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First-principles calculation of x-ray absorption spectra and x-ray magnetic circular dichroism of
ultrathin Fe films on BaTiO3(001)
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First-principles calculations of x-ray absorption spectra (XAS) and the related x-ray magnetic circular
dichroism (XMCD) are presented for ultrathin Fe layers on a BaTiO; (BTO) single-crystal surface within
the framework of density functional theory. We have investigated the dependence of XAS and XMCD of Fe L 3
edges as a function of Fe layer thickness (1-3 ML) and on polarization direction of BTO. The calculations give a
detailed insight concerning the relation between structural, electronic, and magnetic properties at the multiferroic
interface Fe/BTO. In dependence on the Fe layer thickness we find characteristic features in the related XMCD,
which depend strongly on the interface structure. The critical temperature of the ultrathin Fe layer is calculated

to be between 170 to 230 K.
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I. INTRODUCTIONIabelintro

The system Fe/BTO is a prototype of a multiferroic
interface showing magnetoelectric coupling. Recently, first-
principles calculations of Fe/BTO multilayers'= predicted the
dependence on the magnetic properties on the polarization
direction of BTO. The magnetoelectric effect, driven by the
Fe/BTO interface bonding, results in changing the magnetic
moments of Fe and Ti atoms.' The induced magnetic moments
of Ti and O atoms at the interface depend strongly on the
thickness of the Fe layers.” Besides, a change of the long-range
magnetic order of the Fe layer was found as a function of
thickness: the ferromagnetic phase of 1 ML Fe/BTO changed
into a ferrimagnetic phase in the 2 ML case and returned into
a ferromagnetic order of 3 ML Fe.? Layer-resolved induced
magnetic moments of Fe near the Fe/BTO interface were
discussed in the framework of tricomponent superlattices,*
where the induced magnetization results from screening
charges.

Recently, induced magnetic moments of Ti and O atoms
were experimentally verified in the multiferroic systems
Fe/BTO/LSMO and Co/BTO/LSMO.> In the spectroscopic
measurements of X-ray absorption and x-ray resonant magnetic
scattering the Ti L 3 and the O K edges were considered. In
all experiments the Fe (Co) layer thickness was fixed at 2 nm
(1.2 nm). Consequently, the x-ray absorption spectra of the
Fe L, 3 edge and the x-ray magnetic circular dichroism show
typical bulk Fe (Co) features.

The theoretical investigations'™ are performed in the limit
of ultrathin Fe layers to study the thickness dependence
of x-ray absorption and x-ray magnetic dichroism and to
gain insight into the origin of magnetoelectric coupling.
Experimental verification is still missing in this limit.

X-ray absorption spectra (XAS) and x-ray magnetic dichro-
ism (XMCD) are state-of-the-art methods to determine both
the electronic and magnetic structure of materials including
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site and valence band information as well as element-specific
structure and magnetization. In addition to the chemical
selectivity of XAS, XMCD gives information on the magnetic
spin and orbital moments of the excited atoms.

XMCD originates from coupling between the photon spin
and the atomic magnetic moments, which gives rise to a
difference between the absorption cross sections measured
with the magnetic field parallel or antiparallel to the photon
wave vector. XMCD was observed by Schiitz et al.® at the Fe
K edge. In the soft x-ray range it was measured on the Ni L 3
edges by Chen et al.” Both, experiment and theory of XMCD
are well documented. Within this paper we give only a short
summary concerning the study of the XMCD of thin Fe layers
and related interface properties.

XAS and XMCD have been applied with great success
in the investigation of magnetic properties of thin Fe layers
on different metallic substrates such as Cu, Ag, Au and Rh,
Pd, and Pt (see Refs. 8,9 and references therein). Besides
fundamental research of magnetism in low dimensions, studies
were motivated by the search of induced magnetic moments at
the interface.'® Hybridization and exchange interaction caused
enhanced magnetic spin and orbital moments in ultrathin Fe
layers.'! Recently a magnetic model of the archetype system
fcc-Fe/Cu(001) was introduced, where, in combination with
first-principles calculations, magnetic noncollinearity was
directly demonstrated.'? The electronic and magnetic coupling
between Fe and oxides is determined by the complex interface
resulting from oxide reduction and metal oxidation, which
were investigated in the study of magnetic tunnel junctions
such as the Fe/MgO/Fe(001) system.'>!* It has been found that
the growth of Fe layers depends strongly on the preparation
methods.!> The interplay between magnetic properties and
morphology was detected for thin iron films deposited on
MgO/Ag(001) substrates. The onset of ferromagnetism above
4.5 ML at room temperature could be ascribed to the transition
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FIG. 1. (Color online) Construction of the supercells for 1 ML, 2 ML, and 3 ML Fe/BTO(001).%

from a three-dimensional to a two-dimensional growth mode
of the iron deposit.'

Fe layers on NiO and CoO single crystal surfaces are
often considered as prototype systems of FM-AFM interfaces.
Strong evidence for an interfacial region (1-3 atomic layers)
was found, where NiO was reduced and the Fe overlayer
was oxidized in the Fe/NiO/Ag(001) system.!” The reduced
magnetic moments in Fe films on NiO(001) crystals were
explained by paramagnetic FeO formed at the interface in
the growth process.!®

The Fe/BTO interface has been investigated experimentally
by different methods. Until now the preparation of ultrathin
Fe films on BTO single crystals or BTO thin films bears a
challenge for experimental verification. Pioneering work has
been done by Brivio et al.'®* High-quality 1-3 nm Fe films
were epitaxially grown on BTO/STO(001).2° Sahoo et al.?!
and Yu et al.*? prepared polycrystalline films on BTO(001) and
BTO/STO(001) of 10-nm and 30-nm thickness, respectively.
Garcia et al.** used 5-nm thick Fe films for Fe/BTO tunnel
barriers. In the multiferroic system investigated by Valencia
et al’ (2-nm thick Fe) the Fe layer consists of textured
crystallites. Both x-ray absorption spectra and the related
magnetic dichroism were typical of bulk bcc Fe. This result
was found also by Garcia et al.?>

Until now we have no experimental information about
the Fe/BTO interface concerning the dependence of the
magnetoelectric effect and related phenomena on the Fe layer
thickness. The focus of this paper is to get the resolution
of layer-dependent effects in spectroscopic methods such
as x-ray absorption spectroscopy and the related magnetic
dichroism. Therefore, we present first-principles calculations
of x-ray absorption spectra of ultrathin Fe films (1-3 ML) on
BTO(001). The aim of this theoretical study is to obtain the
XMCD of Fe L3 edges as a function of Fe layer thickness
and polarization direction of BTO.

A fully relativistic Green’s function method is applied
to investigate the spectroscopic properties of the system.
We take the relaxed atomic positions calculated by means
of a pseudopotential formalism®? as starting point of our
studies. Scalar-relativistic calculations are used to compare the
magnetic spin moments with the recently published values.
We extend these to fully relativistic calculations (which are
the basis of our XMCD computations), whereby we obtain the

magnetic orbital moments as well. The long-range magnetic
order of the system is investigated within a Heisenberg model.

The organization of the paper is as follows: We briefly
introduce in Sec. II our multicode approach. At first we
present in Sec. III calculated distances, magnetic spin, and
orbital moments. The second part shows our theoretical results
of x-ray absorption spectra and related XMCD. The last
part is dedicated to the investigations concerning the critical
temperature of this system. We conclude with a short summary
and outlook in Sec. IV.

II. MULTICODE APPROACH

We use a multicode approach to calculate the structural,
electronic, and magnetic properties of the Fe/BTO(001)
system in dependence on both Fe layer thickness and direction
of the electric polarization P of BTO(001) with respect to the
surface.

Supercells are constructed to model the Fe/BTO system.
The supercells, as shown in Fig. 1, consist of five unit cells
(UCs) of BTO (originally with P4 mm symmetry) with a TiO,-
terminated (001) surface (interface I), Fe layers (S1, S2, S3),
and five layers of empty spheres (not shown) to simulate the
vacuum. The TiO, termination of BTO was confirmed recently
in an experimental and theoretical study of ultrathin BTO films
grown on Fe(001).%*

The polarization P in the ferroelectric BTO arises by
shifting Ti and O atoms along the z axis in opposite directions,
which leads to a tetragonal distortion of the unit cell. The
[100] direction of Fe(bcc) is aligned along the [110] direction
of BTO(001). In the first Fe layer (S1) the Fe atoms (Fe; ,) are
placed on top of O atoms of the TiO,-terminated BTO(001)
surface. In the second layer (S2) Fe atoms are at two different
positions: on top of Ti (Fer;) and Ba (Fep,,) with respect to the
TiO; interface. In the third layer S3 again Fe atoms (Fe; 4) are
on top of Fe atoms of the first Fe layer S1 like in a distorted
bee structure. Note, that there are two Fe atoms per unit cell
in each Fe layer.

The structural relaxation of the systems is performed by
the Vienna Ab initio Simulation Package (VASP).?®?” The
fully relaxed Fe/BTO supercell data are transfered to a spin-
resolved fully relativistic Korringa-Kohn-Rostoker (SPR-KKR)
code.?8-32
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TABLE 1. Full relaxed structural distances in dependence on the Fe layer thickness and the direction of the electric polarization P. Ti* and

O* are the positions in the bulklike region of the BTO slab.

1 ML Fe

di [A] Pup Pdn

S3 Fe-Fe(Ba)

S2 Fe(Ba)-Fe

S2 Fe(Ti)-Ti

S1 Fe-O 1.781 1.774

I Ti-O;, 1 0.068 —0.019
Ti-O 2.058 1.940
Ti*-O7, 0.086 —0.086
Ti*-O* 2.029 1.881

2 ML Fe 3 ML Fe
Pup Pdn Pup Pdn

1.114 1.134
1.054 1.856 1.241 1.218
2918 2.971 3.121 3.214
1.855 1.856 1.849 1.843
0.037 —0.046 0.062 —0.040
1.988 1.905 2.036 1.951
0.086 —0.086 0.086 —0.086
2.029 1.881 2.029 1.881

With the Green’s function G(E) of the system all quantities
of interests can be calculated. In particular, we consider the
density of states n( E) and the magnetic moments (spin moment
my, orbital moment m,).*> The x-ray absorption coefficient
u*(E) in dependence on energy E and polarization A of x rays
follows also in a straightforward way by means of Green’s
function method.>*

The term magnetic dichroism characterizes the change of
the x-ray absorption spectrum when the relative orientation
of the helicity of circularly polarized light (A = £) and the
sample magnetization M is switched.?® In our calculations the
direction of M (]| z axis; Fig. 1) is fixed and the helicity of the
incident light is changed from right (-) to left (4 ) circularly
polarized light. The calculated x-ray absorption coefficient
w*(E) and the difference for the Fe L, 3 edges

Ap=p —pt (1)

is normalized to the number of Fe atoms in the unit cell.
All x-ray absorption spectra are calculated using the fully
relativistic SPR-KKR code.*®

The experimental proof of our spectroscopical predic-
tions requires information about the critical temperatures
of the Fe layers. Exchange constants J are extracted
from the ab initio multiple-scattering calculations. Compu-
tations of the critical temperatures are performed by means
of Monte Carlo simulations of the classical Heisenberg
model.?7-3*

III. RESULTS AND DISCUSSION

A. Structure and magnetism

The starting point of all XAS and XMCD calculations
is the relaxed structure of the supercells. In the applied
VASP method based on projector-augmented wave (PAW)
pseudopotentials®®?’ the plane-wave basis cutoff energy is
600 eV. After relaxation the calculated forces are less than
0.5 x 107%eV/A. The Brillouin zone of the slab is sampled
during the force minimization with a 10 x 10 x 6 k-point
Monkhorst-Pack mesh.*’ The in-plane lattice constant of BTO
amounts 3.943 A.

The relaxed structural parameters are summarized in Table I
and agree with the previously published values of Fechner
et al.>* We emphasize attention to the reduced in-plane lattice
constant (2.79 A) and next-neighbor distance of Fe atoms in
the multilayer system in comparison to the Fe-bcc bulk crystal
(ap = 2.87 A). At the interface I the relaxation of Ti and O
atoms leads to reduced tetragonal distortions with respect to
BTO bulk.

In Table II the local magnetic spin moments m are summa-
rized obtained in the framework of our scalar-relativistic KKR
calculations.*® These calculations are indicated for a direct
comparison of our results using atomic sphere approximation
(ASA), which works without shape approximation to the
crystal potential, with the recently published full-potential
computations.® Our KKR-ASA results reflect all general trend
of the magnetic properties in the considered system. The spin
magnetic moments of Fe atoms are in good agreement with

TABLEII. Calculated magnetic spin moments m; (scalar-relativistic KKR-ASA method) in dependence on the thickness of Fe layers and the
direction of electric polarization P (P,||[001], Pg,[|[001]) in the BTO supercells.

1 ML Fe 2 ML Fe (FI) 3 ML Fe

myg [MB] Pup Pdn Pup Pdn Pup Pdn

S3 Fe 1.77 1.87
S2 Fe(Ti) —-2.13 —1.94 1.50 1.51
S2 Fe(Ba) 2.28 2.17 1.27 1.23
S1 Fe 2.83 2.84 0.0 0.0 1.09 1.00
I Ti —-0.21 —0.07 0.0 —0.01 —0.09 —0.01
1 (0] 0.09 0.10 0.0 0.0 0.02 0.02
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FIG. 2. (Color online) Calculated spin-resolved DOS of Fe 3d,
Ti 3d, and O 2p states for 1 ML Fe/BTO and polarization P, (solid
lines). Ti* and O* denote bulklike states in the supercell (gray areas).
Fepuk stands for a Fe-bee bulk calculation.

the published values.> There are differences concerning the
induced magnetic moments at the interface, which are however
not in the focus of our XMCD discussion of Fe L, 3 edges.

The magnetic properties of the system are a result of
competition between the reduced coordination number of Fe
atoms at the surface and interface and the relaxation of the
system. The last one determines the strength of hybridization
between Fe 3d and Ti 3d states on the one hand and Fe 3d
and O 2p states on the other hand. This may give rise to an
enhanced or decreased magnetic moments.'

Although a detailed discussion of electronic structure and
magnetism is not in the focus of this work, we give a short
summary of the main results concerning the Fe/BTO interface
in the multilayer system (Fe,),,/(BTO)s (m = 1,2,3). For
1 ML of Fe a ferromagnetic ground state is obtained, where
the magnetic moment of Fe atoms in the surface S1 is much
larger as for Fepy atoms. As shown in Fig. 2 the reduced
coordination number at the surface (in comparison to Fepyk
leads to d-band narrowing.*' We get a much higher density
of unoccupied spin-up d states and observe much more fine
structures near the Fermi energy due to the lower symmetry
and additional surface states in comparison to Feyx. Besides,
we observe an induced magnetic moment at the Ti and O
atoms at the interface I, respectively. In Fig. 2 we compare the
spin-resolved DOS of 3d states (2p states) of Ti (O) atoms at
the interface to Ti* (O*) atoms of bulklike states. The induced
magnetic moment of the Ti atoms is opposite to the direction
of the magnetic moment of Fe atoms in the surface S1.

In case of 2 ML Fe a ferromagnetic as well as a
ferrimagnetic state are found.®> From total energy calculations
it follows that the ferrimagnetic (FI) state is preferred in
comparison to the ferromagnetic (FM) one. The difference
AEy = |Et(£M) — Ef(i[)l amounts to 0.02 meV.? In the FI state
the magnetic moments of Feg, and Fer; in layer S2 are different
and align in opposite directions (see Table II). The magnetic
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FIG. 3. (Color online) Calculated layer-resolved magnetic spin
(my) and orbital (m,) moments of Fe atoms in dependence on
the thickness of Fe layers on BTO and polarization P,, (SPR-KKR
method). Note that there are two atoms per unit cell in each layer.

moment of Fe atoms in layer S1 is strongly suppressed in
comparison to S2 and does not contribute essentially to the
magnetic behavior of the system. Also the induced magnetic
moments of Ti and O atoms at the interface are very small.
In the 3 ML case again the ferromagnetic state is preferred.
The magnetic moment of the Fe atoms in the surface S3 is
smaller than for Fe bulk or the Fe surface S1 in the 1 ML case,
respectively.

The dependence on the direction of polarization P (Table IT)
is caused mainly by the change of the distances between
Fe and Ti (O) atoms at the interface, respectively. A larger
(smaller) value means a smaller (larger) hybridization between
the Fe and Ti 3d states (O 2p states) and therefore a larger
(smaller) magnetic moment (see Table II). This dependence of
the induced magnetic moments on the electric polarization
reversal in BTO determines the interface magnetoelectric
coupling.

We extended our calculations using a fully relativistic KKR
method.*® This places us in the position to calculate magnetic
orbital moments of the multilayer system. With regards to
the limitation of DFT-LDA (neglecting orbital corrections) we
find general trends in dependence on the Fe layer thickness
as shown in Fig. 3. As expected the quenching of the orbital
moment is partly lifted in the 1 ML case in comparison to
Fepui.*! In the 2 ML and 3 ML case the orbital moment is
reduced in comparison to the 1 ML case and quenched as in
the Fe(bcc) case, respectively.

B. X-ray absorption spectra and x-ray magnetic circular
dichroism calculations

In our simulations of XAS and XMCD the magnetization
M, the electric polarization P and the incidence of light are
parallel to the z axis (surface normal) of the Fe/BTO(001)
system (see Fig. 1). All x-ray absorption spectra are broadened
by Lorentz convolution with a core hole width of 0.4 eV and
0.2 eV for the L, and L3 edge, respectively.

In Fig. 4 the calculated x-ray absorption spectra for right
(-) and left (+) circularly polarized light (upper part) and the
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FIG. 4. (Color online) Calculated x-ray absorption spectra of Fe
L5 3 edges in Fepi (upper part) and for 1 ML Fe/BTO(001) (Pyp). In
the lower part the related difference spectra Ap are shown. The
calculated XMCD of Fey, is shown in comparison to available
experimental results taken from Scherz et al.** (dashed line).

related difference spectra A (lower part) are shown for 1 ML
Fe/BTO (Pp,) in comparison to calculations performed for
Fepuik- The calculated XMCD of Fey,k is compared to available
experimental results** to emphasize the quality of our SPR-KKR
calculations.

In both cases we observe the well -known energy de-
pendence of XMCD in a ferromagnetic system. Using right
circularly polarized () light the intensity at the L3 (L,) edge
is enhanced (decreased) due to different selection rules of
spin-up and spin-down electrons in the ferromagnetic phase.
The behavior is opposite at the L3 (L,) edge in case of
left circularly polarized (+) light. Band structure effects
determine the spectral shape of the XMCD.

In the 1 ML case the maximum of the L edges of left and
right circularly polarized light is not at the same energetic
position as observed for Fepy (see vertical lines in Fig. 4).
This is related to the [-projected DOS, where we have found a
small splitin the Fe DOS of d electrons (see red arrow in Fig. 2)
just above the Fermi energy. The reason for this behavior lies
in the cancellation of degenerate d states in systems of reduced
symmetry and the appearance of surface states.

The results of XMCD for 1 ML, 2 ML, and 3 ML are
summarized in Fig. 5. In the 2 ML case we have calculated
the x-ray absorption spectra and the related differences Au for
both the ferrimagnetic and the ferromagnetic state as shown in
Fig. 5 (middle part). The XMCD of the ferrimagnetic phase is
small and follows the well-known behavior of antiferromag-
netic/ferrimagnetic states. In case of the ferromagnetic state
we get a small fine structure in the energy dependence of the
L3 edge, which we find also in the 3 ML case (upper part),
which is discussed in more detail in the following chapter. The
dependence on the electric polarization P of BTO is in all cases
very weak as indicated exemplary in the 3 ML case (dashed
line in Fig. 5).

PHYSICAL REVIEW B 85, 134432 (2012)
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FIG. 5. (Color online) Calculated XMCD of the L, ; edge of Fe
for 1 ML, 2 ML, and 3 ML Fe/BTO(001). The dependence on the
polarization P is shown for the 3 ML case (dashed curve in the upper
part). In case of 2 ML both the ferromagnetic (FM) and ferrimagnetic
(FI) ground states are displayed.

C. Layer-resolved x-ray magnetic circular dichroism

The characteristic energy dependence of the L3 edge (L,
edge) is directly related to the reduced symmetry at the
interface and surface Fe multilayer system, respectively. In
our calculations we can separate the different contributions
of the total XMCD. In Fig. 6 the layer-resolved XMCD
of ferromagnetic 2 ML and 3 ML Fe/BTO(001) are shown
normalized to the number of Fe atoms in the unit cell of the
system. While both Fe atoms in layer S1 (Fe, ) and S3 (Fes 4)
are equivalent, the Fe atoms in layer S2 are at nonequivalent
positions (Feg, and Fer;), which leads to small differences
in the XMCD signal. Besides we show the dependence on
the direction of polarization for Fe atoms at the interface and
surface (solid lines for Py, and dashed lines for Py, in Fig. 6).

In the energy dependence of the L; edge we observe
a splitting of the XMCD peak with respect to energy in

2ML (FM 3ML (FM) Fe(S3
o[ . ) _\__Fe(s3)
W - Fe3.4
4l 41 Py
z oLl L N\ Fes2)| Z olbly L A\ Fels2)
= W s =] W V
= —Fe = —Fe
'_6 Ba 5 Ba
5_4- JJ —Fe §_4- —Fe,,
Z ' Fes)| & ' "Fe(S1)
ol A Fel 0 AN
W{Vf — Fe1,2 W Fe12
4l T Py 4L Py,
0 10 20 30 0 10 20 30
E-E, [eV] E-E, [eV]

FIG. 6. (Color online) Layer-resolved XMCD of Fe L, 3 edges
of ferromagnetic 2 ML (left) and 3 ML (right) Fe on BTO (P,,). The
interface and surface Py, results are compared to Py, data (dashed
lines).
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TABLE III. Calculated critical temperatures of the Fe/BTO
system in dependence on the Fe-layer thickness for two values of
the MAE parameter and different magnetic phases.

spin dowrT]

2ML

s2 T s
LA N
r r spin dowrT|

\/\Gulk * \[/\r’—/
-5 0 5 -5 0 5 -5 0 5

spin down
Energy E-E_ [eV]

FIG. 7. (Color online) Layer- and spin-resolved DOS of Fe 3d
states in Fe/BTO(001). Results are shown for P, in dependence on
the layer thickness (1 ML, 2 ML, and 3 ML). S1, $2, and S3 denotes
the layer number starting from the TiO, interface / with S1. In the
second Fe layer (2 ML and 3 ML case) we have two different Fe
positions on Ti and Ba atoms, respectively. The gray area (see 1 ML,
S1) is the calculated DOS of Fe 3d states in Fepy.

dependence on the layer thickness. The appearance of this
structure can be explained if we consider the spin- and
layer-resolved DOS of the Fe d states as shown in Fig. 7.
In comparison to Feyy (gray area) we observe many more
structures in the layer system. These structures depend strongly
on the layer thickness and the position of the layer (surface,
interface, or between both). The DOS at the Fermi level is very
sensitive with regard to the relaxed structure at the interface
or surface. We observe more and different states, for example
due to hybridization, as in the bulk situation. To have a close
look at the XMCD we apply a simple one-electron model.

In the one-electron picture the absorption coefficient
w*°(E) depends on the transition probability Mﬁ"’ and the
density of states n{ (E)

W (E) o< Y Mp 7 nf(E), )
L

where A and o denote the kind of light and electron spin
polarization, respectively. The quantity L = (/,m) stands for
the quantum numbers of the angular momentum operator. The
transition probability Mz’” is a smooth function of energy,
which we neglect in the following discussion for simplicity.
The selection rules of L in dependence on the polarization of
light are well known and documented.*?

In case of spherical symmetry the density of states ng (E)
does not depend on the m values for a given angular momentum
. Assuming that the spin-up channel is completely occupied
the XMCD Ap of the L3 edge (pss2) is determined by
the sum of all spin-down contributions. We find: Au(L3)
[—10 ni]. For the cubic case we obtain for / = 2 an energy
splitting between the states with m = 0,2 (forming the e,
states) and m = —2, — 1,1 (forming the f,, states). This

gives us the contribution Au(L3) o [8 nig — 18 n,ﬁg], which

T. [K] 1 ML 2 ML 3 ML
MAE [meV] FM FM FI noncollinear
0.5 190 222 88 170 (£10)
1.0 204 230 85 170 (£10)

determines the main contribution of the XMCD signal of
the L3 edge for cubic symmetry. At the surface or interface
the degeneration between m =0 and m =2 and between
m = —1,1 and m = —2is suppressed, respectively. Therefore,
we observe more structures in the XMCD of the Fe multilayer
system in comparison to a bulklike system (Fig. 4). In
general it is possible to separate all the different contri-
butions in layer-resolved XMCD calculations. This depen-
dence on layer thickness should show up in corresponding
experiments.

D. Calculation of critical temperature

Heisenberg exchange parameters J;; follow directly from
the KKR Green’s function by means of the magnetic force
theorem.>” The exchange parameters are calculated for the
different layer thicknesses and magnetic structures. Classical
Heisenberg Hamiltonians in Monte Carlo (MC) simulations
are used to determine the critical temperatures. For importance
sampling the Metropolis algorithm is applied. The critical
temperatures are extracted from the fourth-order cumulant.’®
More details can be found in Ref. 39. The magnetocrystalline
anisotropy energy (MAE) is considered as a parameter and set
to reasonable values in the MC simulations. In case of Fepy
we get T, =950 & 10 K. This is in reasonable agreement
with the experimental value of 1043 K and as well to other
previous ab initio estimates obtained with MC simulations.***
The fact, that our values are lower can be explained by the
differences in the obtained J;; and by the larger number of
interaction shells taken for the MC simulations in our work
(17 compared to 2 and 1). In Table III the results of our
calculations are summarized for the considered Fe/BTO(001)
system. In all cases the critical temperature is clearly below
room temperature. This result is independent on the MAE
parameter chosen in the simulation. We will expand these
investigations to obtain further insight into the nature of
long-range magnetic interaction.

IV. CONCLUSION

We employ first-principles calculations to study x-ray
absorption spectra and XMCD of the multiferroic system
Fe/BTO(001). Our main goal was to study both the influence
of structural and magnetic properties of the Fe films and
the dependence on the polarization direction of BTO. Our
calculations show that x-ray absorption spectroscopy and
XMCD measurements are essential to understand the complex
magnetic behavior at the interface and surface of this system.
The differences in the magnetic properties in dependence on
the layer thickness are directly reflected in the behavior of x-ray
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absorption spectra of the Fe L; 3 edges and the related XMCD.
We have found however only a very weak dependence on the
polarization direction P of BTO. Nevertheless, the XMCD
in the monolayer thickness region can form a bridge across
first-principles calculations and experiments of multiferroic
systems.

The starting point of the spectroscopic calculations in
the framework of a fully relativistic method was the fully
relaxed structure of the system, which was imported from a
pseudopotential calculation. Our calculated magnetic spin and
orbital moments of the Fe atoms depend strongly on the local
structure of the Fe multilayers, where we may separate the
influence of surface and interface effects for Fe/BTO(001).
The quenched orbital moment of Fe-bce bulk is partly lifted
in dependence on the Fe layer thickness. The magnitude
of the local magnetic moments depends on the details of
the DOS mainly determined by the behavior of the Fe d
electrons.

PHYSICAL REVIEW B 85, 134432 (2012)

The XMCD of the Fe layers (1-3 ML) on a TiO,-terminated
BTO(001) surface shows characteristic structures, which are
related to the changes of the structure at the Fe/BTO interface
or Fe surface. This gives rise to a rich fine structure in the DOS
of the Fe d states near the Fermi energy.

Our results show that XMCD experiments will fail at room
temperature because of the low critical temperature of the Fe
films. Experiments at low temperature might give interesting
insight into the structural, electronic, and magnetic properties
of this system.
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