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Abstract—The electron transport properties of strained thin La,;Ba, ;MnO5; (LBMO) epitaxial films are

studied. Films 40—100 nm in thickness were prepared by laser ablation at a temperature 7= 700—800°C in
pure oxygen atmosphere of 0.3—1 mBar. Ferroelectric crystal substrates (011)0.79PbMg, 3Nb, ;05—

0.21PbTiO5; (PMN—PT) with a Curie temperature of 150°C and high piezoelectric constants were used to
create a mechanical stress. The ferroelectric polarization and piezoelectric effects on the electrical parame-

ters of LBMO films are studied.
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1. INTRODUCTION

A change in magnetic parameters of rare-earth
manganite perovskite films having structure
Re,_ , A MnO; (Re are rare-earth elements, such as
La or Nd, and A are alkaline-earth metals, such as Sr,
Ca, and Ba) is due to mechanical strain caused by the
mismatch of lattice parameters of a film and a sub-
strate [1—6]. It was found that the three-dimensional
compression of a crystal lattice increases the ampli-
tude of jump probability in the double exchange
model, which increases the Curie temperature (7),
whereas biaxial Jahn—Teller distortions increase the
localization of electrons and decrease T, [7—10].
Although the magnetic and resistive parameters are
closely related within the framework of a double
exchange model, there is no clarity in the mechanism
for changing the resistive properties of epitaxial man-
ganite films during the deformation. At the same time,
the control of resistive states of epitaxial manganite
films via deformations is of interest to develop strain-
tronics [11—13].

Manganite films, whose Curie temperature 7 is
close to room temperature, is especially attractive for
practical purposes. The ferromagnetic phase transi-
tion for a single-phase La, ;Ba; ;MnO; (LBMO) crys-
tal proceeds under T = 345 K [14—17]. Giant magne-
tostriction (up to 4 x 10~*) was observed in a LBMO
single crystal at a temperature close to Curie one [18].
The magnetic and resistive properties of epitaxial

LBMO films are significantly changed during the
growth on different substrates due to the deformation
effect of a film lattice caused by substrate [19—21].

The electronic transport parameters of
La,,Ba,;MnO; (LBMO) epitaxial manganite films
grown on a (011)0.79Pb(Mg, 5Nb,,;)O5;—0.21PbTiO;
(PMN-PT) piezoelectric substrate, which provides
film deformation controllable with electric field, are
experimentally studied in this work.

2. EXPERIMENTAL SAMPLES

La, ;Ba, ;MnO; epitaxial films 40—150 nm in thick-
ness were deposited onto (011)0.79Pb(Mg, sNb, 5)O;—
0.21PbTiO; substrates 5 < 5 X (0.3 mm in size by laser
ablation under 600—800°C and oxygen pressure of
0.2—0.5 mBar. The targets were prepared from a mix-
ture of La,0;, BaCO;, and MnCO; powders via
ceramic technology. The stoichiometric composition
of the mixture was used to perform the synthesis. In
the pseudocubic representation, the lattice parameter
of LBMO with the stoichiometric composition of the
target by oxygen appeared to be a; = 0.390 nm. An
impurity in the target (BaMnO;) was 2.5% [20].
Ferroelectric crystals (PMN—PT) have saturation
polarization P, = 30—35 C/cm?, low coercive field,
and high piezoelectric constants d;; = 1500 pC/N,
dy, = —1883 pC/N, and d5, = 610 pC/N [21, 22].

1665



1666

otk (OIDPMN-PT

—_
(e
[

102
(011)LBMO

Intensity, arb. units

—_
o

1
2829 30 31 32 33 34 35 36
20¢, g, deg

Fig. 1. 20/0w diffractogram of Laj;Baj;MnO; film
deposited on (011)PbMg; ;3Nb, 303—PbTiOj3 substrate.

The crystallographic parameters of the films and
substrates were found on a 4-circle X-ray diffractome-
ter by measurements of X-ray diffractograms in 20,/®
mode and @-scanning and by measuring the rocking
curves. The grown LBMO films were oriented both
relative to the normal to the substrate plane and rela-
tive to the selected direction in the substrate plane.
The interplanar spacing parameter in LBMO films
along the normal to the substrate plane and the
constant of lattice of a substrate were found from
20/ X-ray diffraction patterns. The section 20/ on
a diffractogram of a La,, ;Ba, ;MnO; film deposited on
a substrate (011)PbMg, sNb, ;0;—PbTiO; (Fig. 1)
shows that PMN—PT has a perovskite structure close
to a cube with lattice constants ag= 0.403 nm, whereas
a constant of the lattice of the LBMO film is a; =
0.391 nm. The film grows according to the epitaxial
relationship of (011)LBMO//(011)PMN—PT, [100]
LBMO//[100]PMN-—PT. The stress values arising in
the film in the plane of the substrate along the direc-
tion of [100] &4y = (as — a,)/a, without electric volt-
age on the PMN—PT substrate is 3.1%.

3. ELECTROPHYSICAL PARAMETERS

The resistance of the films was studied with a four-
point method, eliminating the influence of contact
resistance. The contact pads were prepared by cathode
sputtering of platinum through a metal mask. The
front of the substrate sputtered with a LBMO film was
as a top electrode. A silver paste was applied to the
back side of the substrate (Fig. 2). Electrical bias volt-
age (about 100 V) was applied normally to the sub-
strate. The film resistance was measured by setting the
current in the substrate plane.

A peak at T = T,, which is the insulator—metal
transition temperature (Fig. 3), is observed on the
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Fig. 2. A scheme for measuring dependence of resistance
of LBMO film on electric field applied to (011)PMN—PT
substrate. / is the current source for measuring the resis-
tance, V the voltage meter for measuring the resistance,
and F the high voltage source on the substrate causing its
deformation.

temperature dependences of LBMO film resistance
without electric voltage on the substrate with a
decrease in temperature below room temperature. In
addition, there is anisotropy of resistance in the direc-
tion of current flow. The measurements were per-
formed after preliminary polarization of the substrate
with a voltage higher than 100 V, which slightly
changes the shape of temperature dependence of the
resistance R(7). A decrease in resistance at T'< T,,, is
probably due to an increase in area of the conducting
ferromagnetic regions. The resistivity of all samples
increases under low temperatures (7' < 100 K). The T,
temperature in La,_ ,Ba,MnO; crystals with a lower
amount of Ba (x £0.2) is several dozen degrees lower
than in those having optimal composition (x = 0.3),
and when T < T, the resistance of LBMO films
increases [23]. The resistance at low temperatures in
films with an optimal amount of Ba (x = 0.3) is due to
scattering of carriers on impurities and defects and
depends on the intensity of the electron—electron and
electron—magnon interactions [20]. In high tempera-
ture region 7 > T, the temperature dependence of
resistance of manganite films is due to activation pro-
cesses [24].

The deformation of the PMN—PT substrate was
measured on a strain gauge glued to the PMN—PT
substrate [21], which give the relative deformation of
the substrate. No absolute deformation of the sub-
strate was measured. Only relative changes are import-
ant. A tensile deformation of the substrate (1000 ppm)

in the [011] PMN—PT direction is observed in the
sample at a field strength equal to coercive force of the

ferroelectric loop both at positive EC+ = 2 kV/cm and
negative £ = —2 kV/cm field direction. The com-
pression deformation along the [100] direction of

Vol. 61 No.9 2019
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Fig. 3. Temperature dependences of resistance measured
with two directions of current flow in Lag;Bay 3sMnO3
film deposited on (011)PbMg; ;3Nb,,303—PbTiO3 sub-
strate.

PMN-—PT is substantially less (about 500 ppm) and is
also observed under electric field strength equal to
coercive force, although there is an asymmetry by the
sign of the electric field (Fig. 4a). The deformation
peaks of the substrate upon field strength near the
coercive force are probably due to rotation of a ferro-
electric polarization vector [25, 26]. The asymmetry of
the peaks relative to the direction of the electric field is
due to measurement type of the resistance of the
LBMO film and due to the contribution of current
spreading in the transverse direction to the direction
measured. It should be noted that there is no substrate

deformation in the direction [0 11] PMN—PT without
electric field. Therefore, there should be no resistive
states in the LBMO film without the field.

The measurement results of a relationship between
change in resistance of the LBMO film and the
strength of electric field for two directions of current

flow [011] LBMO and [100] LBMO are shown in
Fig. 4b. It is clear that the change in resistance of the
LBMO film corresponds to the substrate deformation:
there is a large change in resistance of the film mea-

sured at the current along the [011] LBMO direction
upon field strength near the coercive force. The stron-
gest change in resistance of the LBMO film is

observed for the [011] direction upon electric field
strength equal to the coercive force of a ferroelectric
loop. The results are in agreement with the depen-

dences of deformations of the substrate in the [011]
and [001] directions on the electric field strength
(Fig. 4a). The maximum change in resistance (3%) is
comparable to that observed in other studies [27, 28].

A change in resistance of the LBMO film may be
explained by the double exchange model [29], within
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Fig. 4. (a) Deformation of (011)PMN—PT substrate mea-

sured in the [011] PMN—PT and [100] PMN—PT direc-
tions and (b) dependence of resistance of Laj ;Bay ;MnO3

film on the applied electric field strength for two directions
of current flow. The curves are shifted along the ordinate
for clarity. A change in both deformation and resistance is
important. (£ varied in the range from 0 to 4 kV/cm, then

from 4 to —4 kV/cm, and from —4 to 0 kV/cm.)

which a strong dependence of resistance on film
strength should be observed. The tunneling between
Mn?** and Mn** states depends on a distance between
Mn and O. This distance is changed due to stretching
of the LBMO film, which increases the distance of
Mn—O bonds and decreases the jump length of an
interaction between Mn3" and Mn*" states, increasing
the resistance [10, 29]. It was shown that strong elec-
tron-phonon interaction, which is due to Jahn—Teller
splitting of outer Mn orbitals, plays a role besides dou-
ble exchange mechanism [10].

There are several states with different resistances
(A, B, and C in Fig. 5) upon asymmetric electric field
sweeping from —4 kV/cm to one of the three maxi-
mum values of positive electric field E,,,, = 2.38, 2.47,
and 2.51 kV/cm. When there is no electric field, the
resistance of the LBMO (AR/R) film remains
unchanged. This state is to be “reset,” when the elec-
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Fig. 5. Relationship between film resistance and electric
field strength during asymmetric sweeping for three maxi-
mum positive electric field values E,,,, = 2.38, 2.47, and

2.51 kV/cm. Measurements were performed during current

flows along the [011] LBMO direction. The curves are
shifted along the ordinate for clarity. Relative changes in
both deformation and resistance are important. (£ varied
in the range from 0 to 4 kV/cm, then from 4 to —4 and from

—4to 0 kV/cm.)

tric field is negative (4 kV/cm). The resistive state
upon maximum change in resistance of the film
AR/R= 1.4% is observed upon maximum positive
electric field strength E,,,, being slightly less than EC+.
When FE,,, values are high, the resistance value of
resistive state either decreases to fractions of a percent
or is absent. A similar case is typical with asymmetric
sweeping of the electric field in the negative direction.
The AR/R value during negative sweep is substantially
less due to the asymmetry of resistance dependence on
the field (Fig. 4b). This behavior of the resistive
parameters of the LBMO film may be explained by

ferroelectric repolarization of the [011] PMN—PT
domains around the isomorphic phase boundary [26—
28]. When the field is applied along [100], similar
states are substantially smaller in amplitude and
poorly reproducible.

In general, there is an initial state of resistance of
LBMO film indicated as “B” (Fig. 5), which does not
depend on voltage exceeding the coercive force in both
the positive and negative directions. In the case of
asymmetric sweeping, there are also two other states
designated as “A” and “C” (Fig. 5), which have resis-
tance differed from “B” states. All three states are
achieved by varying the amplitude of the electric-field
sweep.

4. CONCLUSIONS

There is anisotropy of resistance in the epitaxial
LBMO films deposited on a (011) PMN—PT substrate
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due to crystallographic anisotropy of the grown (110)
LBMO film. There was a peak of resistance at T= T,,,,
typical of manganites, on the temperature depen-
dences of resistance of LBMO films without substrate
tension with a decrease in temperature below room
temperature. The resistance of all samples increases at
low temperatures (7" < 100 K), which is due to lower
amount of Ba than in the substrate. The resistance is
changed by about 3% during the symmetric sweep of
the electric field strength relative to a zero value near
coercive force. There are stable resistive states, which
can be switched by changing the amplitude of electric
field variation, during the asymmetric sweeping on the
dependence of film resistance on the field.
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