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The temperature dependence of the electrical resistance has been studied for heterostructures formed by anti-
ferromagnetic LaMnO; single crystals of different orientations with epitaxial films of ferroelectric
Ba, §Sr ,TiO; deposited onto them. The measured electrical resistance is compared to that exhibited by
LaMnO; single crystals without the films. It is found that, in the samples with the film, for which the axis of
polarization in the ferroelectric is directed along the perpendicular to the surface of the single crystal, the
electrical resistance decreases significantly with temperature, exhibiting metallic behavior below 160 K. The
numerical simulations of the structural and electronic characteristics of the BaTiOs;/LaMnO; ferroelec-
tric—antiferromagnet heterostructure has been performed. The transition to the state with two-dimensional

electron gas at the interface is demonstrated.
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A high-mobility electron gas was first observed in
2004 [1] at the interface between LaAlO; (LAO) and
SrTiO; (STO). After that, such heterointerfaces
involving two insulating and nonmagnetic oxides were
comprehensively studied. In particular, it was found
that the nanometer-thick metallic phase (two-dimen-
sional electron gas, 2DEGQG) is formed in the STO lay-
ers at the LAO/STO interface when the number of
LaAlO, layers is larger than three [2]. Such a system
undergoes a transition to a superconducting state at
temperatures below 300 mK [3]. The charge carrier
density in this heterostructure is as high as 3Xx
108 cm™2. In addition, the LAO/STO heterostructure
exhibits ferromagnetism [4]. Later on, the two-dimen-
sional electron gas was revealed at interfaces between
other nonmagnetic insulators, e.g., KTaO;/SrTiO; [5]
and CaZrO,/SrTiO; [6]. The 2DEG was also found at
the interfaces between magnetically ordered Mott
insulators and, in particular, ferromagnetic GdTiO;
(GTO) [7], antiferromagnetic SmTiO; [8] and LaTiO,
[9], having the highest possible charge carrier density

equal to 3x 10" ¢cm™2. Further on, the 2DEG forma-
tion was demonstrated also in NdAIO;/SrTiO;,
PrAlO;/SrTiO;, and NdGaO;/SrTiO; heterostruc-
tures [10], as well as in LaGaO,/StTiO; [11].

It is supposed that the conductivity arises owing to
the structural and hence electronic reconstruction.
However, firmly established mechanisms and com-
monly accepted models for the arising conductivity
are still missing. It is usually assumed that the local
polarity of (LaO)*! and (AlO,)~! layers in LAO plays
an important role in the formation of 2DEG. Having
this in mind, we choose the heterostructure of the
BaTiO;/LaMnO; (BTO/LMO) type for our study of
the relation of the structural distortions, electronic
reconstruction, and the polar characteristics. This
heterostructure exhibits the ferroelectric polarization
related to the shift of Ti*™* atoms from the symmetry
center of the oxygen octahedron in BTO, in spite of
the electric neutrality of the BaO and TiO, layers. The
direction of such polarization can be switched by the
applied electric field. Note that it is not possible to
perform the switching in LAO, since the (LaO)*! and
(AlO,)"! layers cannot interchange their positions
under effect of some external field. In addition, the
BTO/LMO heterostructure is interesting because
LaMnO; does not exhibit the ferromagnetic order,
being an antiferromagnet. There is a tempting idea to
transform LaMnO; to the ferromagnetic state by an
increase in the density of itinerant charge carriers [12],
because this leads to the enhancement of the indirect
ferromagnetic exchange interaction. This is actually
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implemented by doping of LMO [12, 13]. In other
words, we can expect in the future that an increase in
the number of charge carriers at the interface is apt to
give rise to the local ferromagnetic state and to the for-
mation of the magnetoresistive characteristics [13] in
such system with 2DEG. Thus, in the BTO/LMO het-
erostructure, both the conductivity (the trigger effect)
and magnetization (magnetoelectric effect) can be
switched by an electric field, and in addition the trans-
port characteristics can be changed by an applied mag-
netic field (magnetoresistive effect). In this paper, we
also present the results of numerical simulations of the
BaTiO;/LaMnO; (BTO/LMO) system and the results
of the studies of the electrical conductivity for the
Ba; ¢St , TiO;/LaMnO; (BSTO/LMO) heterostruc-
ture having a BSTO layer 350 nm thick.

In our experiments, we used LMO single crystals,
onto the modified surface of which epitaxial BSTO
films had been deposited by magnetron sputtering.
The choice of these objects was primarily justified by
the well-developed technologies used in the prepara-
tion of each individual constituent [14—16]. Note that
BSTO with the Sr content equal to 0.2 only slightly
differs from BTO, and the ferroelectric transition tem-

perature 7, for the films is rather high: for 300-nm-
thick films, we have T, ~ 540 K [15]. We used 350-nm-
thick films because, generally, the properties of 2DEG
do not change much beginning from a certain thick-
ness of the part of the system which exhibits the polar
characteristics. The results of our numerical simula-
tions support this statement. In this work, it was
important to find the effect itself and to fix it reliably,
whereas the role of the ferroelectric layer thickness in
the formation of the 2DEG characteristics should be
an object of future studies. We grew single crystals of
LaMnO; manganite, onto which Ba;¢Sr;,TiO;
(BSTO) was deposited, and the conductivity of this
system was measured by the four-probe technique.
Simultaneously, we began the numerical simulations
of the structural and electron characteristics of the
BTO/LMO heterostructure.

First, we present the results obtained by the com-
puter simulation of the characteristics of the
BTO/LMO heterostructure. As the numerical tech-
nique, we use the density functional theory [17]. The
exchange and correlation effects were taken into
account in the framework of the generalized gradient
approximation (GGA) [18]. The Kohn—Sham equa-
tions were solved using the projector augmented wave
(PAW) basis [19] implemented in the VASP code [20]
integrated into the MedeA software program [21]. The
energy cutoff was chosen to be equal to 400 eV, the
force tolerance was taken to be 0.05 eV, and the energy
tolerance for the self-consistency loop was 1073 eV.
The Brillouin zone is divided usinga 5 X 5 X 1 grid. In
the numerical simulations of the electronic properties
of transition metal oxides, it is necessary to take into
account strong correlations between electrons belong-
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ingto d and forbitals; therefore, we chose the GGA +
U method with the corrections introduced according
to the procedure discussed in [23]. The parameter U
was added for La 4f, Ti 3d, and Mn 4d (U = 8 eV, 2 eV,
and 4 eV, respectively). The magnetic nature of this
material was taken into account.

In Fig. 1a, we illustrate the structure of half of the
unit cell for the LMO/BTO heterostructure with the
BaO Ilayer at the interface. For bulk orthorhombic
LaMnQO;, the lattice constants are a =5.650 A,
b=5.616 A, and ¢ =7.935 A. These values were
obtained after optimization (for comparison, the
experiment gives a =5.537 A, b=5.749 A, ¢=
7.665 A). In order to perform the numerical simula-
tions of the heterostructure, the LMO unit cell was
expanded by a factor of 1.5 and surrounded from both

sides by a variable number of BaTiO; layers with BaO
layers at the interface and TiO, layers at the surface
and vice versa. The second half of the unit cell shown
in Fig. 1a is the mirror reflection with respect to the
central LaO layer. Such form of the structure ensures
the absence of polarity and the dipole moment arising
owing to an asymmetry of the unit cell. To avoid an
undesirable interaction of the surfaces with their peri-
odic copies, we added to the system a vacuum spacer
~20 A thick located in the direction perpendicular to
the interface. To imitate the “rigidity” of the LMO
substrate, we fixed the a and b lattice parameters,
whereas the atomic positions can vary in the process of
the heterostructure optimization.

In the course of the optimization of both types of
interface (the first and second cases with the BaO
interface layer and the TiO, layer, respectively), it is
found that, in the latter case, the energy is lower; i.e.,
the structure is more stable. Having this in mind, in all
further discussions, we deal just with this case. In
Fig. 1a, we can see that, in the near-surface TiO, layer,
Ti atoms come out from the oxygen layer by about
0.15 A. This gives rise to the dipole moment directed
toward the interface. To get a better insight into the
character of structural distortions, the calculations
involving a larger number of BT O layers are under way.

To determine the electronic characteristics of the
structure, we calculated the spectrum of the density of
states taking into account the magnetic properties of
LMO. In Fig. 1b, we present the results of such calcu-
lation separately for Mn, La, and Ti atoms involved in
such structure. We can see that, even for a single BTO
layer, the gap is closed and the energy levels corre-
sponding to Mn cross the Fermi level. The total mag-
netization arises as well, being located mostly at Mn
atoms.

The measurements has been performed with three
types of samples: (i) samples N1 are LMO single crys-
tals with BSTO film deposited onto the surface, within
the plane of which lies the ¢ axis of the single crystal;
(ii) samples N2 are LMO single crystals with BSTO
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Fig. 1. (Color online) (a) Structure of the half unit cell of
the LMO/BTO heterostructure with the BaO interface
layer. (b) Density of states spectrum of the LMO/BTO
heterostructure with the BaO interface layer.

film deposited onto the surface, where the atomic
plane is perpendicular to the ¢ axis of the single crystal;
and (iii) samples NOI and NO2 are LMO single crystals
similar to those in samples N1 and N2 but without the
film. The X-ray diffraction studies demonstrated that,
for the N1 samples, the ¢ axis of the film, along which
the spontaneous polarization of ferroelectric is
directed, lies within the film plane, whereas for the N2
samples, the ¢ axis of the film is perpendicular to the
film plane. Such an arrangement stems from the fact
that, in the first case, the LMO substrate is a stretching
one with respect to the film, while in the second case,
the substrate compresses the film [16]. In both cases,
this is due to the ratio of the unit cell sizes of the single
crystal and the film. In Fig. 2, we illustrate the results
of four-probe measurements of the electrical resistivity
p(T) performed using the NO1 and NO2 samples with
the electric current directed perpendicular to the caxis.
We see that the resistivity exhibits the activation-type
behavior characteristic of the conductivity in semicon-
ductors. It corresponds to the behavior of conductivity
in LMO measured on similar samples [13, 14]. Per-
forming the numerical analysis of the resistivity
according the formulas p,,(7T) =py exp(T,/T),
P20(T) = poo Xexp(T,,/T) (the results are shown in
Fig. 2 by the red dashed and green dot-dash lines for
the orientations of the plane perpendicular and paral-
lel to the ¢ axis, respectively), we obtain the following

In Fig. 3, we illustrate the results of four-probe
measurements of the electrical resistance performed
using the N1 sample in the configuration with the ¢
axis of LMO single crystals directed perpendicular to
the electric current. We can see that the resistivity
exhibits the activation-type behavior within the whole
temperature range of the measurements. In Fig. 4, we
illustrate the results of electrical resistance measure-
ments performed using the N2 sample. Since the ¢
axis of the LMO single crystals is directed perpendic-
ular to the film plane, the current flows in the direc-
tion perpendicular to the ¢ axis. At high temperatures,
the electrical resistance of N2 sample behaves in an
activation-like way, whereas at temperatures below
160 K, it passes to the regime characteristic of the
metallic-type behavior. The total electrical resistance
of the N2 sample is several times lower than the elec-

trical resistance R,, which the sample would exhibit
without the film (in Fig. 4, it is shown by the dashed
line obtained on the basis of the resistivity data illus-
trated in Fig. 2), within the whole temperature range
of the measurements. In our opinion, the drastic
decrease in the electrical resistance at low tempera-
tures is a signature of the transition to the state with
2DEG.

Let us analyze the results and make some estimates
for the parameters characterizing the arising state. We
assume that the electric current flows along three lay-
ers with different conducting characteristics: the sin-
gle-crystalline LMO layer with the electrical resis-
tance R, (shown by the dashed line in Fig. 4); the fer-
roelectric layer with a very high resistance (where the
current nearly vanishes); and the layer with a high
charge carrier density at the interface, i.e., the near-
surface region in LMO with the characteristic size A.
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Fig. 3. (Color online) Temperature dependence of the
electrical resistance R(7T") for sample N1 with the
Ba ¢Sry ,TiO3/LaMnO; heterostructure having the
350-nm-thick Bag gSr ,TiO5 layer.

The electrical resistance of the latter layer is Rg. Then,
the electrical resistance Ry can be determined using
the formula Ry = RyR/(R, — R), where R is the mea-
sured electrical resistance of the sample. Near the tem-
perature of liquid nitrogen, we haveRg = R = 200 Q.

Now, let us take into account that Ry can be expressed
in the form

= p_,,,l’ 1))
dA

where p,, is the electrical resistivity of manganite in
the metallic state, / is the length of the section across
which the resistance is measured (the distance
between the voltage contacts, / = 0.14 cm), and d is
the transverse size of the area of the resistance mea-
surements (d = 0.33 cm).

For the surface charge carrier density, we can write

n, = n,A, where n, is the charge carrier density in the
bulk. Then, taking (1) into account, we find

)

n,l
— P mtty . (2)
R¢d
The number of charge carriers per unit cell (doping
level) is of the order of x, = 0.175—0.3, which is char-

acteristic of lanthanum manganites with the metallic
type of conductivity at low temperatures. We can write

S

n, = Xx, (abc)_1 (a, b, and c are the unit cell parameters
for LMO). Then, using the known values

P, =6x107=2x10"" Q cm for the electrical resis-
tivity near the liquid nitrogen temperature for manga-
nites, which have the chemical composition corre-
sponding to the same charge carrier density [14], we
obtain the surface charge carrier density n, =

(1.65—3.03)x 10" cm~2. As a result, we have the fol-
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Fig. 4. (Color online) Temperature dependence of the
electrical resistance R(7T") for sample N2 with the
Bag ¢Sr ,TiO3/LaMnO3 heterostructure having the
350-nm-thick Bay ¢St ,TiO5 layer. The dashed line shows
the temperature dependence of the electrical resistance for
the similar LaMnOj3 sample without the film.

lowing estimates for thickness A = nSn;1 of the layer
where the high-mobility electron gas is formed:
A = (1.65-5.51)c, =1.265-4.216 nm (here, ¢, =
7.665 A is the LMO unit cell size in the direction of the
¢ axis).

Note in conclusion that the deposition procedures
for BSTO films are optimized to such an extent that
the doping of substrates by the chemical elements
forming the films does not occur [15, 16]. Therefore,
we can be sure that the observed effects are not related
to the implantation of spurious atoms, e.g. Sr, to the
near-surface layers of LMO single crystal. An indirect
indication of this is the observation of the high-mobil-
ity electron gas at one LMO orientation (N2 samples)
and the absence of such observation at another orien-
tation (N1 samples). The manifestations of magnetic
properties of the BSTO/LMO, the effect of applied
magnetic field on the 2DEG conductivity in this het-
erostructure, and the role of ferroelectric layer thick-
ness on the characteristics of 2DEG will be discussed
elsewhere.

Thus, in this work, we have performed the numer-
ical simulation of the structural and electronic proper-
ties of the BaTiO;/LaMnO; ferroelectric—antiferro-
magnet heterostructure. The role of structural recon-
struction in the formation of the interfacial metallic
state is revealed. The electrical resistance of the anti-
ferromagnetic single-crystalline LaMnO; sample has
been measured. After that, the magnetron sputtering
technique has been used for the deposition of
Ba, St ,TiO; films onto these samples. The study of
electrical conductivity of these samples shows that, in
the samples with films, the electrical resistance drasti-
cally decreases and, at temperatures below 160 K,
transitions to the metallic type in the case where the
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ferroelectric polarization axis is directed perpendicu-
lar to the surface of the single crystal. This corresponds
to the case where the film is deposited onto the surface
perpendicular to the ¢ axis of LaMnO; single crystal
and the substrate turns out to be a compressing one
with respect to the film.
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