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Lag¢7Bag33MnO; thin films were epitaxially grown on (111)-oriented 0.31Pb(In;;;Nb;,)O5-
0.35Pb(Mg;,3Nb,/3)03-0.34PbTiO3 ferroelectric single-crystal substrates. During ferroelectric
poling and polarization rotation, the resistance of Lajg;Baj33MnO; films tracks the electric-field-
induced in-plane strain of substrates effectively, implying strain-mediated coupling. Upon poling
along the [111] direction, ferromagnetism is suppressed for T < 175K, but enhanced for 7> 175K,
which is explained by magnetoelastic coupling that modifies the film’s magnetic anisotropy. Our
findings also show that the magnetic field has an opposite effect on the strain-tunability of resistance

lie.(AR/R)

strain

] above and below the Curie temperature T, which is interpreted within the

framework of phase separation. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4822269]

Theoretical and experimental studies have shown that
multiferroic heterostructures composed of epitaxial manga-
nite thin films on ferroelectric single crystals (e.g.,
(1 — x)Pb(Mg;3Nb,3)03-xPbTiO;  (PMN-xPT),'""*  and
BaTiO;''™"?) exhibit magnetoelectric effect, mediated by
interfacial strain coupling that can be achieved by applying
an electric field to PMN-xPT or BaTiOs;. Apart from the
strain-mediated mechanism, recent experimental investiga-
tions on heterostructures consisting of ferromagnetic and fer-
roelectric double-layered thin films revealed that the
magnetoelectric effect can be driven by accumulation/
depletion of charge carriers at interface (i.e., ferroelectric
field effect), arising from electric-field-induced remnant
polarization in ferroelectric layer.'*™!” For manganite films
epitaxially grown on ferroelectric single crystals, the electric-
field-induced strain and ferroelectric field effect are antici-
pated to influence the lattice strain and charge carrier density,
respectively, and thus have significant impact on the elec-
tronic transport and magnetic properties of manganite films.'®

Over the past few years, (001)-2’3’7_10 and (011)-
oriented*® ferroelectric single crystals (PMN-xPT) (0.28 <x
<0.33) with attractive ferroelectric and piezoelectric proper-
ties have been adopted to compose ferromagnetic film/PMN-
xPT heterostructures. However, (111)-oriented PMN-xPT
single crystals have not been employed as ferroelectric sub-
strates. Modifying the physical properties of manganite films
on (111)-oriented ferroelectric single crystals is yet to be
studied.

Herein, we report the epitaxial growth of Lagg;Bags;
MnOj; (LBMO) thin films on (111)-oriented 0.31Pb (In;,Nby5)
03-0.35Pb(Mg,/3Nb;,3)03-0.34PbTiO3 (PIN-PMN-PT)

ixm@mail.sic.ac.cn
Y7 k@ustc.edu

0003-6951/2013/103(13)/132910/5/$30.00

103, 132910-1

ternary ferroelectric single crystals, possessing tetragonal
structure,'” weak ferroelectricity [inset (e) of Fig. 1] and pie-
zoelectricity (d33~100 pC/N). The LBMO film adjusts its lat-
tice strain to the lattice change experienced by PIN-PMN-PT
upon poling or polarization rotation. The film resistance
tracks the electric-field-induced strain of the substrate effec-
tively at room temperature, exhibiting strain-mediated cou-
pling. Opposing effects by the magnetic field on the strain
effect and strain-induced modulations of the magnetic state
are demonstrated and explained in terms of phase separation
and magnetic anisotropy, respectively.

LBMO films were deposited on polished PIN-PMN-PT
substrates by pulsed laser deposition during which the substrate
temperature and O, pressure were kept at 700 °C and 25 Pa,
respectively. Film thickness was measured to be ~30 nm using
a JSM-6700F scanning electron microscope. Atomic force mi-
croscopy [inset (b) of Fig. 1] reveals a rather flat surface of the
film, with a root-mean-square roughness of ~1nm. X-ray
diffraction (XRD) 0-20 and ¢ scans were recorded on a four-
circle Bruker D8 Discover X-ray diffractometer, equipped
with Cu K, radiation. Electric-field-induced variation in the
out-of-plane strain for LBMO film was measured by XRD.
Electric-field-induced in-plane strain for PIN-PMN-PT was
monitored using a TC-32K Handheld Data Logger (Tokyo
Sokki Kenkyujo Co., Ltd.). Ferroelectric poling and polariza-
tion rotation were conducted by applying electric fields to
PIN-PMN-PT substrate through the bottom and top Au electro-
des at T=300K, as shown in inset (a) of Fig. 1. The film re-
sistance was measured using a physical property measurement
system (PPMS-9, Quantum Design). Magnetic properties were
characterized using a superconducting quantum interference
device (MPMS XL-5, Quantum Design) magnetometer.

The XRD 60-20 scan pattern in Fig. 1 shows that the
LBMO film is of single phase and (111) preferentially

© 2013 AIP Publishing LLC
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FIG. 1. XRD pattern of LBMO/PIN-PMN-PT. (a) Measurement circuit for
LBMO/PIN-PMN-PT structure. (b) Surface morphology of LBMO film. (c)
and (d) XRD ¢ scans of the LBMO (101) and PIN-PMN-PT (101) diffrac-
tion peaks, respectively. (e) Polarization and in-plane strain versus E for
PIN-PMN-PT.

oriented. The XRD ¢-scan patterns of the LBMO (101) and
PIN-PMN-PT (101) planes exhibit trifold symmetry [insets
(c) and (d) in Fig. 1, respectively], disclosing a clear cube-
on-cube epitaxial growth of LBMO film on PIN-PMN-PT
substrate. Both PIN-PMN-PT and LBMO bulk materials pos-
sess a pseudocubic unit cell with Ilattice parameters
a~b~c~4.02A for the former and a~b~ ¢ ~3.92A for
the latter. For coherent epitaxial growth of LBMO film on
PIN-PMN-PT substrate, LBMO film should be subjected to
in-plane tensile strain and out-of-plane compressive strain.
The calculated lattice spacing d (~2.24 ;\) for the LBMO
(111) plane is indeed smaller than the bulk value (~2.26 10\).
In order to observe the effects of substrate poling along
the [111] direction on the electronic transport properties, the
film resistance was measured as a function of electric field (E)
applied to the unpoled PIN-PMN-PT substrate at 7=300K.
The relative change in resistance AR/R during the poling
process is shown in Fig. 2. AR/R is defined as AR/R
= [R(E) — R(0)]/R(0), where R(E) and R(0) represent the re-
sistance of LBMO film under applied and zero E, respectively.
AR/R is mostly constant for E<2.7kV/cm, but decreases
sharply with increasing E from 2.7 to 3.3kV/cm. For
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FIG. 2. Electric-field-induced AR/R and out-of-plane strain of the LBMO
film, and in-plane strain of PIN-PMN-PT as a function of E applied to PIN-
PMN-PT. Inset: AR/R of the LBMO film at 7= 300K as a function of bipo-
lar E applied to PIN-PMN-PT.
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E>33kV/cm, AR/R is largely independent of E, probably
because of the weak converse piezoelectricity of the tetrago-
nal (111)-oriented PIN-PMN-PT." The variation in AR/R
tracks the electric-field-induced in-plane compressive strain
(Sin-plane) in the PIN-PMN-PT substrate effectively, intuitively
implying that it is the strain transferred from the PIN-PMN-
PT substrate to the LBMO film that modifies the electronic
transport properties of the LBMO film. As is known, the spon-
taneous polarization direction for a tetragonal phase is along
[001] with six equivalent orientations. Upon polarization
along the [111] direction, non-180° ferroelectric domain reor-
ientation gives rise to a nonlinear change in strain near the co-
ercive field. The induced strain is transferred to the LBMO
film, causing a release of in-plane tensile strain. Thus, there is
an increase in d along the [111] direction (see Fig. 2), as mani-
fested by the shift of the LBMO (111) diffraction peak
towards lower angle under £=10kV/cm (not shown). At
E=10kV/cm, the out-of-plane strain of the LBMO film
increases by ~0.076% (see &11(amo) in Fig. 2). This strain-
induced modification of transport properties can be ascribed
to the strain-induced weakening of electron-lattice coupling
and strengthening of the double-exchange interaction.’

A more direct visualization of the strain effect is shown
in the inset of Fig. 2, which shows AR/R as a function of
bipolar E applied to PIN-PMN-PT at 7=300K. AR/R versus
E curve exhibits a typical butterfly-like shape as the polariza-
tion direction is switched, resembling the butterfly-like strain
versus E loop of PIN-PMN-PT shown in inset (e) of Fig. 1.
This further confirms strain-induced nature of the resistance
change. The bipolar strain loop in inset (e) of Fig. 1 suggests
that a non-180° polarization reorientation occurs near the co-
ercive field, and produces a large jump in strain near Ec.
With further increase in the reversed E, polarization under-
goes another non-180° reorientation. This two-stage polariza-
tion reversal results in a 180° switch for all domains.
Consequently, little difference was found in the strain
between the positively poled P (ie., electric dipole
moments point upward, see inset (a) of Fig. 1) and negatively
poled P, states. As a result, the discrepancy between the film
resistance for the P, and P, states is extremely small (see
inset of Figs. 2 and 3). It is known that polarization direction
switching induces an accumulation of positive or negative
electric charge at interface between the film and the substrate,
which can be screened by an equal number of charge carriers
of opposite sign within the film, thereby changing the film’s
doping level. If the ferroelectric field effect plays an impor-
tant role, the resistance of the LBMO film would be modified
by polarization direction reversal. Actually, the resistance for
the P;" state is similar to that for the P} state, suggesting that
the polarization-switching-induced electrostatic doping effect
is minor and can be disregarded.

Figure 3 shows the temperature dependence of the re-
sistance for the LBMO film under H=0, 3 and 7T when
PIN-PMN-PT is in an unpoled P’, P,", and P, states, respec-
tively. Similar to reported manganite thin films with optimal
doping level,'? the LBMO film exhibits an insulator-to-metal
transition near the Curie temperature 7c, where the ferro-
magnetic metallic (FMM) and paramagnetic insulating
(PMI) phases coexist and strongly compete with each
other.’>?' According to the phenomenological model
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FIG. 3. Temperature dependence of resistance for the LBMO film under
H=0, 3 and 7T, when PIN-PMN-PT is in the P{, P}, and P; states. Red
solid lines are the fitted results using Eqs. (1) and (2). Inset: temperature de-
pendence of fryy under H=0, 3 and 7T, when PIN-PMN-PT is in the Pf_),
P!, and P, states.

describing phase separation in perovskite manganites, the
total resistance (R) of LBMO film can be considered as a se-
rial combination of the resistances of coexisting phases>

R = femmREmm + (1 — frsm )R, (D

where fry and (1 — fra) are the volume fractions, Reyy
and Rpy; are the resistances of the FMM and PMI phases,
respectively. Rpyy is related to the residual resistance Ry,
single-magnon’s scattering term AT and electron-phonon
interaction term BT® and can be expressed as Rpyy(T)
= Ry + AT? + BT°, where A and B are constants.”> For
T > T¢, the temperature dependence of resistance can be
described by Rpy;(T) = Cexpl(To /T)l/ 4], derived from the
variable-range hopping model. Here, Ty is a characteristic
temperature and C is a constant. The temperature depend-
ence of fryy obeys a two energy level Boltzmann distribu-
tion and can be written as

1
1 +exp(AU /kgT)’

2

fFMM =

where AU (AU = —Uy[1 — T/T2°Y)) is the energy difference
between the FMM and PMI phases, here Tg“’d (close to T,)
is the insulator-to-metal transition temperature used in the
phenomenological model, and U is the energy difference
between the FMM and PMI phases at T=0K. The tempera-
ture dependence of resistance under different magnetic fields
for the Pf,), P,_*, and P, states are fitted well across the entire
temperature range using Egs. (1) and (2), indicating that the
electronic transport properties can be described by the phase
separation model. Using the fitting parameters listed in
TableI (see supplemental material®*), the temperature de-
pendence of fry, can be calculated and is shown in the inset
of Fig. 3. fpuu 1s significantly enhanced near 7 by the mag-
netic field and poling-induced strain. Such enhancement has
a dramatic impact on the strain-tunability of resistance,
which is discussed later.
The strain-induced

[(AR)

resistance  change  (AR), ins
= R(P% H) — R(P,.H)], is shown in the inset (a)

strain
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of Fig. 4. (AR).,, ., exhibits a maximum value at around 7,
manifesting a strong correlation between the strain effect and
the phase separation, i.e., the stronger the phase separation,
the larger the strain-induced change in resistance.”> To fur-
ther understand the relationship between strain effect and
phase separation, the temperature dependence of strain-
induced relative change in resistance (AR/R),, .., (i.e., strain-
tunability of resistance), here (AR/R),,..=[R(P° H)
—R(P;,H)]/R(P°,H), under H=0, 1, 3, 5, and 7 T is shown
in Fig. 4. (AR/R)., .., is significantly affected by the mag-
netic field and there is an intersection near T between the
(AR/R),...in versus T curve for H=0 and that for H=1, 3, 5,
and 7T. That is, the applied magnetic field enhances the
strain effect above T, while weakens it below T¢. For exam-
ple, at T=150K (much lower than T¢), (AR/R)..n
decreases from 26.1% to 20.2% when H increases from 0 to
7T. At T=300K (higher than T¢), (AR/R),, ., increases
from 7.7% to 9.9% when H increases from O to 7 T. Further
details of the magnetic field dependence of (AR/R), ., are
shown in the inset (b) of Fig. 4. The isothermal (AR/R), ..
decreases with increasing H for T < T¢ (e.g., T =065, 135, and
200K), and increases with increasing H for T>Tc (e.g.,
T=300 and 330K). At T=265K (around T¢), (AR/R) ,..in
is initially strengthened by the magnetic field but then weak-
ened with further field increase. These findings are consistent
with those shown in Fig. 4 and confirm the strong coupling
between the magnetic field and the lattice strain in the LBMO
film, which can be interpreted in terms of phase separation.
Specifically, competition between the FMM and PMI phases
is strongest at Tc.*°? The magnetic field modifies the subtle
balance between these two phases by converting a consider-
able amount of fpy; to fryy. Here, the quantity Ar
(27 = frmum(T) /fppr (T)] is defined to qualitatively character-
ize the magnitude of phase separation. Understandably, the
closer /r to /7, the stronger the phase separation, no matter
whether /7 is larger or smaller than 4;_. The PMI phase dom-
inates at high temperature, so Ay for 7> T¢ is smaller than
/7.~ When the LBMO film is subjected to a magnetic field,
A7 becomes closer to )LTC because of the increase in fry, and

1N\ [
= =)
T T T T

C

315 265K
'S (b) 300k
812 12 : 5T
8 4 0 4 8
al oo S
50 100 150 200 250 300 350
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FIG. 4. (AR/R),,, i, as a function of temperature under H=0, 1, 3, 5, and

7T. Inset (a) shows (AR),,..., as a function of temperature under =0, 1, 3,
5, and 7T. Inset (b) shows (AR/R) versus H curves at temperatures as
stated.

strain
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decrease in fpyy. (AR/R),, i) for T>Tc is thus enhanced
because of the enhanced phase separation. On the contrary, at
low temperatures, the FMM phase dominates over the PMI
phase, Ar is larger than that of 4;_, and /r may even exceed
/7. under magnetic fields. Consequently, the magnetic field
weakens phase separation and hence the strain effect.

The poling-induced remnant strain also significantly
affects the magnetic properties of LBMO film. Fig. 5 shows
the temperature dependence of the magnetization (M) of the
LBMO film when the PIN-PMN-PT substrate is in different
polarization states. The M versus temperature (T) curves for
the P? and P (or P;) states overlap at T ~175K, suggest-
ing opposite effects of the remnant strain on M above and
below 175K. T and M for T > 175K are both enhanced af-
ter poling, whereas M is suppressed for 7 < 175K, i.e., M of
the P, or P, states becomes smaller than that of the P? state
for T < 175 K. To better understand this magnetic behavior,
in-plane magnetic hysteresis loops are shown in Fig. 6. The
remnant M follows the trend of the M-T curves in Fig. 5. At
T=10K, a rectangular hysteresis loop is observed for the
Pf_) state. After PIN-PMN-PT has been poled to P, state, the
remnant M decreases, accompanied by a change in magnetic
anisotropy, as illustrated by the change in the shape of
the M-H loop.”® Furthermore, a modification of coercive
field H¢ for the two polarized states is observed with dimin-
ishing divergence (see inset of Fig. 5) as temperature
increases from 10 to 210K. In our samples, electric field
facilitates magnetization switching at low temperatures,27
and enables significant coercive field modulation of up to
28.9% at T=10K. Associated with the polarization state
switching from P to P, M almost remains unchanged.
This provides further evidence that the polarization-
switching-induced electrostatic doping has little effect on
the magnetic properties. Therefore, the opposing effects of
substrate poling on M above and below the crossover
temperature (~175K) are concluded to be predominately
strain-mediated, as in stark contrast to the charge-mediated
opposite change in M above and below the crossover
temperature (~147K) in La;_ Sr,MnO; (x=0.13, 0.2)/
Pb(Zr( »Tip.g)O5 heterostructures. 14.15,17

300

M (emu/cm3)

0 10 8% (K)] 60

0 50 100 150 200 250 300
T (K)

FIG. 5. Temperature dependence of field-cooled magnetization of the
LBMO film under H =50 Oe, when PIN-PMN-PT is in the P?, P,,*, and P
states. Inset shows the temperature dependence of the coercive field H¢
derived from Fig. 6.
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FIG. 6. In-plane magnetic hysteresis loops of LBMO/PIN-PMN-PT when
PIN-PMN-PT is in the P? and P;' states.

For a given temperature, the difference in magnetic
properties between the P? and P} states verifies the magne-
toelectric coupling in this system via magnetoelastic cou-
pling at interface. Magnetoelastic energy generates uniaxial
anisotropy,m28 and the stress anisotropy energy reads
Epe = Kype c0s%0, where K, = f%)ﬁ, in which A is the
magnetostriction coefficient converted from a negative to
positive value with decreasing temperature for manganites,”
o is the induced stress, and 6 is the angle between M and the
g-axis. Obviously, K, < 0 favors 0 = 0, i.e., parallel align-
ment of M relative to the stress axis, while K,,, > 0 favors a
perpendicular alignment with 6 = 7/2. Based on this theory,
the opposite effects of poling-induced strain on M can be
qualitatively explained. At relatively high temperatures, 4 is
negative and ¢ is positive under tensile stress. In this case,
the substrate-induced in-plane tensile stress somewhat favors
M to be vertical to the film plane (K, > 0). The poling of
PIN-PMN-PT partly releases the tensile strain of the LBMO
film and thus reduces the in-plane magnetoelastic anisotropy
energy, leading to an increase in in-plane magnetization. At
low temperatures, Z, the sign of which affects the magnetic
easy axis orientation,*® becomes positive. Thus, tensile strain
favors an easy in-plane magnetization behavior (K, < 0).
Under this circumstance, the poling-induced reduction of
tensile strain in LBMO film would cause less in-plane align-
ment of magnetization. Recent investigations on Fe;0, films
on ferroelectric BaTiO3 substrates®' and Sr,FeMoQg films
on various substrates with different static in-plane strain®?
suggest that the substrate-induced dynamic or static strain
could alter the magnetic easy axis orientation and hence the
magnetization of the Fe;04 and Sr,FeMoOg films via magne-
toelastic coupling at interface.

In summary, LBMO films were epitaxially grown on
(111)-oriented PIN-PMN-PT substrates. During ferroelectric
poling along the [111] direction and polarization rotation,
the variation in resistance of LBMO films tracks the electric-
field-induced in-plane strain of substrates efficiently, demon-
strating strain-mediated coupling. The magnetic field has
opposing effects on the strain-tunability of resistance
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(AR/R),. .., above and below T, which is explained on the
basis of phase separation that is sensitive to poling-induced
strain and magnetic field. Upon substrate poling, ferromag-
netism of LBMO film is enhanced above the crossover tem-
perature (~175K) while suppressed below it, which is
explained by magnetoelastic coupling at interface through
modifying magnetic anisotropy. Our experiments indicate
that the essential physics of phase separation in manganites
can be further understood by measuring the strain-tunability
of resistance under magnetic fields.
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