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Nonvolatile manipulation of transport and magnetic properties by external electric field is significant for informa-
tion storage. In this study, we investigate the electric field control of resistance and magnetization in a magnetoelectric
heterostructure comprising an electronic phase-separated Lag 305Prg 3Cag 375MnO3 (LPCMO) thin film and a ferroelectric
(011)-oriented 0.7Pb(Mg; ;3Nby /3)03-0.3PbTiO3 (PMN-PT) substrate. In a room-temperature poled sample, the metal-to-
insulator transition temperature of an LPCMO film increases and the resistance decreases with variation in the effect of
the remnant strain. Meanwhile, the increase in the magnetization of the sample is observed as well. This effect would be
beneficial for the development of novel storage devices with low power consumption.
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1. Introduction

The electric-field control of transport and magnetic
properties in single-phase multiferroics and magnetoelectric
(ME) composites has attracted considerable attention for its
promising application in information storage and spintronic
devices.[I=3! Artificial composites combined ferroelectric (FE)
and ferromagnetic (FM) is an excellent candidate for large
ME coupling, which is typically achieved by strain or stress
coupling at the interface.[*>! Advancements in high-quality
thin film fabrication have enabled the development of FM or
other strongly correlated complex oxide layers on FE sub-
strates. In these heterostructures, the electronic or magnetic
phases of the films can be effectively tailored by applying an
electric field to the FE substrates, thereby leading to a varia-
tion in transport or magnetic properties. Various oxides, such
as manganites, '] ferrites, ['>~14] Mott-insulators, ! and di-

lute magnetic semiconductors, [16]

were integrated in such het-
erostructures, and therefore strain-mediated electric field con-
trol effects were observed.

A typically strong correlated complex oxide, that is, elec-
tronic phase-separated (EPS) manganite, in which ferromag-
netic metallic (FMM) phase and charge-ordered insulating
(COI) phase coexist and distribute inhomogeneously owing
to strong spin—charge—lattice coupling, is of particular interest
for the discoveries of the first-order metal-to-insulator transi-
tion (MIT) and other fascinating emergent phenomena under

external conditions such as spatial confinement.!!”-!¥ Owing
to the self-organized “electronically soft” nature, the phase do-

mains in an EPS thin film are dramatically affected by the
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19201 For example, the prototype EPS man-

in-plane strain.|
ganite Las g PrCa;z sMnO3 (x = 0.3) deposited on an or-
thorhombic NdGaO3 substrate exhibits remarkable in-plane
anisotropic transport behavior, while the relative difference
of mismatch between the two in-plane directions is only ~
1.3%.1201 Thus, the modulation of EPS manganites in strain-
mediated ME heterostructures is expected to be consider-
able.

ena in EPS manganites/FE heterostructures, such as large

Recently, electric field induced or tailored phenom-

electroresistance, ! abnormal percolative transport, (22231 and
modulation of persistent photoconductivity!**! or photoin-
duced effect,!*! were reported, demonstrating that the coex-
istence of different electronic phases can be modulated by
electric field. Nevertheless, linear-converse piezoelectric re-
sponse of FE crystal was used for inducing changes in the
magnetic anisotropy and distribution of different phases in
previous studies, so that a relatively large electric field (8—
10 kV/cm) applied in situ is necessary for maintaining these
changes, which will vanish once the field is removed. From the
point of view of information storage, it is still worth exploring
the nonvolatile control of transport and magnetic properties in
the EPS manganite by electric field.

The perovskite (1-x)Pb(Mg;/3Nb; 3)03 — xPbTiO3 (x ~
0.3) (PMN-PT) single crystal is one of the most widely used
FE substrates owing to its high performance of ferroelectric
and piezoelectric activities.[?®) In PMN-PT-based ME het-
erostructures, both volatile and nonvolatile electric field con-
trol effects are reported, depending on the special substrate
orientation and the approach of the application of an elec-
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tric field. Particularly, in a (011)-oriented PMN-PT single
crystal, two distinct, nonvolatile and reversible remnant in-
plane strain states can be achieved by applying an electric
field with appropriate magnitude (less than the coercive field
of FE layer).[?”?8] Recently, nonvolatile control of transport
and magnetic properties induced by the electric field con-
trollable remnant strain states was observed in several ME
heterostructures. [10-11:14.15] Therefore, a natural consideration
is that the combination of the special remnant strain states
and the EPS manganites can achieve the nonvolatile electric
field control of the transport and magnetic properties simulta-
neously, because they belong to strongly correlated electronic
systems and their physical properties are sensitive to the exter-
nal strain.

In this study, a Lasg_PryCaz/gsMnO3 (x = 0.3) film,
which is reported as the ideal model system of an EPS man-
ganite with a large-scale phase coexistence, is epitaxially de-
posited on PMN-PT (011) substrate to form a ME heterostruc-
ture. The transport and magnetic properties under different
poled states are investigated. When the heterostructure is
poled by a low electric field (less than 1.5 kV/cm), both the
resistivity and magnetization of the LPCMO film are remark-
ably modulated in a wide temperature region as a result of the
nonvolatile remnant in-plane strain of the PMN-PT substrate.

2. Experimental

The Lag3o5Prp3Cag375MnO3 (LPCMO) film with the
thickness of ~ 120 nm was epitaxially deposited on a (011)-
oriented PMN-PT single crystal substrate by pulsed laser de-
position (PLD) using a KrF excimer laser with a wavelength
of 248 nm. During growth, the grown temperature and oxy-
gen pressure were fixed at 700 °C and 90 Pa, respectively. The
laser energy density was fixed at 2 J/cm? and the repetition rate
was 5 Hz. After deposition, the LPCMO film was annealed in
situ for 30 min, and then slowly cooled to room temperature
under the same oxygen pressure used during growth. Struc-
tural characterization of the heterostructure was conducted us-
ing an x-ray diffractometer (XRD) at room temperature using
Cu Kg radiation (A = 1.54056 A). The electrical transport
measurements were performed using the four-probe method
in a closed cycle helium cryostat, in which the temperature
can be controlled between 10 K and room temperature with
an accuracy of better than 0.05 K. The in-plane resistance of
the LPCMO film was obtained using a Keithley 6220 current
source and a Keithley 2182A nanovoltmeter. The electric field
was applied along the thickness direction of the PMIN-PT sub-
strate using a Keithley 2410 source meter. A 100 nm-thick
Au film is sputtered on the backside of the substrate as the
bottom electrode, and the in-plane strain of the sample is mea-
sured using a strain gauge bonded on the LPCMO film. The
magnetic properties were measured using a superconducting

quantum interference devices magnetometer (SQUID, Quan-
tum Design).

3. Results and discussion

The characterization of the strain states under different
poling electric fields is essential for understanding the elec-
tric field control effect. Figure 1(a) shows the in-plane strain
as a function of the asymmetric bipolar electric field (S-E)
with different maximum positive amplitudes along the in-
plane [100] directions of the PMN-PT (011) single crystal, re-
spectively. The coercive field of this substrate is determined
to be approximately 1.6 kV/cm by the S—E loop under the
symmetric unipolar electric field with a maximum amplitude
of 8 kV/cm (not shown). In the rhombohedral phase of the
PMN-PT single crystal, the spontaneous ferroelectric polar-
ization directions are along its eight (111) orientations.!!”]
For (011)-oriented PMN-PT crystal, four of them are in-plane
and others are out-of-plane. For the negative poled crystal,
the out-of-plane polarization directions are oriented to the two
downward directions (see Fig. 1(b)). (14.27] When an asymmet-
ric bipolar electric field is swept from zero to 1.5 kV/cm on
the negatively poled substrate, 71°/109° domain switching oc-
curs with the polarization directions changing to four possible
in-plane directions (see Fig. 1(c)), thereby leading to a signifi-
cant in-plane strain that can remain if the electric field returns
back to zero, as shown in Fig. 1(a).['*?7] Afterwards, when an
electric field of —8 kV/cm is applied, the polarization rotates
back to the downward directions, and the strain recovers to its
initial state once the electric field is removed. As a result, a
hysteresis-like S—E loop with remnant strain states ¢ and a can
be observed. Moreover, when the maximum positive electric
field amplitude is adjusted to 1.3 kV/cm, a minor S—E loop
with a smaller remnant strain state b can be obtained, thereby
indicating that the value of remnant strain can be manipulated
by applying an appropriate electric field to the PMN-PT (011)
substrate.

The XRD pattern for the LPCMO/PMN-PT (011) het-
erostructure is shown in Fig. 2, where the out-of-plane re-
flections corresponding to the (011) orientation can be ob-
served, thereby indicating a single-phase and highly oriented
nature of the film. The out-of-plane lattice constant of the
LPCMO film calculated from these (011) diffraction peaks is
determined to be dgim ~ 2.69 A, which is smaller than that of
the bulk value (dpux ~ 2.71 A). The out-of-plane strain (&)
can be estimated as —0.72% using €,; = (dfiim — dbuik )/ dbuiks
thereby indicating that the LPCMO film on PMN-PT sub-
strate experiences a compressive strain along the out-of-plane
direction. Meanwhile, the corresponding average in-plane
tensile strain (&) can be calculated as 0.61% by using the
Poisson relation &, = ((1 —v)/2v)e;, (v is the Poisson ra-
tio), in which v = 0.372, calculated in a similar compound
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(Lag /3Pry /3)0.625Ca0.37sMn03, 2! is selected. The inset of
Fig. 2 presents the schematic of the device for in-plane re-
sistance measurements. Poling PMN-PT is achieved through
applying an electric field in the thickness direction, using the
LPCMO and a sputtered Au film as top and bottom electrodes,
respectively. An electric field of —8 kV/cm is applied to the
heterostructure for 10 min at room temperature before each
measurement of transport and magnetic properties to ensure
that the polarization vector is pointing downward.

The temperature dependences of resistivity (p—7") for the
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Fig. 1. (color online) (a) In-plane strain of PMN-PT (011) substrate
along [100] directions as a function of asymmetric bipolar electric field
(S-E) with different maximum positive amplitudes. (b) and (c) illus-

trate the directions of ferroelectric polarization states in remnant strain
states @ and c, respectively.
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Fig. 2. (color online) X-ray diffraction pattern for LPCMO/PMN-

PT (011) heterostructure. Inset: schematic of the heterostructure for
anisotropic in-plane resistance measurements.

LPCMO layer along the in-plane [100] direction under differ-
ent poled states are shown in Fig. 3. In the unpoled state a,
the p—T curves for both in-plane directions exhibit first-order
MIT with obvious thermal hysteresis. Upon cooling, the tran-
sition from insulator to metal happens at Tc; ~ 92 K, while
the metal-to-insulator transition happens at 7cr ~ 98 K during
the warming process. At room temperature, a poling electric
field of 1.3 kV/cm is applied on the PMN-PT substrate and
then removed. This leads to the remnant strain of state b in
Fig. 1(a). Then, the p—T curve changes evidently. As shown
in Fig. 3, the increase of MIT temperature and decrease of
resistivity can be observed, thereby suggesting that the nucle-
ation, growth, and maintenance of FMM domains are easier
in the poled heterostructure. Such a variation is more remark-
able when a larger poling electric field of 1.5 kV/cm is ap-
plied, which is attributed to the larger remnant strain of state
c. The relative difference in resistivities at MIT temperatures
(92 K and 96 K for state a and c, respectively) upon cool-
ing ((p(MIT,c)-p(MIT,a))/p(MIT,a)) can be calculated as
—18.4%. It is worth noting that the electric field is not applied
in situ during the measurement. Therefore, the nonvolatile
control of the transport properties is achieved.
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Fig. 3. (color online) Temperature dependences of resistivity (p—7)
for LPCMO layer along in-plane [100] direction under different poled
states.

Figure 4 shows the temperature dependences of magne-
tization (M-T) for the LPCMO/PMN-PT (011) heterostruc-
ture under different poled states. The magnetic field is fixed at
200 Oe during the measurement and is parallel to the in-plane
[100] direction. For state a, a thermal hysteresis can be ob-
served in the M—T curve, indicating that the transition between
the FMM phase and the COI phase in LPCMO is a first-order
transition, which is consistent with the result of the transport
measurement. After a poling electric field of 1.5 kV/cm is
applied at room temperature and then removed (state c), the
increase of the magnetization can be observed. The relative
changes of magnetization (AM = (M(c) —M(a))/M(a)) are
2.19% and 2.37% at 10 K and 90 K (upon cooling), respec-
tively. Meanwhile, a slight increase in the ferromagnetic Curie
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temperature is observed, suggesting that the exchange interac-
tion of the FMM phase is also enhanced.
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Fig. 4. (color online) Temperature dependences of magnetic mo-
ment (M-T) for LPCMO/PMN-PT (011) heterostructure under differ-
ent poled states.
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Fig. 5. (color online) Magnetic hysteresis (M—H) loops upon cool-
ing under different poled states for (a) T = 90 K, H || [100], and (b)
T =10K, H || [100]. The inset shows local enlargement of M—T curves
in a selected region.

To further demonstrate the nonvolatile magnetization
change by electric field, the magnetic hysteresis (M—H) loops

upon cooling under different poled states at some special tem-
peratures are investigated. As shown in Fig. 5(a) and 5(b),
the M—H loops are measured at 7 =90 K and 7 = 10 K, re-
spectively, while the magnetic field is applied along the in-
plane [100] directions. For T'= 90 K, the LPCMO layer is in
the hysteresis region, that is, the two phases coexisting region,
and exhibits a ferromagnetic-like M—H loop. After poling by
an electric field of 1.5 kV/cm, the high-field magnetization in-
creases. For T = 10 K, the LPCMO film is almost dominated
by the FMM phase, in which an M—H loop with a larger mag-
netic moment is observed. In this case, a similar but more
obvious variation of high-field magnetization is observed.

In the study of FM/FE ME heterostructures, the electric
field control of FM layers is typically ascribed to the coac-
tion of electric-field-induced strain and polarization charge
effects.’l Nevertheless, PMN-PT (011) single crystal shows
a ferroelectric D—F loop (electric displacement D as a func-
tion of applied electric field E) with large saturation and
remnant polarization only when the maximum applied elec-
tric field is greater than its coercive field. Otherwise, a lin-

27] In our

ear but small electric displacement is exhibited.
experiments, the remnant polarization of the substrate is ne-
glectable because the poling electric field is less than the co-
ercive field. Therefore, we conclude that the nonvolatile con-
trol of an LPCMO film can be ascribed to the electric-field-
induced remnant strain.

As previously mentioned, the LPCMO film experiences
an in-plane tensile strain in the heterostructure. Moreover, the
remnant strain under an asymmetric bipolar electric field is
positive, thereby indicating an enhanced tensile strain in the
poled sample. Accurately, the influence of an epitaxial ten-
sile strain on the transport properties in an EPS manganite
originates from two aspects as follows.*?! First, the tensile
strain can act as a driving force in the nucleation and growth
of FMM domains owing to the fact that a large-scale EPS can
self-organize into elongated domains along the direction with
a stronger tensile strain.!?’! As a result, the formation of per-
colative channel is facilitated in the poled sample, which is pri-
marily responsible for the increase of MIT temperature and the
decrease of resistivity. Second, the anisotropic in-plane strain
field typically leads to the distortion of the in-plane MnOg oc-
tahedron in manganite, and therefore affects the occupation
of the 3d orbitals of the Mn ion, thereby resulting in the sup-
pression of the long-range charge or orbital ordering state.>!]
Thus, the volume fraction of the FMM phase in the LPCMO
film may increase and the enhanced ferromagnetism is shown.
However, both aspects exhibit little effect on the exchange in-
teraction of FMM domains, so that the variation in ferromag-

netic Curie temperature is not remarkable.

097502-4



Chin. Phys. B Vol. 26, No. 9 (2017) 097502

4. Summary

In this study, we investigated a nonvolatile electric field
control of the transport and magnetic properties in an ME
LPCMO/PMN-PT (011) heterostructure. In this heterostruc-
ture, the LPCMO film shows a first-order MIT. When a rel-
atively small electric field (less than its ferroelectric coercive
field) is applied at room temperature, the MIT temperature of
the LPCMO layer increases and the resistance in its thermal
hysteresis region decreases with variation in the effect of the
remnant stain. Meanwhile, the magnetization of the sample is
increased. In other words, the nonvolatile manipulation of the
transport and magnetic properties by electric field is achieved.
This effect can be ascribed to the modulation of the percola-
tive transport and the suppression of the long-range charge or
orbital ordering state that is induced by the remnant strain, and
it may be helpful for the development of novel storage devices
with low power consumption.
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