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Electronic phase separation has been used to realize exotic functionalities in complex oxides with
external stimuli, such as magnetic field, electric field, current, light, strain, etc. Using the
Nd, 7S193Mn0O;/0.7Pb(Mg; ;3Nb, 3)05-0.3PbTiO; multiferroic heterostructure as a model system, we
investigate the electric field and light cocontrol of phase separation in resistive switching. The electric-
field-induced nonvolatile electroresistance response is achieved at room temperature using reversible
ferroelastic domain switching, which can be robustly modified on illumination of light. Moreover, the
electrically controlled ferroelastic strain can effectively enhance the visible-light-induced photoresistance
effect. These findings demonstrate that the electric-field- and light-induced effects strongly correlate with
each other and are essentially driven by electronic phase separation. Our work opens a gate to design
electrically tunable multifunctional storage devices based on multiferroic heterostructures by adding light

as an extra control parameter.
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I. INTRODUCTION

The past decades have witnessed striking discoveries in
strongly correlated complex oxides, typified by the emer-
gence of high-temperature superconductivity [1], colossal
magnetoresistance [2], electroresistance [3], metal-insula-
tor transition [4], etc., which is deeply associated with
microscopic electronic phase separation (EPS). By con-
trolling the strength of the EPS, i.e., the relative proportion
of coexisting multiphases, in these complex oxides using
various external stimuli, such as electric field, current,
magnetic field, strain, light, etc., exotic functionalities are
highly desired to develop energy-efficient multifunctional
devices. As one of the most fascinating correlated oxides,
perovskite manganites display large-scale EPS in the
charge-ordering (CO) antiferromagnetic insulating phase,
the ferromagnetic (FM) metallic phase, and/or the para-
magnetic (PM) insulating phase [5—10]. Because of the
strongly coupled nature of the lattice, charge, spin, and
orbital degrees of freedom, the external stimuli can tip the
subtle balance of free energy between the coexisting phases
in manganites, leading to dramatic changes in physical
properties. For example, Thiele e al. [11] and Zheng et al.
[12] in situ imposed an in-plane strain to Lagy;A(3MnOs

Pb(Mg, ;3Nb,/3)05-PbTiO; (PMN-PT) single crystals via
the linear piezoelectric response and obtained strain-medi-
ated electric-field control of phase separation, magnetic,
and transport properties. However, the lattice strain and
physical properties decay to the initial states upon remov-
ing the controlled electric field. From a device application
point of view, the voltage-pulse-induced nonvolatile tuning
of physical parameters is indispensable. Fortunately, it has
been realized in R;_,A,MnO; (R = La, Pr; A = Ca, Sr,
Ba)/PMN-PT systems [13—15] in a stable and reversible
manner using nonlinear lattice strain effects originating
from non-180° ferroelastic domain switching. In addition,
light illumination, conveniently, can induce the delocaliza-
tion of e, carriers in the CO or PM insulating phase and
demagnetization effect in the FM metallic phase, which
significantly affects the magnetic interaction and phase
balance of manganites. For example, Guo et al. [16] and Li
et al. [17] reported opposite effects of light on resistance
above and below Curie temperature in Lajy 3Cay ,MnO5; and
Prg65(Cag75Sr0.25)93sMnO;3  films. Despite the efforts
devoted to in situ manipulation of physical properties of
manganite films using either electric field or light, the
combined electric-field and light control (rather than the far

(A=Ca, Sr, Ba) films grown on ferroelectric more energy-consuming use of charge currents and/or
magnetic fields) of EPS and the resultant functionalities
are still very limited. There is no doubt that a systematic
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properties would help to elucidate the optoelectronics
physics and coupling effect of the electric field and the
light in perovskite manganites, which is also important for
designing energy-efficient multifunctional memory devices
by exploiting additional degrees of freedom (i.e., photons).

Nd 751y 3sMnO5; (NSMO) is one of the typical colossal
magnetoresistive materials whose EPS is extremely sensi-
tive to its strain state. A phase transition from the FM
metallic to the CO insulating state can be observed by
substrate-induced in-plane tensile strain with a decreasing
thickness from 60 to 10 nm in NSMO films grown on
StTiO;5 single crystals [18]. In this work, phase-separated
NSMO thin films are epitaxially grown on ferroelectric
PMN-PT(111) single-crystal substrates. We in situ modi-
fied the phase separation and resistance state of the NSMO
films not only by the electric-field-induced ferroelastic
strain effect but also by the light-induced delocalization
effect, which results in a multilevel resistive-switching
memory and adjustable photoresponse. Such a multiferroic
heterostructure inherits the properties of voltage-pulse
tunable nonvolatile storage devices and is also suitable
for light-sensing applications.

II. EXPERIMENTAL DETAILS

The NSMO thin films are fabricated onto (111)-oriented
PMN-PT single-crystal substrates using pulsed laser dep-
osition from a high-purity stoichiometric ceramic target.
The target is ablated using a XeCl (4 = 308 nm) excimer
laser with a flux of 3 J/cm? and a repetition rate of 4 Hz.
The growth is conducted under a process pressure of
200 mtorr of pure O, at a substrate temperature of
700°C, followed by in situ annealing in pure O, under
750 torr for 1 h to remove oxygen vacancies and improve
crystallinity. The film thickness (36 nm) is controlled by the
number of laser pulses.

The crystal structure, phase purity, and epitaxial proper-
ties of the films are analyzed by a high-resolution Bruker
D8 Discover x-ray diffractometer (XRD) equipped with Cu
K, radiation (4 = 1.5406 A). A Keithley 6487 voltage
source is employed to apply an electric field across the
PMN-PT substrate through the conducting NSMO film and
the bottom silver electrode. A semiconductor laser with a
wavelength of 532 nm and a power density of 5 mW /cm?
serves as the light-illumination source. The resistance of the
films is measured using the standard four-probe method in
a closed-cycle cryostat. Figures 1(a)-1(c) illustrate the
schematic of the experimental setups for in situ measure-
ments of resistance under electric field and light illumina-
tion (using the standard four-probe method), electric-field-
induced out-of-plane strain (using in situ XRD 6-20 scans),
and in-plane strain of the PMN-PT substrate (using a strain
gauge), respectively. Prior to the measurements, a large dc
electric field of E = +10 kV/cm across the NSMO/PMN-
PT structure is applied for 30 min to ensure that the
PMN-PT substrate is fully positively polarized.
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FIG. 1. Schematic of the experimental setups for in situ
measurements of (a) film resistance, (b) out-of-plane strain,
and (c) in-plane strain of the PMN-PT substrate, respectively.
(d) XRD 0-20 scan of the NSMO/PMN-PT structure. (Inset)
XRD ¢ scans taken on the NSMO(101) and PMN-PT(101)
diffraction peaks.

III. RESULTS AND DISCUSSION

Figure 1(d) shows the XRD 6-26 scan pattern for the as-
grown NSMO/PMN-PT structure. The NSMO film is
highly (111) oriented, without other impurity phases. In
order to witness the in-plane epitaxial relationship between
the film and the substrate, we perform XRD ¢ scans which
are taken on the (101) diffraction peaks of the NSMO film
and the PMN-PT substrate, respectively. As presented in
the inset of Fig. 1(d), two sets of trifold symmetry are
observed from the NSMO film and the PMN-PT substrate,
respectively, revealing a good “cube-on-cube” heteroepi-
taxy. The initial strain state of the NSMO film due to lattice
mismatch can be determined by analyzing its main peak in
the XRD scan curve. The calculated out-of-plane lattice
spacing d;;; (about 2.216 A) is smaller than that of the
bulk value (approximately 2.226 A) [18,19], which indi-
cates that the NSMO film suffers an out-of-plane com-
pressive strain ( —0.45%). Using the Poisson relation
de,. = —2uv/(1 —v)de,, [20] and Poisson’s ratio v =
0.37 [21], the in-plane tensile strain of the NSMO film
can be estimated to be 0.38%. This result corresponds
to the smaller lattice constants of the NSMO bulk
(a~b~c~3.855A) [18,19] compared to those of the
PMN-PT substrate (a ~ b ~ ¢ ~4.02 A).

Figure 2(a) displays in situ electric-field tuning of the
resistance of the NSMO film under both bipolar and
unipolar voltage cycling at room temperature using the
experimental setup in Fig. 1(a). Upon cycling a large
bipolar electric field with an amplitude of E =
10 kV/cm, a butterflylike loop of AR/R to E is
found. Here, AR/R is defined as AR/R = [R(E)—
R(P;)]/R(P;). This finding is consistent with the typical
butterflylike curve of the in-plane strain (€ pmn-pr))
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FIG. 2. Electric-field-induced (a) relative resistance change of
the NSMO film and (b) the in-plane strain of the PMN-PT
substrate as a function of bipolar and unipolar E values applied
across the PMN-PT substrate at 7 = 296 K. (¢),(d) XRD 6-20
scans for the PMN-PT(222) substrate and the NSMO(222) film
under the P, and Pf/ states, respectively. (e),(f) Schematic
diagrams of the polarization vectors in the rhombohedral phase

for the P and P/ states of the PMN-PT, respectively.

versus the electric field for the PMN-PT substrate in
Fig. 2(b), as measured using a strain gauge [see Fig. 1(c)],
which clearly proves that the resistance evolution in the
NSMO film is induced by the electric-field-induced lattice
strain in the PMN-PT substrate. It is worth noting that once a
small negative field E = —2 kV/cm (|E| < E¢pumnpr)) i
applied to the positively poled PMN-PT substrate (i.e., the O’
or P} state) and then removed, the film resistance is
enhanced remarkably. Afterwards, by applying another small
positive E = 42 kV/cm, the resistance can recover to the
initial O state. This resistance change process can be
attributed to the stable and reversible ferroelastic domain
switching in the PMN-PT(111) substrate. In the rhombohe-
dral PMN-PT crystal, the polarization vectors align along
eight body-diagonal directions of the pseudocubic unit cell
with four structural domains (71, 2, r3, r4). Upon applying a
large positive E = 410 kV/cm, the PMN-PT substrate is
fully poled, with the polarization pointing to r1~ (i.e., the
[11 1] direction and the P;" state) [see Fig. 2(e)]. Then, after
we apply a small negative E = —2 kV/cm, the PMN-PT
substrate is partially depolarized. The polarization switching
pathways include 109° ferroelastic switching from r1~ to
r2% /rd™ /r3™ and 71° ferroelastic switching from r1~ to
r2~/rd~/r3". The r2/r3/r4 domain structures are denoted

by the Pf/ state in Fig. 2(f). This domain switching is
accompanied by an in-plane tensile strain in the PMN-PT
substrate and the NSMO film, as reflected by the diffraction
peak shift to higher Bragg angles in Figs. 2(c) and 2(d) using
in situ XRD measurements shown in Fig. 1(b). In particular,
when the polarization direction is switched from the P} to the

Pf/ state, the PMIN-PT(222) reflection splits from two peaks
to three peaks. The peak corresponding to the r2/r3/r4
domain structures reappears and the relative intensity of the
peaks corresponding to the 1 domain structure decreases
dramatically, which further confirms the abovementioned
109° and 71° ferroelastic switching pathways. Accordingly,
these two stable and switchable resistance states (the O and B
states) can be achieved by reversing the applied voltage near
the coercive field to dynamically rotate the polarization
between the out-of-plane and in-plane directions in the
PMN-PT substrates.

To obtain more remnant resistance states, we precisely
adjust the negative amplitude of sweeping electric fields
and present the results in Fig. 3(a). The presence of an
intermediate resistance state between the O and B states
could be linked to the different remnant in-plane strain
states of the PMIN-PT substrate [14,15,22,23]. As reported
by our previous work [24], as the negative amplitude is
reduced from | —2.0 kV/cm| to | — 1.0 kV/cm|, the rel-
ative intensity of the peak corresponding to the r2/r3/r4
domain structures decreases gradually, which hints at
the weakening of the 109° and 71° ferroelastic domain
switching and the resultant reduction in remnant in-plane
tensile strain of the PMN-PT substrate. On the basis of
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FIG. 3. (a)Resistance hysteresis loops when cycling the electric

field between positive maximum and several negative values at
T =296 K. (b),(c) Schematic diagrams for the ferroelastic
domain switching. (d) Nonvolatile resistance switching of the
NSMO film by a sequence of pulse electric fields.
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Fig. 3(a), we demonstrate a rudimental manifestation of the
applicability of such an electrically driven ferroelastic
strain effect for an energy-efficient information storage
element. As depicted in Fig. 3(d), the nonvolatile logic
states are written by applying electric-field pulses with an
amplitude of E = +2.0kV/cm for the 0 state and
E=-10, —1.5, and —2.0 kV/cm for the 1, 2, and 3
states, respectively. It should be pointed out that a reset step
by applying an impulse field of £ = 42 kV /cm is required
to set the polarization vectors to the downward direction
with the minimum resistance state before writing to differ-
ent higher-resistance values. Under such circumstances, the
resistance states stored in this device are reversible and
nonvolatile, and they can be read out in a nondestructive
manner. The domain-engineered ferroelastic switching [see
Figs. 3(b) and 3(c)] provides a framework for designing the
next-generation low-energy-consumption, high-density
nonvolatile memory devices.

Figure 4 shows the temperature dependence of the
resistance for the NSMO film in the dark and under light
illumination when the PMN-PT substrate is in the P, and

Pf/ states, respectively. For the P; state in the dark, the
resistance increases with decreasing temperature and
undergoes a charge-ordering phase transition at
Tco~ 127 K. Here, Tco can be derived from the
d(InR)/d(T~") — T curve [25]. Associated with the polari-

zation switching from the P to the P{/ state, a visible
increase in the resistance and Tcq [see Fig. 4(a)] is
observed, which is due to the in-plane tensile strain-
induced enhancement of the electron-lattice coupling
strength  and suppression of the double-exchange
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FIG. 4. Temperature dependence of the resistance for the
NSMO film in the dark and under light illumination when the
PMN-PT substrate is in the P, and P! states, respectively.
(a) The corresponding Tco values. (b),(c) Temperature-
dependent electroresistance (ER) in the dark and under light

illumination, and photoresistance (PR) under the P;" and P{/
states, respectively.

interaction [26]. This result implies that the in-plane tensile
strain favors the CO insulating phase but destabilizes the

FM metallic phase. Moreover, whether for the P, or Pf/
state, both the film resistance and 7T'-o are reduced upon
light illumination. Light can generate more carries and
enhanced hopping of small polarons, leading to the
delocalization of e, carries and reduction of the resis-
tance [16,17,27]. On the other hand, light can also excite
spin-down e, electrons in the FM phase and destroy the FM
coupling between spin-up e, and 1,, electrons in Mn3+
ions, thereby increasing the resistance [28,29]. In our case,
the fraction of the FM phase is small due to the in-plane
tensile strain, and thus the photoinduced delocalization
effect in the CO phase rather than the demagnetization
effect in the FM phase plays a primary role in determining
the resistance. To unveil the coupling effect of the light and
the electric field in the NSMO/PMN-PT structure, we plot
temperature-dependent electroresistance (ER) in the dark
and under light illumination in Fig. 4(b). Here, ER is
defined as ER = [R(P!) — R(P})]/R(P}). In the dark, ER
increases upon cooling and reaches a maximal value of
31.4% at T = 85 K, suggesting the high sensitivity of the
CO phase to the lattice strain at low temperature. We note
that the ER of the film is greatly reduced over the whole
temperature range after light illumination. For example, the
ER at 7 =85 K is lowered from 31.4% in the dark to
23.9% under light illumination. Such an optically tunable
electroresistance response can be ascribed to the photo-
excited delocalization of e, carries and the resulting
reduction of the CO phase, which suppresses the ferroe-
lastic strain effect of the NSMO/PMN-PT structure. The
mutual interaction between the electric-field and light-
induced effects is manifested not only by the light-
controlled electroresistance effect but also by the
electric-field-controlled photoresistance (PR) effect. The
latter is shown in Fig. 4(c), where the PR of the NSMO film

is measured under the P, and Pf/ states. Here, PR is
defined as PR = (Rjign; — Ruark)/ Raark- For the P} state, the
negative PR increases in magnitude as 7" decreases and the
PR-T curve shows an appreciable kink near Tcq. When

the polarization is rotated from the P;" to the P{/ state, the
magnitude of the PR is enhanced considerably, especially at
low temperatures. For example, the relative change in PR,
APR/PR = [PR(P!) — PR(P})]/PR(P;’), reaches 22.6%
at T = 85 K. The electrically tunable photoresistance effect
is closely related to the coexisting CO insulating and FM
metallic phases, i.e., the phase separation. At the low-
temperature CO state, e.g., 7 =85 K, the CO phase
coexists with the FM phase, with the former dominating
over the latter, where the PR arises from the light-induced
conversion of the CO phase to the FM phase. The giant
enhancement in the resistance (e.g., ER~31.4% at
T = 85 K) induced by ferroelastic (in-plane tensile) strain
[see Fig. 4(b)] means that a significant fraction of the FM
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metallic phase has been converted into the CO insulating
phase due to the expansion of the film in-plane lattice.

Namely, the fraction of the CO insulating phase in the Pf/
state is larger than that in the P; state. Consequently, the
effective fraction of the CO insulating phase that is

converted to the FM metallic phase in the Pf/ state would

be larger than that in the P, state. Thus, the PR in the Pﬁ/
state is larger than that in the P state. All of these data
directly disclose that the electric-field effect strongly
couples with the light effect, which is deeply mediated
by electronic phase separation.

To further substantiate the role played by phase sepa-
ration in the correlation between the electric-field and light-
induced effects, we monitored the resistance switching of
the NSMO film in the dark and under light illumination by
switching the polarization between the P, and P/ states at
room temperature, as shown in Fig. 5(a). Upon applying a
sequence of E = 42 kV/cm pulse electric field to the
PMN-PT, the film resistance responds sharply and can be
reversibly switched. The effect of the light on the electro-
resistance is evident in Fig. 5(b), where the ER is plotted
against time in the dark and under light illumination.
Obviously, the ER is suppressed under light illumination,
which is commensurate with the temperature-dependent
results [see Fig. 4(b)] and stems from the light-induced
reduction of the PM insulating phase at room temperature.
Again, to identify the response of the electric field to the
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FIG. 5. (a) Resistance switching of the NSMO film in the dark

and under light illumination by switching the polarization
between the P, and Pf/ states at 7 =296 K. (b) ER as a
function of time in the dark and under light illumination.
(c) Resistance switching of the NSMO film by turning the light
on and off under the P} and Pf/ states. (Insets) Schematic
diagrams for the ferroelastic strain effect. (d) PR as a function of

time under the P, and P/ states.

photoresistance, we record the resistance of the NSMO film

by turning the light on and off under the P and P/ states
[see the insets of Fig. 5(c)] at room temperature in Fig. 5(c).
We find that the resistance exhibits the photoinduced
relaxation character with the light on and then restores
the original value after the light is off, which is caused by
the delocalization relaxation process and thermal fluc-
tuation, respectively [27]. According to Fig. 5(c), the PR

of the NSMO film is calculated for the P, and P{/ states,
respectively. As depicted in Fig. 5(d), it is apparent that the
electric-field-induced ferroelastic (in-plane tensile) strain
increases the magnitude of the PR, signaling electrically
induced conversion of the FM phase into the PM phase.
These findings together explicitly establish that the electric-
field and light-induced effects strongly correlate with each
other and are essentially driven by the fraction of the PM
phase relative to the FM phase. Based on Figs. 4 and 5, it is
concluded that, whether the film is under the CO or the PM
state, the electronic phase separation is a crucial ingredient
that accounts for the coupling effect of the light and the
electric field. Additionally, the heat effect always is a
challenging problem and is difficult to separate from the
optical-electric effect under light illumination. In our
experiments, two factors can be considered to ignore the
heat effect. First, since the photon energy (2.33 eV) of 532-
nm light used in the experiment is larger than the band gap
of manganites (1.0-1.3 eV), the light can be absorbed by
the NSMO films, and thus the optical-electric effect is
dominant. Second, the sample is mounted on a Cu cryostat
through the silver paint. If light illumination creates a little
heat, the heat can also be dissipated into the holder, and the
sample remains at a fixed temperature due to the closed-
cycle cryostat. Therefore, the heating effect can be
precluded.

IV. CONCLUSIONS

In summary, we report in this paper on the electric-field
and light-dependent cocontrol of phase-separation-driven
functionalities using a simple NSMO/PMN-PT multiferroic
heterostructure. The distinct stable and nonvolatile resis-
tance states can be reversibly switched by applying
appropriate voltage pulses, which is closely related to
the electric-field-induced 109° and 71° ferroelastic domain
switching and induces dissimilar in-plane strain states.
Such an electroresistance response is found to be optically
tunable. Moreover, the photoexcited delocalization of e,
carriers gives rise to a noticeable reduction in the film
resistance. The photoresistance effect can be enhanced by
22.6% through the electric-field-induced ferroelastic strain.
This result, together with the optically controlled electro-
resistance response, reveals intimate coupling between
the electric-field and light-induced effects, which can be
plausibly interpreted in terms of the phase separation
model. Our findings provide a unique approach to realize
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multifield tuning of electronic phase separation in complex
oxide heterostructures, which allows for the integration of
extra functionality (e.g., a light sensor) in nonvolatile
memory systems.
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