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We report the fabrication of lead-free multiferroic structures by depositing ferromagnetic
Lag 7S1p3sMnO5; (LSMO) polycrystalline films on polished 0.5BaZr(,Tigg05-0.5Bag;Cag5TiO3
(BZT-BCT) piezoelectric ceramic substrates. By applying electric fields to the BZT-BCT along the
thickness direction, the resistivity of LSMO films can be effectively manipulated via the piezoelec-
tric strain of the BZT-BCT. Moreover, the LSMO polycrystalline films exhibit almost temperature
independent and significantly enhanced magnetoresistance (MR) below Tc. At T=2K and
H=28T, the MR of polycrystalline films is approximately two orders of magnitude higher than that
of LSMO epitaxial films grown on (LaAlOj3)q3(SrAl,,Ta;,»03)p7 single-crystal substrates. The
enhanced MR mainly results from the spin-polarized tunneling of charge carriers across grain
boundaries. The LSMO/BZT-BCT structures with electric-field controllable modulation of resistiv-
ity and enhanced MR effect may have potential applications in low-energy consumption and envi-

ronmentally friendly electronic devices. Published by AIP Publishing.

https://doi.org/10.1063/1.4990513

I. INTRODUCTION

Layered artificial multiferroic heterostructures employing
ferromagnetic (FM) and ferroelectric (FE) materials have
attracted much attention in the past decade because of their
strong room-temperature magnetoelectric (ME) coupling
effects and great flexibility in material selection and device
design.'™ One of the most facile and promising approaches to
construct FM/FE layer structures is to directly grow FM films
on FE substrates. Until now, lead-based piezoelectric single
crystals and ceramics are usually used as substrates to grow
FM films since they show excellent piezoelectric and ferro-
electric properties. Such FM/FE layered structures include
perovskite manganite film/Pb(Mg,3Nb,/3)O3-PbTiO5; (PMN-
PT),*® ferrite film/PMN-PT,”® FM alloy film/PMN-PT,’'°
Fe304/PZT,11 FeGe/PZT,12 etc. One of the key concerns in
these multiferroic structures is that the FE layers contain a
large amount of environmentally unfriendly lead element
(approximately 68 wt. % in terms of PbO). Although FM
films have been successfully grown on several lead-free mul-
tiferroic single-crystal substrates to form FM/FE multiferroic
structures including the Co4gFe40B20/Y MnO3,13 it is rather dif-
ficult to modulate the electrical and magnetic properties of the
CoyoFe40Boo films by applying electric fields to the YMnO;
substrates which show very weak ferroelectricity and piezoelec-
tricity. Therefore, it is highly desirable to fabricate lead-free
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FM/FE multiferroic structures with strong magnetoelectric cou-
pling effects at room temperature and study their physical prop-
erties. Unfortunately, there have been few studies focusing on
lead-free FM film/FE substrate structures until now.

BaTiO; is a prototypical lead-free piezoelectric material
that has been used in capacitors, electromechanical transducers,
and nonlinear optics. However, there are very limited reports
on BaTiO; single crystal- or ceramics-based FM/FE struc-
tures,"*° which may probably due to the relatively low piezo-
electric coefficient of BaTiO; (d33~190 pC/N) and the high
probability of failure or crack of crystals when they are repeat-
edly driven by external electric fields. Recently, Liu and Ren?'
reported that lead-free 0.5BaZr(,Tipg05-0.5Bag;Can;5TiO;
(BZT-BCT) piezoelectric ceramics exhibit a large d33~620
pC/N which is comparable to that of PZT ceramics. Moreover,
BZT-BCT ceramics have perovskite structures with lattice
parameters arb~c~4.0 A that are very close to those of PMN-
PT (a~b~c~4.02A) and PZT (a~b~c~4.03 A). Therefore,
BZT-BCT is a good candidate material for the fabrication of
lead-free multiferroic structures. Among a variety of FM mate-
rials, Lay7Sro3MnO3; (LSMO) is a half metallic compound
with ferromagnetic Curie temperature (7c~370K) far above
room temperature and exhibits a range of attractive physical
phenomena such as the colossal magnetoresistance (MR) effect
and electronic phase separation. Furthermore, the electronic
and magnetic properties of LSMO films are sensitive to lattice
strains because of the strong interplay among the spin, charge,
and lattice degrees of freedom.* %%

Published by AIP Publishing.
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In this article, we report the fabrication of LSMO/BZT-
BCT layered FM/FE structures by growing LSMO polycrys-
talline films with different thicknesses on polished BZT-BCT
ceramic substrates. The resistivity of LSMO films can be
tuned and modulated by the electric-field-induced reversible
piezoelectric strain in the BZT-BCT layer. Magnetotransport
measurements demonstrate that the LSMO polycrystalline
films show significantly enhanced and almost temperature
independent magnetoresistance (MR) from 10 to 275K (close
to Tc of the LSMO polycrystalline film), which is explained
in terms of spin polarized tunneling of charge carriers across
grain boundaries.

Il. EXPERIMENTAL

BZT-BCT ceramics were synthesized by the solid state
reaction method. The starting materials of BaC0O5(99.8%),
CaC05(99.5%), Zr05(99.99%), and TiO,(99.9%) were
weighed in a stoichiometric amount and ball milled in etha-
nol for 24h. The mixtures were calcinated at 1300°C for
2 h and ball milled again in ethanol for 24 h. Then, the pow-
ders were pressed into 10mm diameter pellets which were
sintered at 1540 °C for 4 h, followed by cooling to room tem-
perature at 5°C/min. The relative density of the sintered
ceramics is approximately 98.3%. Finally, one-side surface
of each BZT-BCT ceramic was carefully polished to an aver-
age roughness of ~5nm and a thickness of ~0.5 mm. LSMO
films were grown on such polished ceramic substrates and
(LaAlO3) 5(SrAlypTa; ,05)07 (LSAT) single-crystal sub-
strates by the pulsed laser deposition using a KrF excimer
laser (4 = 248 nm). Film deposition was carried out at a
substrate temperature of 700 °C and an oxygen pressure of
27Pa. The laser energy density and repetition rate were
3J/em? and 5 Hz, respectively. After deposition, the LSMO
films were in situ annealed in 1 atm oxygen atmosphere for
1h to reduce oxygen deficiencies. The thickness of LSMO
films is controlled by the number of laser pulses.
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The crystallographic properties and phase purity of LSMO
films were examined by x-ray diffraction (XRD) 0-20 scans
using a Bruker D8 Advance x-ray diffractometer with Cu K,
radiation (4= 1.5406 1&). The surface morphology and rough-
ness of polished BZT-BCT ceramic substrates were checked
through atomic force microscopy (AFM) images that were
obtained using a Dimension V (Veeco) scanning probe micro-
scope. The resistivity of LSMO films was measured using a
physical property measurement system (PPMS-9, Quantum
Design). Ferroelectric hysteresis loops and piezoelectric coeffi-
cients of BZT-BCT substrates were measured using a Precision
Multiferroic Analyzer (Radiant Technologies, Inc. USA) and a
dyz-meter (ZJ-3A, China), respectively.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows the surface morphology of a polished
BZT-BCT ceramic substrate which shows a root mean
square roughness of ~5nm. The room-temperature ferro-
electric hysteresis loop of the BZT-BCT substrate is shown
in Fig. 1(b), where the remnant polarization 2P, is ~24 uC/
cm?. The piezoelectric coefficient d33 of the BZT-BCT sub-
strate reaches a high value of ~615 pC/N, which is close to
that (620 pC/N) reported by Liu and Ren.”' The fairly good
piezoelectric and ferroelectric properties, together with the rel-
atively smooth surface, make the polished BZT-BCT ceramics
suitable substrates to grow LSMO films. Figure 1(c) displays
the XRD patterns of LSMO films with different thicknesses
grown on BZT-BCT substrates. The patterns were measured
using the schematic experimental setup shown in Fig. S1(a)
(supplementary material). Nine diffraction peaks from the
BZT-BCT substrates appear, indicating the polycrystalline
nature of the ceramic substrates. Besides these peaks, the
LSMO (104) peaks can be seen at 20=32.62° for the LSMO
film with a thickness of ~64nm. Note that this peak is the
strongest diffraction peak of LSMO polycrystalline samples
with a thombohedral symmetry, indicating that the LSMO film
is polycrystalline. Because of this reason, the LSMO (104) and
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FIG. 1. (a) Surface morphology of a
polished BZT-BCT ceramic substrate
as measured using an atomic force
microscope. (b) Ferroelectric hysteresis
loop of a BZT-BCT substrate as mea-
sured at 7=298 K. (c) X-ray diffraction
patterns of LSMO/BZT-BCT structures
A with different film thicknesses.
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FIG. 2. Temperature dependence of the field-cooled magnetization as a
function of temperature for the LSMO film (~16nm) grown on the BZT-
BCT substrate. Insets: (a) The dM/dT versus T for the LSMO film, (b) a
cross-sectional SEM image of a LSMO/BZT-BCT structure with a film
thickness of ~16 nm.

other diffraction peaks for thinner LSMO films (=38, 16,
32nm) cannot be detected by XRD. Magnetization measure-
ments on LSMO/BZT-BCT structures with film thicknesses of
~16, 32, 64, and 128 nm demonstrate that the LSMO polycrys-
talline films grown on the BZT-BCT substrates exhibit ferro-
magnetic behaviors below room temperature [Figs. 2 and S2
(supplementary material)].

Previous studies demonstrated that, for layered perovskite
manganite film/FE single-crystal substrate (FE=PMN-PT,
BaTiO3) multiferroic structures, the electric-field-induced lat-
tice strain in FE substrates plays a dominant role in the modu-
lation of ferromagnetism and resistivity of manganite films
while the electric-field-induced polarization charges at the

J. Appl. Phys. 122, 134102 (2017)

interface have minor effects on the properties of manganite
films.*%'42%22 To clarify which effect is more important in
the present LSMO/BZT-BCT structures, we measured the rel-
ative resistivity changes (Ap/p) of the 16 nm LSMO film at
different fixed temperatures by applying bipolar electric fields
(E) to the BZT-BCT substrate along the thickness direction,
using the schematic experimental setup shown in Fig. S1(b)
(supplementary material), and showed the results in Fig. 3.
Note that the Ap/p versus E curves for LSMO films with
other thicknesses (~8, 32, and 64 nm) are shown in Figs.
S3-S5 (supplementary material). Here, Ap/p=[p(E) — p(0))/
0(0), where p(E) and p(0) are the resistivity of LSMO films
in the presence and absence of electric fields, respectively.
It can be seen that the Ap/p versus E curve at T=300K
exhibits a fairly well butterfly-like shape, which is similar to
that of the electric-field-induced in-plane strain (e,,) versus E
curve at T=300K (Fig. S6, supplementary material). It is
thus established that the resistivity changes are caused by the
electric-field-induced piezoelectric strain in the BZT-BCT
substrate. The Ap/p versus E curves obtained at higher tem-
peratures (e.g., 315, 330, and 345K) also show a butterfly-
like shape [Figs. 3(a)-3(c)], implying a similar underlying
mechanism as that at 7=300K. However, with decreasing
temperature from 300K the butterfly-like shape of the Ap/p
versus E curve becomes asymmetric at T=285, 270, 240,
210, and 180K, and completely disappears at T= 150K,
where the Ap/p versus E curve exhibits a rectangle-like shape.
With further decrease in the temperature, the Ap/p versus E
curve shows a shrunken rectangle shape at 7=90K. To clar-
ify the origin of the asymmetric butterfly-like curves at low
temperatures, the electric-field-induced in-plane strain (¢,,) of
a BZT-BCT substrate was measured as a function of bipolar
E at several low temperatures. The ¢,, versus E curves also
show an asymmetric butterfly-like shape at T=240 and
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210K (Fig. S6, supplementary material), which is similar to
the shapes of the Ap/p versus E curves at low temperatures,
thus demonstrating the piezoelectric strain-driven nature of
the resistivity changes at low temperatures. With decreasing
temperature from room temperature, the BZT-BCT evolves
from the two-phase (i.e., the tetragonal and rhombohedral)
coexistence region to the one-phase (i.e., the rhombohedral)
region,”’ which would suppress the piezoelectricity of the
BZT-BCT. Moreover, with decreasing temperature ferroelec-
tric domains would be frozen to some degree, which would
result in a reduction of the piezoelectricity. Consequently, the
piezoelectric strain effect is suppressed with decreasing tem-
peratures, which is reflected by the decrease in Ap/p with
decreasing temperature (Fig. S7, supplementary material).
Another noteworthy feature is the abnormal concave down-
ward in the Ap/p versus E curves at T=285 and 270K near
E ~ *2.5kV/cm [Figs. 3(e) and 3(f)]. Both the dielectric con-
stant versus temperature curves for the BZT-BCT substrate
(see Fig. S8, supplementary material) and the recently
reported phase diagram of BZT-BCT>* show that the rhombo-
hedral and orthorhombic phases coexist in the BZT-BCT
ceramics near T~280K. Therefore, the anomalies in Ap/p
near £~ *2.5kV/cm is very possibly due to the electric-
field-induced rhombohedral-to-orthorhombic phase transfor-
mation which would induce the lattice strain.**

To probe into the MR effect in the LSMO polycrystal-
line films grown on the BZT-BCT substrates, we measured
the resistivity of the 16 nm LSMO film from 2 to 380K in
magnetic fields up to H=9T. For comparison purpose, we
also measured the resistivity of a LSMO epitaxial film with a
similar thickness grown on a (001)-oriented LSAT single-
crystal substrate. The XRD 0-20 and ¢-scan patterns (Fig.
S9, supplementary material) confirm the good epitaxy of the
LSMO film on the LSAT substrate. Figures 4(a) and 4(c)

J. Appl. Phys. 122, 134102 (2017)

show the temperature dependence of the resistivity for the
LSMO films (~16nm) grown on the BZT-BCT and LSAT
substrates, respectively. The metal-to-insulator transition tem-
perature (Tyg) of the LSMO polycrystalline film (~325K) is
lower than that of the LSMO epitaxial film whose Ty
(~380K) is close to that (~378 K) of the LSMO single crys-
tals. Moreover, the resistivity of the LSMO polycrystalline
film at any fixed temperature is higher than that of the epitax-
ial one. Due to the existence of a large number of grain
boundaries in polycrystalline films, the electronic transport
properties of LSMO films would be greatly influenced by the
grain boundaries which act as electron transport barriers.*>%°
In contrast, high-quality epitaxial films have much less grain
boundaries,?” resulting in reduced effects of grain boundaries.

Figures 4(b) and 4(d) show the temperature dependence
of MR for the 16 nm LSMO films grown on the BZT-BCT
and LSAT substrates, respectively. Here, MR=[p(0) — p(H)]/
p(0)], where p(0) and p(H) are the resistivity of the LSMO
films in the absence and presence of magnetic fields, respec-
tively. For the LSMO epitaxial film, the MR shows the maxi-
mum near the paramagnetic-to-ferromagnetic phase transition
temperature Tc and decreases sharply when the temperature
deviates from Tc. Moreover, the MR effects of the epitaxial
film in the ferromagnetic ground state (e.g., T =2K) are very
weak (MR =0.4% at H=8T). These magnetotransport prop-
erties of the LSMO epitaxial film are similar to those of
LSMO single crystals, reflecting the intrinsic magnetoresis-
tance effect of the LSMO epitaxial film. These overall magne-
totransport behaviors of the LSMO epitaxial film could be
understood within the framework of the double-exchange
interaction, electron-lattice coupling, and the electronic phase
separation.”®%°

For the LSMO polycrystalline film, the magnetoresis-
tance effects in the ferromagnetic ground state (e.g., T =2K)
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are much larger than those of the LSMO epitaxial film. The
MR value at T=2K and H=8T reaches ~38%, approxi-
mately two orders of magnitude larger than that of the epi-
taxial one at the same temperature (7 =2K) and magnetic
field (H=8T), demonstrating dramatically enhanced MR
effects in the LSMO polycrystalline film. We further mea-
sured the magnetic field dependence of the MR for the
LSMO polycrystalline and epitaxial films at several fixed
temperatures and showed the results in Figs. 5(a)-5(f). For
T<200K, the MR values of the LSMO polycrystalline film
are indeed much larger than those of the epitaxial film, con-
sistent with the temperature dependence of MR shown in
Figs. 4(b) and 4(d).

It is noted that the MR values of the polycrystalline film
at H=2, 4, 6, and 8T are almost temperature independent
from 2K to T¢ (~275K), with a rangeability of 3.6%—11%
[Fig. 4(b)]. Namely, the MR of the polycrystalline film is
insensitive to temperature for 7 < T, which is in stark con-
trast to the highly temperature-sensitive MR behaviors of the
LSMO epitaxial film [Fig. 4(d)]. Further, the resistivity of
the LSMO polycrystalline film shows pronounced upturn
with decreasing temperature from 7~38 K, which is absent
in the LSMO epitaxial film [Fig. 4(c)]. All these electronic
transport and magnetoresistance behaviors are very likely
linked to the polycrystalline nature of the LSMO film on
BZT-BCT. Because of the existence of a large number of
grain boundaries in the LSMO polycrystalline film, both
the spin-polarized tunneling of charge carriers across
grain boundaries and the scattering of charge carriers by
disordered spins near grain boundaries would contribute sig-
nificantly to the enhanced magnetoresistance for T < T¢."2
For T>300K, the ferromagnetic spin ordering of the
LSMO polycrystalline film almost disappears (Fig. 2).
Consequently, the spin-polarized tunneling effect would be
greatly suppressed at T=300K. Under such circumstance,
the MR effect at 7> 300K is mainly contributed from the
intrinsic magnetoresistance effect of the LSMO.

IV. CONCLUSIONS

We have fabricated LSMO/BZT-BCT lead-free multi-
ferroic structures by depositing LSMO polycrystalline films
on piezoelectrically active BZT-BCT ceramics substrates.
Upon application of bipolar electric fields E to the BZT-
BCT at room temperature, the variation of the resistivity of
LSMO films with E displays butterfly-like behaviors which
resemble the butterfly-like in-plane strain versus E curve
for the BZT-BCT substrate, demonstrating nontrivial role
of the piezoelectric strain in establishing the resistivity
behaviors. With decreasing temperature, Ap/p versus E
curve becomes asymmetric gradually, which is attributed to
non-180° domain rotation due to the freezing of ferroelec-
tric domains at low temperatures. Further, MR of LSMO
polycrystalline films at low temperatures are much larger
than those of LSMO epitaxial films and are almost tempera-
ture independent from 2K to T¢ of the LSMO polycrystal-
line film, which is interpreted in terms of the contribution
from the spin-polarized tunneling of charge carriers across
grain boundaries.

SUPPLEMENTARY MATERIAL

See supplementary material for schematic experimental
setups, magnetization versus temperature for the LSMO (32,
64, 128 nm), Electric-field-induced relative resistivity changes
versus electric field and temperature for the LSMO (8, 16, 32,
64 nm)/BZT-BCT structures, Electric-field-induced in-plane
strain for a BZT-BCT substrate, dielectric constants for a
BZT-BCT substrate, and x-ray diffraction pattern for the
LSMO/LSAT structure.
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