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Abstract

Composite structures based on ferroelectric BaTiggsSng 1505 and Bagggs Y0004 TiO3 substrates and Lag 775Srp2,sMnO; films deposited on them,
which have a perovskite structure, have been prepared. The effect of different methods of film deposition on the properties of films has been
studied. A detailed analysis and comparison of electrophysical properties and structure of ceramic and film ferromagnetics prepared by different
methods has been carried out. The effect of the chemical composition of the substrate on the temperature of phase transition in manganite films
has been studied. The possibility to control the magnetoresistivity of ferromagnetic films by electric field has been shown.
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1. Introduction

Recently, the interest in multiferroic and magnetoelectric
materials considerably increased.! This is accounted for by
the discovery in 2001 of relatively high coefficients of mag-
netoelectric transformations in layered structures based on
magnetostrictive Tbi_,Dy,Fe, and piezoelectric Pb(Zr,Ti)O3
materials.*> Later on, new methods for the preparation of
complex composite structures and investigation of their prop-
erties have been developed. The possibility of their application
as sensors of magnetic and electric fields,®” electric/magnetic
field-controlled microwave filters,® phase converters and delay
networks,” memory elements'” has also been shown.

It is known that ferroelectric and ferromagnetic substances
in composite multiferroics may be coupled due to three dif-
ferent effects.!! The first of them, the linear magnetoelectric
effect is the induction of electric polarization by magnetic field
or induction of magnetization by electric field. The second one,
the effect of mutual magnetoelectric control is the switching
of spontaneous polarization by magnetic field or spontaneous
magnetization by electric field. And the third one, the effect of
magnetocapacitance is the variation of permittivity by magnetic
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field. The search for new types of coupling between ferroelec-
tric and ferromagnetic substances in composite (multilayered)
systems is of interest.

Therefore, the aim of the present work was the prepa-
ration of composite structures based on ferromagnetic
Lag.775S19.225sMnQO3 films and ferroelectric substrates based on
doped barium titanate, which have nonlinear electric proper-
ties (BaTi;_,Sn,O3) and positive temperature coefficient of
resistance (PTCR) (Baj_,Y,TiO3) and investigation of their
magnetoresistance and crystal structure.

2. Experimental procedure

Lag 775S19.22sMnQO3 films were prepared by different meth-
ods: screen printing, magnetron sputtering and sol-gel method.
At first, fine powder of this composition was prepared by sol—gel
method and was used for sintering of ceramic samples.'?

In the case of screen printing, synthesized
Lag 775S1922sMnO3 powder and ethylene glycol as a sol-
vent were used to prepare a homogeneous colloidal solution. '
This solution was deposited on substrates and heat treated at
800 °C for 2 h.

In the case of magnetron sputtering, films were deposited
using a previously synthesized Lag 775Sr9 205 MnO3 ceramic tar-
get and vacuum universal post VUP-5M.!# Films prepared were
heat treated at 800 °C for 2 h.
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Table 1

Unit-cell parameters of bulk samples.

Composition Sp. gr. Z a, A o, A v, A3 G [hkl]
La0‘775Sr0,225Mn03 R§C 6 5.502(4) 13.349(6) 350.0 (4) 0

a-Al, O3 R3¢ 6 4.754(1) 12.982(1) 254.1 (1) 1.61[001]
Bap.996 Y0.004TiO3 PAdmm 1 3.9969(2) 4.0341(3) 64.448(8) 1.17[110]
BaTigg5Sng.1503 Pdmm 1 4.0304(2) 4.0368(3) 65.576(6) 0.95[110]

In the case of sol-gel method, previously synthesized
Lag 775S10.225sMnO3 ceramic samples were crushed into pow-
der. This powder was dissolved in a mixture of HNOs3 and citric
acid, then surface-active compound Triton X-100 was added.
The solution was then heated in a boiling water bath to form a
gel. The depositions were performed at 5400 rpm for 60 s two
times using a spin coater SCI-20 (Novocontrol Technologies
GmbH & Co. KG). The films were heated at a rate of 5 °C/min
to a temperature of 1000 °C and annealed for 30 min.

A ceramic with nonlinear properties, BaTig g5Sng 1503,
and with positive temperature coefficient of resistivity,
Bag.g96 Y0.004TiO3 were used as substrates.!® Substrates based
on a-Al,03 (BK-100-1, Kineshma, Russia) were used for com-
parison.

X-ray powder diffraction (XRPD) measurements were per-
formed on a DRON-4-07 powder diffractometer (Cu Ka
radiation, 260=10-150°). Structure parameters were refined
by Rietveld full profile analysis. The thickness of the films
was determined by scanning electron microscopy (SEM) on a
JEOL JCXA-733 SuperProbe. The electrical resistance of the
films was measured by a four-probe technique in the temper-
ature range from 77 to 350 K. Silver contacts were deposited
by magnetron sputtering. Magnetoresistance (MR) was deter-
mined in applied fields of up to 1.2 MA/m using the equation
MR =(Rg — Ry)/Rg x 100%, where Ry is the zero-field resis-
tance, and Ry is the resistance in magnetic field H.

3. Results and discussion

XRPD showed that the powder and ceramic
Lag 775S19225MnO3 samples used to prepare films were
single-phase and had a rhombohedrally distorted perovskite
structure, sp. gr. R3c. The substrate materials were also single-
phase and had a tetragonal perovskite structure, sp. gr. P4mm
(BaTig g5Sng.1503, BagogosY0.004TiO3) or a rhombohedral
structure, sp. gr. R3c (a-AlyO3). The substrates differ in
lattice orientation: BaTig g5Sng 1503 and Bag 996 Y0.004TiO3 are
preferentially oriented in the [1 1 0] direction and a-Al,O3 is
preferentially oriented in the [0 0 1] direction (Table 1).

XRPD showed (Fig. 1) that the Lag775519.205MnO3 films
prepared using various methods and on various substrates were
single-phase, but differed in lattice orientation. Curve 1 in Fig. 2
shows an XRPD pattern of ceramic Lag 775S19.205MnOs3. The
110 and 1 04 reflections are seen to be close in intensity, which
agrees with calculation. The Lag 775519 225 MnOj3 film on Al,O3
substrates (scan 2) is [0 0 1]-oriented, which increases the inten-
sity of reflection from (104) plane and planes close to it. In
other systems (scans 3 and 4), the 110 reflection is stronger,

indicating (1 1 0) preferred orientation. The texturing factor indi-
cates the presence of preferred orientation (G # 0, G # 1) or
an orientation-disordered state of materials (G=0, G=1).7 It
should be noted that preferred orientation is observed in all films
prepared by different method.

Tables 1 and 2 list the Rietveld-refined structure parameters
of Lag775S1922sMnO3 ceramic and films, prepared by screen
printing, magnetron sputtering and sol-gel method. To obtain
accurate data, the parameters of both the film and substrate were
simultaneously refined. It can be seen that the preferred orien-
tation and unit cell parameters of the substrate influence both
the preferred orientation and unit cell parameters of the film.
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Fig. 1. Rietveld refinement of X-ray patterns of Lag 775519225MnO3 samples
assuming the R3¢ sp. gr. The solid line is a fit of calculated to experimental data
(crosses). Difference between measured and calculated intensities is given at the
bottom. Bars correspond to Bragg peak positions.
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Fig. 2. XRPD patterns of Lag 775S19.22sMnO3 as ceramic (1); as a film deposited
on a-AlO3 (2); Bag.g9s Y0.004TiO3 (3); BaTip.g5Sng.1503 (4). Films were pre-
pared by: (a) screen printing, (b) magnetron sputtering and (c) sol-gel method.
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Table 2

Unit-cell parameters of Lag 775Sr.220sMnO3 films on different substrates.

Preparation method Substrate composition a, A o, A v, A3 G [hkI]

Screen printing a-Al O3 5.5223(6) 13.3720(1) 353.16 (7) 0.15[001]
Bag.996 Y0.004TiO3 5.5195(1) 13.3654(4) 352.63 (1) 0.14[110]
BaTigg5Sng.1503 5.5208(2) 13.3679(7) 352.86 (2) 0.11[110]

Magnetron sputtering a-AlL O3 5.529(7) 13.37(1) 354.0(7) 1.40[001]
Bag.996 Y0.004TiO3 5.5131(1) 13.3877(3) 352.40(1) 0.08 [110]
BaTigg5Sng.1503 5.5110(1) 13.4089(9) 352.69(2) 0.23[110]

Sol-gel a-Al, O3 5.523(1) 13.371(3) 353.26(1) 0.83[001]
Bag.996 Y0.004 TiO3 5.5217(4) 13.3685(6) 353.11(7) 0.21[110]
BaTip g5Sng.1503 5.5197(2) 13.3718(1) 352.85(4) 0.13[110]

Increase in the structure parameters of the substrate increases
those of the film. This may be due to the substrate surface deter-
mining the crystallographic direction of film crystallization.

The microstructure and thickness of the films was determined
by electron microscopy (Fig. 3). The results indicate that screen-
printed films have a porous structure and are 100 pm in thickness
(Fig. 3a). The magnetron-sputtered films were dense and 500 nm
in thickness. The grains of films had a columnar shape and a
width of ca. 50 nm (Fig. 3b). In addition, a microscopic inves-
tigation of film surface was carried out. Sol—gel deposited films
were 500 nm in thickness and had a grain size of ca. 100 nm
(Fig. 3c¢).

Fig. 4 shows temperature dependences of normalized resis-
tance for ceramic samples and films of Lag775Sr9225MnO3
prepared by different methods on various substrates. For the
film on a a-Al,O3 substrate (curve 2), the temperature max-
imum of resistance, Tmax, 1S lower than that for ceramic
Lag.775S19.205Mn0O3 (curve 1). At the same time, the maxi-
mum of the resistance of the films on BaTigg5Sng 1503 and
Bag 096 Y0.004TiO3 substrates shifts toward higher temperatures
in comparison with the ceramic sample (curves 3 and 4). This
effect can be understood in terms of preferred orientation of the
films relative to the substrate.'®

Fig. 5 shows temperature dependences of magnetoresis-
tance in an applied field H=1.2MA/m for ceramic and film
Lag.775510.22sMnO3 samples, prepared by different methods.
It is known that the magnetoresistance of single-crystal man-
ganites has a maximum near “metallic ferromagnet—dielectric
paramagnet” transition (Curie temperature 7c).'?° In poly-
crystalline samples, an additional contribution to MR arises

at low temperatures (7<7c), which increases with decreas-
ing temperature. This contribution arises due to spin-dependent
scattering!® or to spin-polarized tunneling?!' of charge carriers
at grain boundaries.

Two contributions to magnetoresistance are clearly distin-
guished for Lag 775S1r9225MnO3 both as ceramic and as films
deposited on doped barium titanate substrates (Fig. 5, curves 1,
3 and 4). This allows the T¢ of these samples to be determined as
the temperature of maximum on the MR(7T) curve. The tempera-
ture dependence of MR for film on a-Al, O3 substrate is typical
of inhomogeneous or strained manganites, which are charac-
terized by a diffuse phase transition.?! It should be noted that
similar dependences are observed for all Lag 775519 225MnO3
films prepared by different methods on a-Al, O3 substrate. Thus,
the present results demonstrate that the films produced on a-
Al,O3 and doped barium titanate substrates differ in phase
transition temperature, which is associated with the difference in
the preferred orientation of the films relative to the substrate.??

Fig. 6 shows a composite structure based on
Lag775S19.22sMnO3  film which, was used to study the
effect of the properties of substrates on the properties of
ferromagnetic material. The electrical resistance and magne-
toresistance of the films was determined using electrodes 4 and
5. A voltage was applied between the electrodes 2 and 3 or
between the electrode 1 and short-circuited electrodes 2 and 3.
The measurements were made in an applied magnetic and/or
electric field or in zero field.

The investigations showed that the properties of PTCR
Bag.g96 Y0.004TiO3 substrate affect the properties of magnetic
film. Fig. 7 shows an example of the temperature dependence

150 nm

Fig. 3. SEM pictures of Lag 775S1r0.22sMnO3 films deposited on a-Al, O3 substrate by: (a) screen printing, (b) magnetron sputtering and (c) sol—gel method.
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Fig. 4. Temperature dependences of normalized resistance for a bulk Lag 775519 20sMnO3 sample (1), Lag 775S19.220sMnO3 films on a-Al,O3 (2), Bag 996 Y0.004TiO3
(3) and BaTig g5Sng.1503 (4) deposited by: (a) screen printing, (b) magnetron sputtering and (c) sol-gel method.
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Fig. 5. Temperature dependences of magnetoresistance for a bulk Lag 775Sr9.220sMnO3 sample (1), Lag 775519225 MnO3 films on a-Al, O3 (2), Bag 996 Y0.004 TiO3 (3)
and BaTig g5Sng.1503 (4); (a) screen printing; (b) magnetron sputtering; (c) sol-gel method.
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Fig. 6. Composite structure based on Lag 775519225 MnO3 films (red) on various
substrates (yellow); (1)—(5) are electrodes. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the
article.)

of the electrical resistance of Lag775S1922sMnO3 film on a
Bag 996 Y0.004TiO3 substrate for different applied external elec-
tric fields. At zero voltage or a voltage applied between the
electrodes 2 and 3, the slope of the R(T) curve changes sharply
near the phase transition (curves 2 and 3). A voltage applied
between the electrodes 1 and 2 (curve 1) shifts the phase transi-
tion and reduces the resistance of the film. This behavior can
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Fig. 7. Resistance as a function of temperature for a Lag 775Sr0.225MnO3 film
on a Bag 996 Y0.004TiO3 substrate at 30 V voltage applied between the electrodes
1 and 2 (1), between the electrodes 2 and 3 (2) and at zero voltage (3).

be accounted for by the sensitivity of doped PTCR barium
titanate to external electric field and by magnetoelectric coupling
between the layers.

Fig. 8 shows temperature dependences of the resistance of
Lag 775S19.20sMnQO3 film on a BaggggY(.004TiO3 substrate in
applied electric and magnetic fields. Fig. 8 demonstrates that
the resistance of film is not changed by external electric field
applied to the substrate, but decreases by the action of exter-
nal magnetic field (curves 1 and 2) due to magnetoresistive
effect.?!

The investigations showed that in contrast to above-
mentioned composite structure, there is no coupling between
magnetoelectric and ferroelectric substances in composite struc-
tures based on magnetoelectric Lag77551022sMnO3 film on
a ferroelectric doped barium titanate substrate with nonlinear
properties, BaTij_,Sn,Os3.

'I bl
22 [ R N
LR S TS —
oo tm
J mms gm0 e
o] 3RS, oy
A m -
\k b \
C} Aw em
x R
- . N
18+ |
A.‘: L
-\.  42h %
AA) !\l
16- s
N A®
~la
Y

300 320 340 360
T.K

Fig. 8. Resistance as a function of temperature for a Lag 775Sr0225MnO3 film
on a Bag g9 Y0,004TiO3 substrate in applied electric (between the electrodes 1
and 2) and magnetic fields: H=1.2MA/m, V=0 (1); H=1.2MA/m, V=20V
(2); H=0,V=0(3); H=0, V=20V (4).
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4. Conclusions

The results of investigations allow two-layer structures to be
prepared, which consist of ferromagnetic Lag775519.2005MnO3
films on ferroelectric doped barium titanate substrates with
nonlinear properties (BaTig g55n¢.1503) or with positive temper-
ature coefficient of resistance (Bag.ggs Y0.004TiO3). It has been
shown that preferred orientation and unit cell parameters of sub-
strates affect greatly the properties of deposited ferromagnetic
films. It has been found that ferroelectric and ferromagnetic sub-
stances in composite structure can be coupled due to PTCR effect
in ferroelectric phase.
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