces the energy position of all the fine structures quite
well, however, does not reproduce the experimentally observed
L3/L2 x-ray absorption ratio. It is well known that the L2

and L3 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 a branching ratio close to 1:1, far from
the statistical ratio 2:1, which is obtained in the single-particle
theory, unless the SO interaction in the final 3d band is
considered. From our band structure calculations, we obtained
an L3/L2 branching ratio equal to 1.65, which is far from the
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FIG. 6. (Top) The experimental x-ray absorption spectrum [89]
(open circles) at the Ba L3 edge in BTO compared with the theoret-
ically calculated ones for BTO (dashed red curve) and SCRO/BTO
heterostructure (full blue curve). (Bottom) Theoretically calculated
XMCD spectrum in SCRO/BTO heterostructure at the Ba L3 edge.

experimentally observed. This problem can be accounted for
through many-electron calculations and we will address it in
future investigations.

We investigate also 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
interactions significantly improve the agreement between the
calculated and measured Ti L2,3 XAS spectra in BTO [Fig. 5
(top)].

Pure BTO possesses no dichroism because all ions in BTO
are nonmagnetic. However, due to the hybridization between
Ti d states and Cr/Re d states in SCRO/BTO heterostructures,
there are induced spin and orbital magnetic moments at the
Ti sites (see Table I). Therefore one would expect a well
pronounced XMCD signal at the Ti L2,3 edges (bottom of
Fig. 5). The experimental measurements of the XMCD spectra
at Ti L2,3 edges in SCRO/BTO are highly desirable.

The XAS spectra of the ferroelectric barium titanate BTO
at the Ba L3 edge have been investigated experimentally, as
well as theoretically by several authors [89,91–95]. Figure 6
shows the experimental x-ray absorption spectrum [89] (open
circles) at the Ba L3 edge in BTO compared with the the-
oretically calculated ones for BTO (dashed red curve) and
SCRO/BTO heterostructure (full blue curve). The bottom of
Fig. 6 presents the theoretically calculated XMCD spectrum
in the SCRO/BTO heterostructure at the Ba L3 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 2p3/2 to the Ba 5s and 5d unoccupied
states. The low- and high-energy regions could be tentatively
attributed to the hybridization of Ba 5d with O 2p orbitals. The
spectrum was calculated with taking into account of a Ba 2p3/2

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 L3 XAS spectrum. The theoretically calculated spectrum
well reproduces 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. [95] show that
the Ba L3 XAS spectra show no apparent change between the
room-temperature paraelectric cubic phase and ferroelectric
tetragonal phase at 150 ◦C. On the basis of the discussion
in Ref. [96], the absence of temperature dependence of the
spectrum implies the absence of atomic displacement around
Ba2+ ion. The Ba L3 XAS spectra also have almost the same
shape in pure BTO and in SCRO/BTO heterostructure. The
high-energy shoulders at around 5251.5 and 5253.5 eV are
better pronounced in the heterostructure.

Figure 7 shows the calculated XAS (top) and XMCD
(bottom) spectra at the Re L2,3 edges in the SCRO double
perovskite (full blue curve) and SCRO/BTO heterostructure
(dashed green curve), together with the experimental spectra
for the SCRO [90] (open circles). The theoretically calculated
Re L2 and L3 XAS spectra for these structures have a high
resemblance to each other with the double peak structure. The
energy splitting of these peaks is generally ascribed to the
crystal field splitting of d orbitals into t2g and eg states [97].

The XAS and XMCD spectra at the Re L2,3 edges are
very similar for SCRO double perovskite and SCRO/BTO
heterostructures. We can conclude that the presence of the BTO
layer in SCRO/BTO heterostructures only moderately changes
the magnetic structure of the SCRO layer. A similar situation
was found also for the Cr L2,3 XAS and XMCD spectra. They
are very similar for pure SCRO and SCRO/BTO multilayers
(not shown). It is interesting to note that the GGA+SO+U

approximation with the screened Coulomb URe = 2 eV and
exchange Hund coupling JRe = 0.7 eV strongly overestimates
the circular dichroism at the Re L2 edge (dotted black curve in
bottom of Fig. 7).

IV. SCRO ON THE BTO SUBSTRATE

Czeschka et al. [25] and Opel et al. [26] have grown
ferromagnetic double perovskite SCRO as epitaxial thin film
onto ferroelectric BTO. The experiments show a giant change
of the magnetic anisotropy in SCRO film and huge coercive
fields, depending on the substrate-induced strain state. Due
to coherent growth, the in-plane lattice constants and crystal
structure type of the SCRO film follow those of the BTO
substrate as a function of temperature. In particular, the crystal
structure of SCRO is changed from tetragonal structure above
278 K to orthorhombic one below this temperature, and a
rhombohedral type below 183 K. The thickness of epitaxial
SCRO thin film on BTO is rather large (810 Å [25,26]). In the
following, the effect of the BTO substrate on SCRO will be
taken into account only through the structural phase transitions
dependence of the BTO on the temperature.
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FIG. 7. (Top) The experimental x-ray absorption spectrum [90] (open circles) at the Re L2,3 edges in SCRO compared with the calculated
ones for SCRO (full blue curves) and SCRO/BTO heterostructure (dashed green curves). (Bottom) The calculated XMCD spectra at the Re
L2,3 edges for SCRO in the GGA+SO (full blue curves) and GGA+SO+U approximation (dotted red curve) with the screened Coulomb
URe = 2 eV and exchange Hund coupling JRe = 0.7 eV; dashed green curves present the spectra for the SCRO/BTO heterostructure in the
GGA+SO approximation.

A. Temperature dependence of the magnetization

Opel et al. [26] determined the a and c lattice parameters
both for BTO substrate and SCRO thin film. The results are
displayed in Figs. 8(a) and 8(b). All data were obtained with
decreasing temperature. The c-axis lattice parameter of the
BTO substrate [Fig. 8(a)] follows well the behavior reported
for bulk BTO material [41]. It is slightly above c = 4.01 Å
in the cubic phase, then increases to c = 4.025, . . . , 4.04 Å,
(tetragonal), drops to c = 4.02 Å (orthorhombic), and finally
becomes c = 4.005 Å (rhombohedral). Also the a parameter
behaves as expected in the tetragonal phase. For the SCRO
thin film [Fig. 8(b)], the a-axis parameter shows the same
temperature dependence as for the substrate. This confirms
coherent growth and biaxial strain transfer from BTO into the
epitaxial film. Also the c lattice parameter follows the trend
of the substrate. In the tetragonal phase, however, it does
not display any temperature dependence, in contrast to the
behavior of BTO. In summary, the structural analysis shows
that the in-plane lattice constants and crystal structure type
of the SCRO film follow those of the BTO substrate as a
function of temperature. In particular, the epitaxial coherency
strain in the SCRO film abruptly changes at the structural phase
transitions of BTO.

The magnetic properties of SCRO on BTO were determined
by a SQUID magnetometer with a magnetic field of 1 T applied
in the film plane [26]. At the BTO phase transitions, large
steplike changes of the magnetization M have been observed,

which drops at the tetragonal-orthorhombic transition and
increases again when entering the rhombohedral phase. These
“jumps” are as large as 5.0% (rhombohedral/orthorhombic)
and 4.2% (orthorhombic/tetragonal) and therefore by a factor
of 5 larger than what was expected from a pure geometric
effect [25]. A careful investigation [25] shows that the values
for saturation magnetization, remanent magnetization, and
coercivity clearly differ from each other for the different
structural phases of the substrate. Therefore the observed
discontinuities are attributed to a change of the magnetic
anisotropy of thin SCRO layer. They are induced by abrupt
changes of the epitaxial coherency strain due to the structural
phase transitions of the BTO substrate.

In the vicinity of a second-order phase transition PM-FM
phase, the critical behavior of the spontaneous magnetization
M near TC is characterized by a critical exponent β. The scaling
hypothesis suggests the following relation near the critical
region defined by [98,99]

M (T ) = M0|−ε|β, ε < 0, T < TC, (4)

where ε = (T − TC )/TC is the reduced temperature and M0 is
the critical amplitude.

The critical exponent as well as the critical amplitude M0

exhibit universal behavior near the phase transition. There
are several universality classes with sets of critical indices
that depend on the spin and the system dimensionality. For a
first-order ferromagnetic phase transition, however, the critical
exponent is impossible to define unambiguously because the
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FIG. 8. (a) Lattice parameter a (blue circles) and c (red circles)
of the BaTiO3 substrate as a function of temperature, determined
by x-ray diffraction [26]. (b) a (blue circles, right scale) and c (red
circles, left scale) for a thin film of SCRO, grown on BaTiO3 substrate
[26] (black circles show extrapolated values of the lattice parameter
a used in our calculations). (c) The temperature dependence of the
magnetization M (T ) (in μB) of thin film of SCRO (magenta circles),
grown on BaTiO3 substrate; a magnetic field of 1 T was applied in
the film plane [26].

temperature TC (H ) depends on the applied magnetic field
[100].

The critical exponent β varies from 0.1 to 0.5 in manganites
with perovskite structure using different theoretical models:
mean-field (β = 0.5), 3D-Heisenberg (β = 0.365), 3D-Ising
(β = 0.325), and critical mean field (β = 0.25) [98,99].
Our fitting of the experimentally measured temperature de-
pendence of the magnetization M (T ) presented in Fig. 8(c)
gives the value of parameter β = 0.335 for the tetragonal
phase. This value was fixed and used for the fitting M (T )
for the orthorhombic and rhombohedral phases. We found
that the value of Curie temperature is reduced through the
phase transitions with decreasing temperature and is equal to
390.4 ± 0.6, 384.1 ± 15.0, and 267.2 ± 8.5 K for the tetrag-
onal, orthorhombic, and rhombohedral phases, respectively.
These values are significantly lower than the Curie temperature
for pure SCRO (TC = 635 K) [22,23]. The critical amplitude
M0 was found to be equal to 0.645 ± 0.012 μB, 0.392 ± 0.008
μB, and 0.610 ± 0.011 μB, for the tetragonal, orthorhombic,
and rhombohedral phases, respectively.

It has been established that the unique temperature depen-
dence of the magnetization of SCRO on the BTO substrate is

determined by the thermal variation of the lattice parameters
a and c and structure phase transitions of the BTO substrate
[25,26]. In the following section, we explain experimental
observations by examining the dependence of the calculated
magnetic moments, total energy, and MAE on the lattice ge-
ometry. We assume that the finite temperature can be mimicked
by the lattice constants corresponding to this temperature
(see Fig. 8). The epitaxial SCRO thin film grows coherently
on ferroelectric BTO, therefore, we also assumed the crystal
symmetries and atomic positions of SCRO in accordance with
the ones in BTO for tetragonal, orthorhombic, and rhomboedral
phases as determined experimentally by Kwei et al. [101].
The construction of the corresponding SCRO crystal structures
is not a trivial task. The major difference between ordered
SCRO and BTO structures are in the oxygen positions. Besides,
Cr and Re ions also have to be displaced from their regular
positions in SCRO to fit the positions of Ti ions in the BTO.
The crystal structure of SCRO on the BTO substrate is changed
from tetragonal structure above 278 K to an orthorhombic
one below this temperature and a rhombohedral type below
183 K. The corresponding substrate-induced SCRO structures
are presented in Fig. 9.

Figure 10 shows variation of absolute values of orbital Ml

and spin magnetic moments Ms at Cr and Re sites as a function
of temperature. The spin magnetic moments have similar
temperature and crystal structure dependence for the Cr and
Re sites [Fig. 10(a)], however, the Cr and Re spin moments (as
well as orbital moments) are antiparallel in the SCRO double
perovskite and SCRO/BTO heterostructure (Table I). The same
is true also for the case of SCRO on BTO substrate. The spin
magnetic moments change monotonically with temperature
before and after the phase transitions and change abruptly at
the points of the phase transitions. These “jumps” are different
for different sites. The spin magnetic moment increases at the
tetragonal/orthorhombic phase transition with decreasing of
temperature by 0.036 μB at the Cr site and by 0.016 μB at the
Re site in absolute value. At the orthorhombic/rhombohedral
phase transition, the spin magnetic moment decreases by 0.050
μB at the Cr site and by 0.031 μB at the Re site in absolute
value.

The orbital magnetic moments at the Cr site are smaller
by one order of magnitude than at the Re site and have an
opposite direction. The orbital magnetic moments also have an
opposite temperature and crystal structure behavior at the Cr
and Re sites [Fig. 10(b)]. At the tetragonal/orthorhombic phase
transition, with decreasing temperature the orbital magnetic
moment decreases by 0.045 μB (by 19%) at the Re site and
increases by 0.008 μB at the Cr site in absolute value. At
the orthorhombic/rhombohedral phase transition, the orbital
magnetic moment decreases by 0.006 μB at the Cr site and by
0.003 μB at the Re site in absolute value.

The total magnetic moment Mtotal presented in Fig. 10(c)
also possesses jumps at the structural phase transitions. At the
tetragonal/orthorhombic phase transition, Mtotal decreases by
0.020 μB with decreasing temperature and increases by 0.017
μB at the orthorhombic/rhombohedral phase transition. The
magnetic discontinuity at the structural phase transition is due
to the change of the symmetry type and also jump of the c

lattice constant [see Fig. 8(b)]. The abrupt change in the c

lattice constant leads to abrupt change of interatomic distances
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FIG. 9. Schematic representation of SCRO structures on BTO:
tetragonal (a), orthorhombic (b), and rhombohedral (c) structures.

and interatomic d-d hybridization, as a result, a jump in the
magnetic moments is appeared. However, the discontinuity
of total magnetic moment is one order of magnitude smaller
than the experimentally measured one. We found that the
theoretically calculated temperature dependence of the total
magnetic moment with 25% of the Cr/Re disorder (when
one of four Cr ions are on Re site and vice versa) is in
excellent agreement with the critical amplitude M0, obtained
from the fitting of the experimentally measured magnetization
M (T ) using Eq. (4) [Fig. 10(d)]. Such effect of the Cr/Re
disorder on the magnetic discontinuity at the structural phase
transition is due to the magnetic reconstruction occurring in

(a)

rhombo-

hedral

orthorhombic

tetragonal

Re

Cr

Cr
2.24

2.26

2.28

M
s

(μ
B
)

Re
0.92

0.96

1.00

(b)

Re

Cr

0.02

0.04

0.06

0.08

M
l(
μ B

)

0.24

0.26

0.28

(c)

ordered

theory

1.37

1.38

1.39

1.40

M
to

ta
l

(μ
B
/f.

u.
)

disordered

(d)

theory

M0 exper

150 200 250 300 350 400
T (K)

0.0

0.2

0.4

0.6

0.8

1.0

M
to

ta
l

(μ
B
/f.

u.
)

FIG. 10. Variation of absolute values of spin Ms (a) and orbital
Ml (b) magnetic moments at the Cr (open blue circles) and Re (full red
circles) sites in SCRO as a function of temperature in μB. (c) shows
the temperature dependence of the total Mtotal in μB/f.u. in SCRO
without taking into account the intersite Cr/Re disorder. The critical
amplitudeM0 obtained by fitting to the measuredM (T ) (green circles)
and results of our calculations of Mtotal in μB/f.u. with the intersite
Cr/Re disorder taken into account (magenta circles) are presented in
(d). The temperature dependence of the lattice constants is taken from
Ref. [26].

the SCRO on BTO under the disorder. The major effect comes
from the reorientation of the Cr spin moments. The Cr and
Re spin sublattices are ordered ferromagnetically each and
ferrimagnetically to each other in all the crystal structures
under consideration for ordered SCRO on BTO. The Cr/Re
disorder leads to the ferrimagnetic order for both the Cr and
Re sublattices. Moreover, such ferrimagnetic ordering depends
on the type of the SCRO crystal structure. In the tetragonal
and rhombohedral structures, one Cr ion has spin moment
opposite to other Cr moments. It itself significantly reduces
the total magnetic moment from 1.396 μB to 0.698 μB in
the tetragonal structure and from 1.390 μB to 0.672 μB in
the rhombohedral structure in agreement with the experiment
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(Fig. 10). In the case of the orthorhombic crystal structure,
two Cr ions have spin moments opposite to the other two
Cr moments. This almost antiferromagnetic (AF) ordering
of Cr ions produces a very small average spin moment at
the Cr sublattice and the total magnetic moment is derived
by spin and orbital magnetic moments at the Re sites. Such
reconstruction produces a jump in the total magnetic moment
of 0.299 μB at the tetragonal/orthorhombic phase transition
for the Cr/Re disordered system in comparison with only
0.020 μB for the ordered SCRO on BTO. The orientation
of the Cr spin magnetic moments plays a major role for the
significant increase of magnetic discontinuity at the structural
phase transition. However, one has to take into account also
the spin and orbital magnetic moments at the Re sites to
obtain the precise values of the total magnetic moments. In all
structures, one Re ion has spin moment opposite to the other Re
moments. The Re and Cr orbital magnetic moments are always
antiparallel to their spin moments. It is important to note that to
achieve an agreement with the experiment we have to assume
AF ordering in Cr sites in the orthorhombic crystal structure.
Although the ferrimagnetic order with one Cr spin moment
opposite to the other three ones is slightly lower in total energy
than the AF order, it produces a smaller jump in comparison
with the experiment (however, still larger than in the case
of ordered structure). One has to mention that the SCRO on
BTO system is far from the thermodynamic equilibrium. The
SCRO film is in large strain due to the pulsed laser deposition
specimen preparation and relatively large mismatch between
SCRO and BTO lattice constants. Therefore the total energy
analysis in this case can not be valid. Another reason of the
reduction of the magnetization M (T ) in the orthorhombic
phase in comparison with the other two phases might be
due to the highly twinned BTO crystal in the orthorhombic
phase, which is absent for two other phases. Due to this effect,
the saturation magnetization MS in the SCRO orthorhombic
phase is reduced in comparison with the tetragonal and the
rhombohedral phases as can be seen from the magnetic field
dependence of the magnetization M (H ) measured by Ceschka
et al. [25].

B. Magnetocrystalline anisotropy

Czeschka et al. [25] investigated the field dependence of
the magnetization in the SCRO on BTO for three different
orientations of the external magnetic field: H‖〈100〉,
H‖〈110〉, and H‖〈001〉. The temperatures of the field sweeps
were chosen slightly above and below the phase transition
from tetragonal to orthorhombic 290 and 270 K and from
orthorhombic to rhombohedral 200 and 180 K. They found
that in the tetragonal phase of BTO, at 290 K, the hystere-
sis loops for the external magnetic field in-plane (H‖〈100〉
and H‖〈110〉) are rather wide and very similar, while for
the out-of-plane direction of the magnetic field (H‖〈001〉) the
hysteresis loop is more rectangular. This might suggest that the
easy magnetization axis is out-of-plane in the tetragonal phase.
Similar behavior of the hysteresis loops was found also for the
orthorhombic phase [25]. However, in the rhombohedral phase,
all three hysteresis loops (H‖〈100〉, 〈110〉, and 〈001〉) are very
similar to each other. It seems that there is no preferable easy
axes orientation between these three directions.
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FIG. 11. The theoretical calculations of the MAE �E as a
function of the magnetization polar θ and azimuthal φ angles for
the rhombohedral (a), orthorhombic (b), and tetragonal (c) phases
without (magenta curves) and with (green curves) taking into account
the intersite Cr/Re disorder. Panel (d) shows the MAE �E for
[SCRO/BTO]1×1×1 heterostructure. Black dashed curves present
fitted curves of MAE using the corresponding formula 1, 2, and 3
with magnetic anisotropy constants Ki presented in Table II.

These facts are correlated with our theoretical calculations.
Figure 11 shows the MAE as a function of the magnetization
polar θ and azimuthal φ angles for the tetragonal, orthorhom-
bic, and rhombohedral phases without (magenta curves) and
with (green curves) taking into account the intersite Cr/Re
disorder.

We found that the easy axis of magnetization for the
tetragonal phase is along the (〈001〉) direction for both ordered
and disordered structures. The ordered orthorhombic phase
also has the easy axis of magnetization along the (〈001〉)
direction, however, intersite Cr/Re disorder changes the easy
axis of magnetization approximately to the (〈001̄〉) direction
with θ = 175.6◦ and φ = 45◦ (Table II). The rhombohedral
phase has the easy axis of magnetization approximately along
the 〈111̄〉 direction with θ = 139.8◦ and φ = 45◦ for the
ordered structure and θ = 148.0◦ and φ = 45◦ for the disor-
dered one. Our calculations show several local minima for the
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TABLE II. Calculated easy axes, corresponding directional angles (in degree), and magnetic anisotropy constants (in meV/cell) for the
SRCO, SCRO on BTO structures, and [SCRO/BTO]1×1×1 heterostructure.

Structure Type Easy axis θ0 φ0 K1 K2 K3 K ′
2 K ′

3

SCRO/BTO ordered 〈001〉 0 0 10.32 ± 0.08 −3.24 ± 0.10 0.19 ± 0.04 0 0

SCRO ordered 〈001〉 0 0 4.50 ± 0.05 −1.12 ± 0.06 0.13 ± 0.02 0 0
Tetragonal disordered 〈001〉 0 0 1.45 ± 0.07 −0.32 ± 0.07 0.44 ± 0.03 0 0

SCRO ordered 〈001〉 0 0 4.11 ± 0.06 −0.70 ± 0.06 0.47 ± 0.02 −0.92 ± 0.01 0
Orthorhombic disordered ≈〈001̄〉 175.6 45 1.07 ± 0.10 −0.18 ± 0.09 0.85 ± 0.01 0.49 ± 0.02 0

SCRO ordered ≈〈111̄〉 139.8 45 −2.54 ± 0.03 ∼0 0 −1.42 ± 0.02 0.80 ± 0.04
Rhombohedral disordered ≈〈111̄〉 148.0 45 −3.44 ± 0.13 ∼0 0 −1.72 ± 0.10 0.38 ± 0.19

rhombohedral phase with the angles equal to θ = 45◦, φ = 0◦;
θ = 90◦, φ = 45◦, and θ = 45◦, φ = 90◦. The values of these
minima are equal due to equivalence of the 〈001〉, 〈100〉,
and 〈010〉 directions. However, the intersite Cr/Re disorder
makes these directions nonequivalent and the corresponding
minima differ from each other. The intersite Cr/Re disorder
reduces the MAE for the tetragonal and orthorhombic phases
and increases it for the rhombohedral phase. The disorder
produces also deep local minimum at the 〈100〉 direction with
a small energy barrier between 〈001〉 and 〈100〉 directions for
the orthorhombic phase.

Figure 11 also presents fitted curves of MAE using the
corresponding formulas (1, 2, and 3) with magnetic anisotropy
constants Ki presented in Table II. We found that K1 is
the largest magnetic anisotropy constant, as expected, for
all phases under consideration. The Cr/Re intersite disorder
significantly reduces this constant in the tetragonal and or-
thorhombic phases and increases it for the rhombohedral one.
The same behavior was observed in the case of MAE, as we
mentioned above.

We also model the orbital polarization in terms of the
Hund’s second rule by scaling the corresponding SO term in the
Hamiltonian artificially with a constant prefactor. This scaling
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FIG. 12. The effect of scaling the value of SO constant on either
Cr or Re atoms on the MAE �E in the tetragonal phase of SCRO on
BTO (see the text).

can be atom dependent, i.e., within each atomic sphere. The
outcomes of such constraining calculations for the MAE in the
tetragonal phase without intersite Cr/Re disorder are shown in
Fig. 12. If we set SO coupling on Cr to zero, the MAE does
not change significantly (open magenta circles) in comparison
with the initial GGA calculations (full blue circles). On the
other hand, when the SO coupling on Re is zero, the MAE
almost disappears (open green circles). The scaling of the SO
coupling of Re by a factor of 2.0 leads to an increase of the
MAE by a factor of 3 confirming a dominant contribution of
the SO interaction at the Re site to the large value of MAE in
this compound.

It is customary to relate the MAE with the anisotropy of
orbital magnetic moment (OMA) �Ml [36,102,103]. Figure 13
presents the OMA for the tetragonal, orthorhombic, and
rhombohedral phases without the intersite Cr/Re disorder. The
OMA are larger at the Re site than at the Cr one. The MAE is
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FIG. 13. The OMA (�Ml) for the tetragonal (top), orthorhombic
(middle), and rhombohedral (bottom) phases without the intersite
Cr/Re disorder.
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FIG. 14. The partial contribution to the MAE from the Re, Cr, Sr,
and O ions for the tetragonal phase of SCRO on BTO without the
intersite Cr/Re disorder.

proportional to the OMA through expression �E ∼ 1
4λSO�Ml

[102,103], where λSO is the SO parameter. The SO constant is
λSO = 0.03, 0.02, 0.05, and 0.36 eV for Cr, O, Sr, and Re,
respectively [104]. Therefore the major contribution to the
MAE is expected to be due to the Re site.

We calculated the contributions of each atom to the total
energy separately and presented in Fig. 14 the partial contri-
butions to the MAE from the Re, Cr, Sr, and O ions. We found
that, indeed, the major contribution comes from the Re site,
the corresponding contribution from Cr ions is one order of
magnitude smaller. It is interesting to note that the contribution
from Sr and O sites is not negligible and even larger than from
the Cr one. It can be explained by the fact that SO interaction
at the Sr site is stronger than at the Cr site and also the unit
cell of SCRO has large number of oxygen ions. Sr and O sites
produce negative MAE reducing the total value of MAE in the
SCRO on BTO.

Figure 11(d) presents also the MAE �E for
[SCRO/BTO]1×1×1 heterostructure. We found that the
MAE is increased significantly going from tetragonal SCRO
on BTO to the [SCRO/BTO]1×1×1 heterostructure. The
corresponding magnetic anisotropy constants K1 and K2

are also increased (see Table II). However, the MAE for
[SCRO/BTO]1×1×2 heterostructure (not shown) became
almost two times smaller than the corresponding values for
monolayered [SCRO/BTO]1×1×1 heterostructure, but still
a little bit larger in comparison with the SCRO on BTO
compound.

V. CONCLUSIONS

The combination of several physical properties such as
superconductivity, ferro- and antiferromagnetism, ferroelec-
tricity, or even multiferroicity in artificial heterostructures
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 enormous progress in oxide
thin film technology. On the other hand, they have outstanding
physical properties.

In this work, we present a systematic study of the electronic
structure and physical properties of SCRO/BTO heterostruc-
tures using the fully relativistic spin-polarized Dirac linear
muffin-tin orbital band-structure method in the GGA approxi-
mation. We found that without SO interactions SCRO double
perovskite and all the heterostructures under consideration
possess half-metallic character where the only contribution
around the Fermi level comes from the minority spins.

The element-specific x-ray absorption spectra and x-ray
magnetic circular dichroism at the Ti, Ba, and Re L2,3 edges in
SCRO and SCRO/BTO heterostructures were investigated the-
oretically from first principles. The theory describes relatively
well the shape and relative intensities of the x-ray absorption
and XMCD spectra in the SCRO and BTO. The final-state
interaction improves the agreement between the theory and
the experiment at the Ti L2,3 edges, however, it has a minor
influence on the shape of the Ba and Re L2,3 XAS spectra.

We investigated theoretically the magnetization, spin, and
orbital magnetic moments, as well as the magnetocrystalline
anisotropy energy (MAE) in the SCRO on the BTO substrate as
a function of the temperature assuming that the finite temper-
ature can be mimicked by the experimental lattice constants
corresponding to this temperature. We found that the spin
and orbital magnetic moments are monotonic, almost linear
functions of temperature but change abruptly at the points of
the BTO structural phase transitions. The magnetization M

also possesses jumps at the structural phase transitions in agree-
ment with the experiment. The magnetic discontinuity at the
structural phase transition is due to the change of the symmetry
type and also jump of the c lattice constant, which leads to an
abrupt change of interatomic distances and interatomic d-d
hybridization. The discontinuity of total magnetic moment is
almost one order of magnitude smaller than the experimentally
measured one. However, the theoretically calculated tempera-
ture dependence of the total magnetic moment with 25% of the
Cr/Re disorder (when one of four Cr ions are on Re site and
vice versa) is in excellent agreement with the critical amplitude
M0, obtained from the fitting of the experimentally measured
magnetization M (T ). Such effect of the Cr/Re disorder on the
magnetic discontinuity at the structural phase transition is due
to the magnetic reconstruction occurring in the SCRO on BTO
under the disorder. The major effect comes from the reorien-
tation of the Cr spin moments. The Cr and Re spin sublattices
are ordered ferromagntically each and ferrimagnetically to
each other in all the crystal structures under consideration
for ordered SCRO on BTO. The Cr/Re disorder leads to
the ferrimagnetic order for both the Cr and Re sublattices.
Moreover, such ferrimagnetic ordering depends on the type of
the SCRO crystal structure. In the tetragonal and rhombohedral
structures, one Cr ion has spin moment opposite to other
Cr moments. It itself significantly reduces the total magnetic
moment from 1.396 μB to 0.698 μB in the tetragonal structure
and from 1.390 μB to 0.672 μB in the rhombohedral structure in
agreement with the experiment. In the case of the orthorhombic
crystal structure, two Cr ions have spin moments opposite to
the other two Cr moments. This almost antiferromagnetic (AF)
ordering of Cr ions produces a very small average spin moment
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at the Cr sublattice and the total magnetic moment is derived
by the spin and orbital magnetic moments at the Re sites.
Such reconstruction produces a jump in the total magnetic
moment of 0.299 μB at the tetragonal/orthorhombic phase
transition for the Cr/Re disordered system in comparison with
only 0.020 μB for the ordered SCRO on BTO. The orientation
of the Cr spin magnetic moments plays a major role for the
significant increase of magnetic discontinuity at the structural
phase transition. However, one has to take into account also the
spin and orbital magnetic moments at the Re sites to obtain the
precise values of the total magnetic moments. To achieve an
agreement with the experiment, we have to assume AF ordering
in Cr sites in the orthorhombic crystal structure. Although
the ferrimagnetic order with one Cr spin moment opposite to
the other three ones is slightly lower in total energy than the
AF order, it produces a smaller jump in comparison with the
experiment (however, still larger than in the case of ordered
structure). One has to mention that SCRO on BTO system
is far from the thermodynamic equilibrium. The SCRO film
is in large strain due to the pulsed laser deposition specimen
preparation and relatively large mismatch between SCRO and
BTO lattice constants. Therefore the total energy analysis in
this case can not be valid. One of the reasons of the AF ordering
of Cr spin moments might be the twinning effect of the BTO
susbstrate in the orthorhombic phase, which is absent for the
two other phases.

We found that the easy axis of magnetization for the
tetragonal phase is along the 〈001〉 direction for both ordered
and disordered structures. The ordered orthorhombic phase
also has the easy axis of magnetization along the 〈001〉
direction, however, intersite Cr/Re disorder changes the easy
axis of magnetization approximately to the 〈001̄〉 direction.
The rhombohedral phase has the easy axis of magnetization
approximately along the 〈111̄〉 direction. These conclusions
are in agreement with the measurements of the magnetization
versus external magnetic field in the SCRO on BTO measured
by Czeschka et al. [25].

The MAE is proportional to the SO parameter λSO and the
anisotropy of orbital magnetic moment. The OMA is larger

at the Re site than at the Cr one, besides, λSO is one order of
magnitude larger for 5d Re than 3d Cr. Therefore one would
expect the dominant contribution to the MAE from the Re site
in SCRO on BTO. The direct calculations of the contributions
of each atom to the total energy confirm it. We also found that
the contributions from Sr and O sites are not negligible and
even larger than from the Cr one. It can be explained by the
fact that SO interaction at the Sr site is stronger than at the
Cr site, and also the unit cell of SCRO has a large number of
oxygen ions. Sr and O sites produce negative MAE reducing
the total value of MAE in the SCRO on BTO.

The MAE �E is increased significantly going from tetrag-
onal SCRO on BTO to the [SCRO/BTO]1×1×1 heterostructure.
The corresponding magnetic anisotropy constants K1 and K2

are also increased. However, the MAE for [SCRO/BTO]1×1×2

heterostructure becomes almost two times smaller than the
corresponding value for monolayered [SCRO/BTO]1×1×1 het-
erostructure, but still a little bit larger in comparison with the
pure tetragonal SCRO on BTO compound.

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 detailed
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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