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Strongly correlated electron materials that exhibit rich phase transition and multiple phase sep-
aration have shown many fascinating properties. Using these properties in the electronic device
will require the ability to control their phase transition and phase separation behaviours. In this
work, we report a sensitive electric field control of first-order phase transition in epitaxial (011)-
Nd55r95sMn03/0.71Pb(Mg; 3Nb,/3)03-0.29PbTiO3 (PMN-PT) heterostructure. The pristine film shows
phase separation character with the penetration of the ferromagnetic metallic phase into the charge and
orbital ordered antiferromagnetic insulating phase, and this was revealed by the XMCD and XLD inves-
tigation. The (011)-oriented PMN-PT piezoelectric single crystal adopted can exert anisotropic in-plane
tensile strains on the epitaxial Ndgs5SrosMnOs film when applying the electric field. The coaction of the
electric field-induced strain and polarization effects of the PMN-PT piezoelectrics enable the efficient ma-
nipulation of orbital ordering and the coupled electronic and magnetic phase transitions. Accordingly, a
small +1.6 kV cm~! electric field can recover the first-order metal-insulator transition which was inhib-
ited in the pristine heterostructure, increase the transition temperature by 56 K and the maximum re-
sistance change reaches 7033%. Furthermore, the electric field demonstrated non-volatile control of mag-
netization, and the magnetoelectric coefficient reaches 1.89 x 10~7 s m~! at 200 K. This work indicates
that choosing the piezoelectric substrate with appropriate electric-field-induced strain opens a route to
designing functional electronic devices where the tunable macroscopic properties derive from strongly
interacting degrees of freedom present in the manganite.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

a pure phase is expected. Searching for approaches to control the
phase transition and/or phase separation is the key to making use
of the properties of those correlated electron materials in device

1. Introduction

The strongly correlated electron materials that undergo a va-

riety of phase transitions [1-6], including superconductivity [1,2],
the metal-insulator transition [3,4], and colossal magnetoresistance
[5,6] have shown great significance in science and technology. In
these materials, the strong coupling between spin, lattice, and
charge degrees of freedom will induce phase separation [7-10],
meaning that multiple electronic/magnetic phases with diameters
of nanometers to micrometers can coexist at temperatures where
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applications [11-16].

The electric field, which is more energy-efficient than the other
external field such as magnetic field and current [17-20], has
shown great potential in electronic devices when it was used to
tune the phase transition and the related properties in correlated
electron materials. The electric field controls of resistance [21-
25| and magnetism [26-30], for example, are promising in the
field-effect transistor and energy-efficient magnetic storage tech-
nique. Achieving giant electric field control of resistance and mag-
netism is the longstanding goal, and constructing the multifer-
roic heterostructures by combining the correlated electron mate-
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rials with piezoelectrics is one of the potential routes [17-30]. The
doped rare-earth perovskite manganites have been proven fertile
in the search for both the electric field control of magnetism and
resistance through the electric-field-induced strain engineering of
the phase transition [25-30]. The phase transition in the mangan-
ites is always coupled with charge and orbital ordering, where the
different orbital ordering configurations of the Mn3* ions are ac-
companied by specific spin arrangements [12]. Considering that the
orbital ordering couples intimately to the lattice distortion, hence,
to realize sensitive electric field manipulation of phase transition in
the manganites, the appropriate piezoelectrics that can introduce
strain states aiming at different orbital ordering in the manganites
should be selected.

Ndg 5Srg5sMnO3 is a fascinating rare-earth perovskite manganite
[31-34]. Its defining nature is the sharp first-order phase transition
from the ferromagnetic metal (FMM) to charge (Mn3* and Mn*+
ions are alternatively arranged) and orbital (staggered d(3x2-r%)
and d(3y2-r?) ordered insulator with the antiferromagnetic spin ar-
rangement (COO/AFI), and multiple electronic/magnetic phases co-
existence [5,12,32]. The orbital ordering plane resides in the out of
the (011)-plane of Ndg5Srg5MnO3 (cubic notation) [5], as a result,
the growth of (011)-oriented Ndg 5SrgsMnO3 means the freedom of
the orbital plane and enables the first-order metal-insulator phase
transition. Moreover, the in-plane anisotropy of the orbital ordering
characters means exerting anisotropic strain within the (011)-plane
of Ndg5Sro5MnO5 can tune its phase transitions effectively. It was
indeed revealed that the (011)-oriented Ndgs5SrgsMnOs3 films that
underwent appropriate in-plane anisotropic strain exhibited clear
first-order transition, which has not been possible in those with
(001) and (111)-orientations studied extensively [33-36]. Here in
this article, aiming at the manipulation of phase transition through
the orbital ordering of Ndgs5Sry5MnOs, we specially adopted the
(011)-oriented 0.71Pb(Mg;3Nby/3)03-0.29PbTiO3 (PMN-PT) single
crystal with rhombohedral structure as the piezoelectric layer [
substrate in the design of multiferroic heterostructure. The (011)-
PMN-PT exhibits a tensile lattice strain of +0.28% for in-plane
[011] and compressive strain of —0.02% for in-plane [100] direc-
tions under a small electric field of ~ +1.6 kV cm~! due to the
switching of its ferroelectric domains. The coaction of the strain
and polarization effects demonstrated a remarkable level of electric
field control of the first-order phase transition and/or phase sepa-
ration (as shown in the E - T phase diagram in Fig. 1) in the de-
signed (011)-Ndg 5Srg5sMnO3/PMN-PT heterostructure. Accordingly,
the giant electric field control of resistance and magnetization can
be realized by a small electric field. In the heterostructure, ap-
plying a small electric field +1.6 kV cm~! can recover the FMM
to the COO/AFI phase transition, and increase the first-order tran-
sition temperature by 56 K, intriguing a giant resistance change
of 7033% at 10 K, the values exceed the ones reported in almost
all the manganite based multiferroic heterostructures [25-27,29].
The electric field also exhibited nonvolatile control of the magne-
tization of the films due to the coupled electronic and magnetic
structures. The maximum magnetoelectric coefficient reaches
1.89 x 1077 s m~! at 200 K, and this value is comparable to
the largest value reported in manganite multiferroic heterostruc-
tures. Finally, considering that the antiferromagnetic spintronics
has shown great potential applications for high-density storage and
high frequency, the dynamic switching on and off of the COO/AFI
phase in the heterostructure also endows the multiferroic structure
possible potential in the antiferromagnetic spintronics [37-40].

2. Experimental methods
Ndg5SrgsMnO; films with a thickness of 80 nm were deposited

on the (011)-oriented PMN-PT single crystal (3 x 5 x 0.5 mm?3)
through the pulsed laser deposition technique. The previous stud-
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Fig. 1. The E-T phase diagram established by the transition temperatures derived
from the R - T curves at various electric fields, where PMI refers to the paramag-
netic insulating phase, FMM refers to the ferromagnetic metallic phase while the
COO/AFI refers to charge and orbital-ordered antiferromagnetic insulating phase.

ies demonstrated that the first-order phase transition occurs in the
(011)-oriented films, and the film properties show no essential de-
pendence on the thickness within 50 nm - 110 nm [34,35], and
the intermediate thickness of 80 nm was thus chosen in this work.
The substrates were baked at 700 °C for 1 hour in the deposition
chamber. Then the films were deposited at 700 °C, in O, pressure
of 10 Pa, and with a laser energy density of 1 ] cm~2 operating at
a pulse frequency of 2 Hz. The film thickness was controlled by the
deposition time. After deposition, the films were in-situ annealed
at 700 °C in O, pressure of 100 Pa.

The average structure was detected using a Bruker D8 high-
resolution four-circle X-ray diffraction meter, and the reciprocal
maps of the (222) and (310) reflections were conducted. The X-
ray absorption spectra measurement were performed at the UL
beamline of the Shanghai Synchrotron Radiation Facility by tun-
ing the synchrotron radiation at the Mn L edge, and the circular
dichroism (XMCD) using the circular polarization beam and linear
dichroism (XLD) by using the linear polarization beam were also
measured to reveal the magnetic components in the films. The mi-
crostructure was characterized using aberration-corrected scanning
transmission electron microscopy, which was performed on a Ther-
moFisher Themis Z microscope equipped with two aberration cor-
rectors under 300 kV. The high angle annular dark-field (HAADF)-
STEM images were recorded using a convergence semi-angle of 11
mrad, and inner- and outer collection angles of 59 and 200 mrad,
respectively. Cross-sectional TEM specimens were “lift-out” using
the OmniProbe and thinning by a focused ion beam (FIB).

The resistance measurement under the application of electric
field was conducted by a homemade holder which enables the ap-
plication of electric fields by a Keithley 6517 source meter and
equipped to the Quantum-design Physical Property measurement
system (PPMS). The magnetic properties measurement under dif-
ferent electric fields was also conducted in the PPMS system by
the vibrating-sample-magnetometer option. The electric field was
applied by a homemade holder through a Keithley 6517 source me-
ter. The out-of-plane lattice evolution with the electric field of the
PMN-PT substrate was indirectly detected from the XRD patterns
measured under cycling electric fields. The in-plane strain evolu-
tion with electric fields of the PMN-PT substrate for both the [011]
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Fig. 2. The HAADF-STEM images obtained by a cs-corrected STEM from the [011] zone axis with (a) low and (b) high magnifications, and (c) from the [100] zone axis, the

dotted yellow lines in (b) and (c) indicate the interface of the heterostructure.
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Fig. 3. (a) The 26-w XRD pattern of the heterostructure. (b, ¢) The reciprocal map for the (222) reflections, and (310) reflections respectively, in which the cross signs
indicate the positions where the film was supposed to fully relax for the [100] and [011] lattice directions.

and [100] directions was detected by the high-resolution strain
gauges adhered onto the film surface.

3. Results and discussion
3.1. Structure and phase transition

The HAADF-STEM images of the heterostructure interfaces were
obtained from the [011] and [100] zone axes and shown in
Figs. 2(a)-(c), in which, the interfaces were marked with yellow
dotted lines. The low-magnification image from [011] zone axis in
Fig. 2(a) displays the homogenous morphology of the films. The
epitaxial growth of the film can be confirmed from the STEM re-
sult in Figs. 2(b) and (c), and the in-plane lattice orientation re-
lationship of [011]¢ // [011]s and [100]; // [100]s between the
film and substrate can be identified. Bulk Ndg5Srg5MnO3 has or-
thorhombic symmetry with lattice parameters of a = 0.543 nm,
b = 0.548 nm, and ¢ = 0.764 nm at room temperature [41], the
corresponding lattice parameters for the transferred cubic struc-
ture is ac = bc = 3.858 A, ¢ = 3.817 A [32]. Accordingly, the
lattice mismatches (defined as (asas)/as, where a; is the lattice
parameter of the Ndgs5Srg5sMnOs, and as is the lattice parame-
ter of the PMN-PT substrate) [42] between the film and substrate
reached 3.95% for the [100] lattice, and 4.54% for the [011] lattice.
This large lattice mismatch implies strain relaxation in the films
with increasing thickness [42,43], which was further manifested
by the investigation of the average strain state of the film. The
20-w XRD pattern of the heterostructure was shown in Fig. 3(a),

in which, only the (011) and (022) diffractions for the NSMO film
and PMN-PT substrate manifest. RSM maps of (222) and (310)
reflections were obtained and shown in Figs. 3(b) and (c). It is
seen that Ndgs5SrgsMnOs; film has different Q values with the
PMN-PT substrate in both [100] and [011] lattices. The expected
positions of the fully relaxed states for the films were marked
as cross signs in Figs. 3(b) and (c). It is seen that the fully re-
laxed signals almost coincide with the (222) and (310) reflections
of the Ndgs5SrgsMnO3 film, implying that the film lattices were
almost relaxed for both the in-plane [100] and [011] directions
[33].

The temperature-dependent magnetization (M - T) and resis-
tance (R - T) curves were measured to identify the phase transi-
tion of the pristine film. Following the zero-field-cooling (ZFC) M
- T plot in Fig. 4(a), a paramagnetic to ferromagnetic (FM) phase
transition happens with decreasing temperature (T¢ = 203 K) and
followed by the FM to antiferromagnetic (AFM) phase transition
(Ty = 130 K), indicated by the large magnetization reduction. Be-
low Ty, the ZFC plot and field-cooling (FC) plot split largely, and
this splitting could arise from the persistence of the FM phase be-
low Ty. For the ZFC process, the AFM phase with strong anisotropy
formed and pinned the FM domains [44,45], causing zero net mag-
netizations at low temperatures, while for the FC process, the FM
domains percolated and formed the network when the film was
cooled across the Tc, thus causing higher magnetization state. The
splitting thus demonstrates the persistence of the FM phase below
Ty, and the depressed first-order phase transition in the pristine
films.
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Fig. 4. (a) The M - T curves measured with zero-field-cooling and field-cooling
modes in a magnetic field of 0.05 T applied along the [100] direction. (b) The R
- T curves for the [100] direction under a zero magnetic field. The arrows indicate
the heating and cooling process.

The R - T curves exhibited similar transition behavior with that
derived from the M - T curves. The resistance increases firstly and
then decreases following the cooling R - T plot, which means the
insulator-metal transition and is in coincidence with the paramag-
netic to ferromagnetic phase transition (T¢ = 203 K). Further de-
creasing the temperature, the metal-insulator transition happens
and the resistance enhances consistently, moreover, the cooling
and heating plots of R - T curves show thermal hysteresis, im-
plying the sign of first-order metallic to the charge and orbital
ordered insulating phase transition (Ty; = 130 K), this transition
is coupled to the FM AFM phase transition denoted in the M -
T curves. Herein, we describe this transition as FMM to COO/AFI
transition, and the related transition temperature Ty and Ty are
uniformly called Tyycoo- It is further seen from the R - T curves
that the resistance increased rather slowly below Tyycop, and the
resistance at the low temperature was rather low, indicating that
the FMM to COO phase transition was depressed in the pristine
Ndg 551 5MnO3 film [32,33]. Combining with the M - T results, it
can be deduced that the slow transition and low resistance are due
to the persistence of the FMM phase into the temperature where a
pure COO/AFI state was expected.

Mn-XAS spectra were further recorded at the Mn-L, ;3 edge cor-
responding to the 2p-3d resonant transition. The spin-orbital inter-
action of the Mn 2p core hole splits the spectrum into two broad
multiplets, the L3 (2ps3);) edge at lower phonon energy and the L,
(2pq) edge at higher photon energy [46]. Figs. 5(a) and (c) show
the XAS spectra measured by horizontal (H) and vertical (V) polar-
ization photons at 15 K and 180 K respectively. XLD spectra have
been obtained as the difference between the two measurements
(V—H) of the respective temperatures and the resulted curves are
shown in respective figures. XLD is one of the few techniques that
can shed light on the AFM order in films. The profound XLD sig-
nal at 15 K thus confirms the COO/AFI phase at low temperatures
[47,48], and though the signal decreases in magnitude with in-
creasing temperature, it does not disappear at 180 K, indicating the
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persistence of COO/AFI phase at elevated temperature, even when
the temperature is above the Tyycop and close to Tg, this is con-
sistent with previous reports [48,49]. The XAS with right-handed
(R) and left-handed (L) circular polarization photons were further
measured and shown in Figs. 5(b) and (d), and Mn-XMCD were
obtained as the difference between the two measurements (R-L).
The Mn-XMCD spectra confirm the minor FM component below T
(15 K) [48,49] and confirm the phase separation below Tyycop in
the pristine film further.

3.2. Electric field manipulation of phase transition and the resistance

The electric field influence on the phase transition has been
characterized by the R - T curves measured under different elec-
tric fields. A certain electric field was firstly applied across the het-
erostructure at room temperature and then the cooling and heat-
ing plots of the resistance curves were measured under the elec-
tric field. The schematic for the measurement of resistance under
electric fields was shown in Fig. 6(a). The measured R — T curves
for the in-plane [100] direction under different electric fields were
shown in Fig. 6(b) and (c). When an electric field of +0.5 kV cm™!
was applied, the Tyycoo increased slightly from 130 K to 138 K
(inset in Fig. 6(b)), and the resistance increased compared to the
0 kV cm™! curves, especially when the temperature was below the
Twijcoo- Further increasing the electric field to +1.6 kV cm~!, the
Tmijcoo increased to 186 K, and the resistance below the Ty coq in-
creases tremendously, implying an almost full FMM to the COO/AFI
phase transition. Otherwise, the negative electric field with the
same magnitude exhibit a weaker influence on the phase transi-
tion of the heterostructures, as seen in Fig. 6(c), the transition tem-
perature under —1.6 kV cm~! increases from 130 K to 170 K. The
resistance change ratio, which is defined as (Rg-Ry)/Rg, where R is
the resistance value measured under an electric field of E and Ry is
the resistance value measured under 0 kV cm~!, was calculated for
E of +1.6 kV cm~! and —1.6 kV cm~! and shown in Fig. 6(d). It is
seen that for +1.6 kV cm~!, the change ratio reached 7033% at the
lowest measuring temperature of 10 K, while for —1.6 kV cm~1, the
change ratio is only 478%. The magnitude of the resistance change
is much higher than that reported in manganite-based multiferroic
heterostructures [25-27,29], such as (111)-Lagg7Cag33MnO3/PMN-
PT [27] and the (001)-Lag5CagsMnO3/PIN-PT [29] multiferroic het-
erostructures. Further increasing the applied electric field to +4 kV
cm~!, the resistance curves returned almost to the initial 0 kV
cm~! plots. Finally, when the electric field was reverted to 0 kV
cm~!, the R - T curves were almost identical to the initial ones.

The combined influence of magnetic field and electric field on
the phase transition was further studied. The R - T curves un-
der different magnetic fields were measured with the fixed elec-
tric field of 0 kV cm~! and +1.6 kV cm~! applied respectively and
shown in Figs. 7(a) and (b). It is seen that the resistance decreased
under the magnetic field for both 0 kV cm~! and +1.6 kV cm™!
cases, this is because the energy gap between the COO/AFI and
FMM phases is rather small in Ndg5SrgsMnOs3, the magnetic field
will cause the melting of the COO/AFI phase and the transition
from the COO/AFI to FMM phase, which will cause the reduction
of resistance and is also the origin of giant magnetoresistance in it
[5]. For the pristine film, the FMM phase penetrates into tempera-
tures where a pure COO/AFI phase was supposed, the percolation
of the FMM phase thus happens under a small magnetic field, as
a result, it is seen from Fig. 7(a) that the metal-insulator transition
was almost fully depressed in a magnetic field 3 T. When a small
electric field of +1.6 kV cm~! was applied across the heterostruc-
ture (Fig. 7(b)), since the COO phase is largely stabilized by the
electric field and is more robust, the first-order phase transition is
thus more resistive to the magnetic field, and still distinguishable
in a magnetic field as high as 7 T. This fact can be seen in Fig. 7(c),
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in which the R - T curves at 0 kV cm~!, 3 T, and +1.6 kV cm1,
7 T were shown together.

From the resistance measurements, it can be deduced that the
application of proper electric fields can tremendously intrigue the
metal-insulator transition in Ndg 5Srg5MnOs3 film, and increase the
first-order FMM to COO/AFI transition temperature Tyycoo by 56 K.
After withdrawing the electric field, the phase transition behavior
can recover almost to the initial one where the FMM phase perco-
lated in the COO/AFI phase. The results demonstrate that the elec-
tric field can dynamically switch the COO/AFI phase on and off,
and the COO/AFI phase is more resistive to the external magnetic
field.

3.3. Electric field manipulation of magnetism in
Nd 5S195MnO3/PMN-PT heterostructures

As aforementioned, the spin, charge, and orbital degrees of the
order are intimately coupled in Ndg5Srg5sMnO3, due to which, the
metallic phase has linear FM spin configuration, while the COO
phase has CE type antiferromagnetic spin configuration. Hence, it
can be reasonably deduced that the heterostructure would exhibit
a converse magnetoelectric (ME) effect. Investigating the converse
ME effect not only explores the application possibility of the het-
erostructure in the magnetic storage technique, but also promotes
the understanding of the electric field control of phase transi-
tion. The electric field manipulation of magnetization in the het-
erostructures was thus studied further.

The sample was firstly zero-field-cooled to target temperatures
of 200 K, 150 K, and 100 K respectively, and the magnetization
loops were measured with subsequently applied electric fields of
0 kV cm™!, +6 kV cm~! and after withdrawing +6 kV cm~! (0 kV
cm~'-r). The measured magnetization curves for the [011] and
[100] directions are shown in Fig. 8. Comparing the magnetiza-
tion loops along the [011] and [100] directions, the magnetiza-
tion shows magnetic anisotropy, with the [100] axis being the easy
magnetic direction and the [011] axis being the hard magnetic di-
rection. The electric field displays a great influence on the magneti-
zation loops of the film, while minor influence on the coercivity or
magnetic anisotropy of the heterostructures. At 200 K (Fig. 8(a) and
(b)), it is seen that the magnetization at the maximum magnetic
field at 1 T decreases when applying +6 kV cm~! electric field
for both [100] and [011] directions, and with the temperatures de-
creasing to 150 K (Fig. 8(c) and (d)) and 100 K (Fig. 8(e) and (f)),
the electric field influence on the magnetization loops weakens.

The magnetization evolution with the electric field (M - E
curves) was further measured in a magnetic field of 0.05 T. The
measured M - E curves for both the [100] and [011] at the respec-
tive temperatures are shown in Figs. 9(a)-(h). It is seen that the
magnetization along both the in-plane [100] and [011] directions

exhibited similar responses to the applied electric field at all mea-
surement temperatures. At 250 K, well above the T, the M - E
curves display butterfly shape (Figs. 9(a) and (b)), the magnetiza-
tion reduces and then recovers to the initial states when the elec-
tric field increases from 0 kV cm~! to +6 kV cm~!. At 200 K, the M
- E curves show loop-like shapes (Figs. 9(c) and (d)), and the mag-
netization decreases continuously by 41.5 emu cm~3 with the elec-
tric field up to +6 kV cm~!. The reduction ratio which is defined as
(Mg—Mj)/My, where Mg is the magnetization value at electric field
E and M, is the magnetization value at 0 kV cm~!, reached 32.5%
for the electric field of +6 kV cm~!. Moreover, the lower magne-
tization state at +6 kV cm~! is almost retained when the electric
field was withdrawn to 0 kV cm~!, and only reversing the electric
field to —6 kV cm~! will recover the magnetization to the initial
state. The electric field manipulation of magnetization thus shows
a non-volatile memory effect at 200 K. The nonvolatile control of
magnetism was highly desirable in the magnetic storage technique
since it means that the pulsed electric fields can stimulate two
or more magnetization states [50,51]. For the present multiferroic
heterostructures, it is seen from Fig. 10(a) that the low and high
magnetization states can be induced by + 6 kVem~! and —6 kV
cm~! pulsed electric field, and the magnetization states induced
by the pulsed electric field shows good retention after more than
fifty cycles. Moreover, the maximum magnetoelectric coefficient
(ame = updM/dE) accompanying the evolution of electric fields at
200 K can reach 1.89 x 10~7 s m~! as is shown in Fig. 10(b). The
value is larger than that obtained in most manganite based multi-
ferroic heterostructures, such as the (001)-Prq3Srg;MnO3/PMN-PT
[28] and the (111)-Lag5CagsMnO3/PIN-PT [29] et al., and is compa-
rable to the values reported in the Lagg7Srg33MO3/BaTiO3, which
possessed the largest ME coefficient value in the manganite based
heterostructures up to now [50]. However, the value is still lower
than the ones in the FeRh/BaTiO; (1.6 x 107> s m~1!) [52]. When
further reducing the temperature to 150 K (Figs. 9(e) and (f)), it is
seen the M - E curves have a similar shape to that at 200 K, the
difference is that the magnitude of magnetization changes with the
electric field decreased. The magnetization reduction is 16.0 emu
cm~3 and the change ratio is 9.7% for electric field change from 0
to +6 kV cm~!. Finally, at 100 K (Figs. 9(g) and (h)), the electric
field influence on magnetization almost disappeared.

3.4. Revisiting the electric field-induced strain in the (011)-oriented
PMN-PT

The electric field-induced ferroelectric domain switching and
the accompanying lattice strain in the present PMN-PT piezoelec-
tric were thus studied further to unveil the strain mediation of the
phase transition in the present heterostructures. The lattice strain
for the out-of-plane [011] direction has been studied by the (022)-
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[011] direction. The arrows in the figure indicate the evolution of the electric fields.

peaks in the XRD patterns conducted at different electric fields, as
shown in Fig. 11(a). PMN-PT has a rhombohedral structure with
a = 4.017 A and o = 89.9° at room temperature [53], with the fer-
roelectric polarizations pointing to (111) directions of the pseudo-
cubic cell [54], as shown in Fig. 11(b). When the PMN-PT was
poled by an upward +6 kV cm~! electric field along the out-of-
plane (011) direction, the polarizations were switched to r'+/r2+
(Fig. 11(c)), and can be confirmed from the (022)-peak of the PMN-

PT measured with +6 kV cm~! electric field, in which, only one
diffraction peak residing at 65.50° can be identified. When re-
versing the electric field direction and reducing the positive elec-
tric field, another diffraction peak residing at 65.75° appears. This
is in accordance with the 71° and 109° polarization switching
from rl*/r2t to r3*/r3~[r*t[r*~[53]. Further reversing the elec-
tric field downward, at —1.6 kV cm~!, the peak corresponding
tor3*/r3~ /r**+/r*~ polarization dominates (Fig. 11(d)). In this pro-



Y. Liu, . Ye, H. Zhou et al.

Acta Materialia 237 (2022) 118145

0.30 ° _
(b) 011
0.15 3 fy

0.00 o

0.4

0.2

0.0
0.15

strain (%)

0.10
0.05
0.00

0.03

000 /" i)

-8-6-4-202 4068
E (kV/em)

strain (%)

0.00

-0.02

0.00
-0.03
-0.06

0.00
-0.02
-0.04

0.00

-0.03

'0'06-8 6-4-20246 8

E (kV/cm)
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cess, strong compressive strain along the [011] direction arises
from the difference in the d-spacing between the r!*/r* and
r3+/r3= /r**+|r*~ polarizations, as shown in Figs. 11(c) and (d). Fur-
ther increasing the negative electric field, the polarization switches
to r'~/r2~ (Fig. 11(e)), the (022) diffraction peak converts to the
mere one residing at 65.50°, the strain value decreased during this
process and reverted to the +6 kV cm~! state. The polarization
process from —6 kV cm~! to +6 kV cm~! was almost symmet-
ric with the one from +6 kV cm~! to —6 kV cm~!, and the strain
curves possess butterfly shape. The out-of-plane lattice strain cor-
responding to the polarization switching was calculated through
the (022)-peak shift and shown in Fig. 11(f).

The in-plane strain evolution with electric field measurement
was also measured by strain gauges adhered onto the film sur-
face, the schematic for the measurements was shown in Fig. 12(a).
The strain evolution for the room temperature case is consistent
with the polarization switching process demonstrated in Fig. 11.
As shown in Figs. 12(b) and (c), the strain - E curves at room tem-
perature also exhibited butterfly shape for in-plane [011] and [100]
directions. As shown in Fig. 11(c)-(f), the compressive strain for the
out-of-plane direction is coupled with a tensile strain of +0.28%
at ~ +1.6 kV cm~! for the [011] direction. The in-plane [100] lat-
tice exhibited a minor compressive strain of —0.02%, demonstrating

that the lattice parameter (a) change during the polarization pro-
cess is negligible. The in-plane strain - E curves were also mea-
sured at low temperatures of 250 K, 200 K, 150 K, and 100 K. At
250 K (Figs. 12(d) and (e)), the curves showed a similar butterfly
shape to that at 300 K, with the maximum strain value occurring
at ~ +4.2 kV cm™!, indicating the polarization switching field is
larger than the ones at room temperature. Further decreasing tem-
perature to 200 K (Figs. 12(f) and (g)), the strain curves exhibited
a loop-like shape. These behaviors were caused by the enhance-
ment of coercivity of PMN-PT at lower temperatures [54,55]. Since
the strain occurs by small displacement of atoms in the piezo-
electric [54,55], when the temperature is decreased, a higher elec-
tric field is required to reverse the atomic displacement due to
the reduced thermal agitation [55]. Consequently, at 200 K, the
+6 kV cm~! electric field cannot fully polarize the randomly dis-
tributed polarizations to r't/ r2+, and can only switch the polar-
ization to r3+/r3~/r*+/r%, at this state, reversing the electric field,
the r3+/r3~/r*+/r*~ polarizations retained at 0 kV cm~', and cause
the remnant strain state, further decreasing electric field to -6 kV
cm~!, the r3*/r3~/r**/r*~ polarizations partially switched to the
r'=/r2-, the strain state reverted to the initial state and caused
loop-like shape. As a result, the strain - E curve exhibited a loop-
like shape and reduced strain values at 200 K. Further lowering the
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temperature, for example, 100 K (Figs. 12(h) and (i)), the maximum
electric field of +6 kV cm~! can hardly switch the polarization and
the strain reduces further.

3.5. Mechanism of the electric field control of phase transition

Combining the resistance, magnetization, and strain measure-
ment under electric field, the characters of the electric field con-
trol of resistance and magnetization behavior can be summarized
as follows: i) applying an appropriate electric field at room tem-
perature will enforce the first-order phase transition and enhance
the resistance, and the positive and negative electric fields with
the same absolute magnitude exert asymmetric influence on the
resistance curves. ii) the M - E and strain - E curves at respective
temperatures showed quite similar shapes. iii) The electric field
showed a similar influence on the magnetization for the in-plane
[100] and [011] directions while weak influence on the coerciv-
ity or magnetic anisotropy. All these demonstrate that the electric
field control of magnetism and resistance was through the coac-
tion of strain and the polarization effects that manipulate the FM
metallic to COO AFI phase transition in the film. In the following,
we will discuss the electric field control of phase transition in the
heterostructure.

As aforementioned, the negligible lattice strain depressed the
COO/AFI phase transition in the pristine Ndg5SrgsMnOs film. Un-
der this state, applying electric fields at room temperature means
dynamically applying anisotropic strain to the almost relaxed
Ndg5Srg5sMnO3 film. The charge-ordered insulating phase is ac-
companied by the orbital ordering and CE-type antiferromagnetic
spin configuration [5,8,12]. In which, the orbital ordering couples
intimately to the lattice distortion, and one can easily envision that
the anisotropic strain will facilitate the d(3x2-r2)/d(3y2-r2) orbital
configuration [32-34]. The electric field (+1.6 kV cm~!) induced
in-plane anisotropic strain (with the tensile strain of ~ +0.28% in
[011] direction, and —0.02% compressive strain in [100] direction)
will enhance the orthorhombicity, deepen Jahn-Teller distortion
and MnOg octahedral distortion, and stabilize the orbital configura-
tion of d(3x2-r2)/d(3y%-r2), the charge-ordered insulating and AFM
phase coupled to the orbital ordering was thus stabilized by the
pre-applied stress. Furthermore, the anisotropic deepen Jahn-Teller
distortion will also localize the ey d-electrons of the Mn3+ ions and
stabilize the insulating state. As a result, the pre-applied stress by
the electric field at room temperature will facilitate the COO/AFI
phase transition, which was manifested in the R - T curves. The
present results clearly denote that the electric field manipulation
of the phase transition is intimately related to the electric field-
induced strain state. When further increasing the electric field to
+4 kV cm™!, the strain state is almost identical to the 0 kV cm™!
case, the phase transition behavior is almost the same as that of
the initial ones. Furthermore, when withdrawing the electric field
to 0 kV cm~!, the strain state reverts to the initial state, and the
phase transition also reverts to the initial one consistently.

If only the electric field-induced strain effect is considered, the
asymmetric electric field control of resistance curves by the neg-
ative and positive electric fields cannot be explained. It should
be noted that the electric field cannot only induce the piezoelec-
tric effect but also polarize the Ndg5SrgsMnO3 [30,56,57]. In the
present heterostructures, applying a positive electric field across
the heterostructure will cause a depletion of holes and an accu-
mulation of electrons at the interface. Considering the coupling of
the COO phase transition with the charging order of degree, the ac-
cumulation of electrons will stabilize the COO phase according to
the phase diagram of Nd;_,SrxMnOs[12], on the contrary, the accu-
mulation of the holes at the interface under negative polarization
will destabilize the COO phase and cause the reduction of resis-
tance. However, the total resistance still increases under negative
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polarization because the strain effect plays a major role. In addi-
tion, there is another factor that should be considered, that is, the
cracks of PMN-PT due to the microscopic internal stress produced
at domain boundaries by electrostriction and domain switching de-
formations under cyclic electric fields [58,59]. In the intermetallic-
based multiferroic heterostructures, for example, the MnPt/PMN-PT
[58] and FegsMni5/PMN-PT [59] heterostructures, since the inter-
metallic is ductile, the reversible cracks under the cycled electric
field induce non-volatile colossal electroresistance/magnetoelectric
effect [58,59]. The present Ndgs5SrgsMnO3 ceramics and is hard
and brittle and the electric field-induced cracks cannot be closed
by the cycling of the electric field, which means that if the large
resistance states was induced by the electric field-induced cracks
effect, then the resistance state cannot be recovered by cycling the
electric field. However, our results show that the resistance curves
can recover almost to the initial ones, the crack influence was thus
ruled out in the present case.

For the electric field control of magnetization, at 250 K, the
butterfly-shaped strain curves result in the butterfly-shaped M -
E curves, with the maximum magnetization reduction happening
at the electric field which produces a maximum anisotropic strain.
Further lowering the temperature to 200 K, applying +6 kV cm~!
caused +0.11% tensile strain for the [011] direction while —0.04%
compressive strain along the [100] direction. This anisotropic ten-
sile strain will facilitate the COO/AFI phase and change the phase
separation scenario of the film, enhancing the COO/AFI phase ratio
and reducing the magnetization accordingly. Obviously, the non-
volatile control of magnetization at this temperature originates
from the memory effect of the strain. Further decreasing the tem-
perature, the magnitude of strain decreases greatly, and the electric
field effect on the magnetization weakens consistently. It is worthy
to mention that the electric field control of phase separation char-
acters persists into temperatures higher than Tyycoo, saying 200 K,
where the film was supposed to get into the ferromagnetic state.
Usually, the electric field control of magnetization of a pure fer-
romagnetic state should be through the manipulation of magne-
tocrystalline anisotropy, in which the tensile lattice strain will in-
crease the magnetization while the compressive lattice strain will
decrease the magnetization [60-62]. This can be explained by the
XLD results, which demonstrated that the COO/AFM phase per-
sisted to temperatures higher than Ty;coo. as a result, the electric
field control of phase separation dominates within a wide temper-
ature range in Ndg5Srg5MnOs.

4. Conclusions

Both electric field control of magnetism and resistance has been
realized in Ndg5Sro5MnO3/PMN-PT multiferroic heterostructure.
Aiming at the orbital ordering configuration in Ndgs5SrgsMnOs,
and combing the coupling nature between the lattice and orbital,
the (011)-PMN-PT single crystalline piezoelectric which can pro-
duce appropriate anisotropic strain was chosen as the substrate.
The coaction of the electric field-induced anisotropic strain and the
polarization effect can effectively tune the first-order phase transi-
tion and phase separation characters of the film. As a result, the
application of ~ + 1.6 kV cm~! electric field at room temperature
can recover the first-order phase transition that is almost absent in
the pristine film, and induce a resistance change of 7033%, demon-
strating a sensitive electric field control of phase transition. In the
meanwhile, the electric field can influence the phase separation
scenario between the FMM and COO/AFI phases in the film, and
demonstrate the manipulation of magnetization, the magnetoelec-
tric coefficient can reach 1.89 x 10~7 s m~!, the value is compa-
rable to the largest values reported in the manganite based het-
erostructures. Moreover, the electric field manifested a nonvolatile
control of magnetization due to the strain memory effect of PMN-
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PT. Our results suggest that strain engineering of the orbital or-
dering configuration which is coupled to the lattice distortion pro-
vides a powerful approach to tune the phase transition and phase
separation in the correlated electron materials. This opens a route
to design functional electronic devices where the tunable macro-
scopic properties derive from strongly interacting degrees of free-
dom present in the manganite.
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