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Using perovskite-type charge-transfer oxide thin films of NdNiO; (NNO) as a model system,
we demonstrate that the effects of lattice strain on the electronic transport properties can be more
comprehensively understood by growing NNO films on a number of (001)-, (011)-, and (111)-cut
single-crystal substrates with different lattice mismatches including the relaxor-based 0.31Pb(In;2Nby /»)
053-0.35Pb(Mg; 5Nb;/3)03-0.34PbTiO; (PIN-PMN-PT) and 0.71Pb(Mg; ;;Nb2/3)03-0.29PbTiO3 (PMN-
PT) ferroelectric (FE) single crystals. In addition to the static lattice strains from conventional substrates
(e.g., SrTiO3, LaAlO3), we in situ impose in-plane compressive or tensile strains to NNO films using
FE/ferroelastic domain switching of FE substrates. An unprecedented electric-field-induced large out-of-
plane compressive strain (—0.53%) and in-plane tensile strain (+0.81%) are achieved in the 25-nm NNO
film by switching the polarization direction of the PIN-PMN-PT substrate at 7=200 K. This value is
approximately 7.4 to 45 times larger than those previously reported in FE substrate-based heterostruc-
tures. As a result of the induced large lattice strain, the resistivity of the NNO film is modulated up to
125%. Further, taking advantage of the linear piezoelectric strain, a quantitative relationship between the
resistivity and the in-plane strain of the NNO film is established, with a gauge fact of (Ap/p)/8&xx ~
40.8. Moreover, using the domain-engineered FE/ferroelastic switching of PMN-PT substrates, multiple
stable resistance states with good retention and endurance properties can be obtained at room temperature
and the metal-to-insulator transition temperature (7y;) of NNO films can be modified by precisely con-
trolling the electric-field-pulse sequence as a result of the nonvolatile remnant strain transferring from the
PMN-PT to the NNO film. Our results demonstrate that the electric-field-tunable ferroelastic/piezoelectric
strain approach can be utilized to gain deeper insight into the intrinsic strain-property relationship of per-
ovskite nickelate films and provide a simple and energy efficient way to construct multistate resistive
memories.
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L. INTRODUCTION properties, such as superconductivity [1], multiferroicity
[2], metal-to-insulator transition [3], charge, spin, and
orbital orderings [4,5], and colossal magnetoresistance
[6]. Nickelates of RNiO; (R =rare-earth ions and R # La)
is one of such systems that undergoes sharp metal-to-
insulator transitions as the transition temperature (7n)

Strongly correlated perovskite-type 3d transition-metal
oxides have received considerable attention in the past
several decades because of their intriguing physical
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Ni 3d band and an occupied O 2p band [4]. A recent
report showed that the metal-to-insulator transition in nick-
elates arises from the charge disproportionation in the Ni
sites (Ni** — Ni3*® + Ni*~%), which is accompanied by
an orthorhombic (Pbhnm) to monoclinic (P2/n) structural
phase transition [5]. Furthermore, the metal-to-insulator
transition can be manipulated by a variety of methods,
such as chemical doping [7], hydrostatic pressure [8,9],
electrostatic doping [10], epitaxial strain [11], and so on.

NdNiO3 (NNO) has been at the center of the research
owing to its sharp first-order metal-to-insulator transition
and associated structural and magnetic anomalies. It is
known that epitaxial strain has significant impacts on the
electronic transport properties of NNO films [11—16]. Until
now, previous works mainly focused on the static lat-
tice strain effects induced by lattice mismatch between
NNO films and the underlying substrates. A number of
works have demonstrated that the oxygen content also has
a great influence on the valence state of Ni** ions and
thus the resistivity, 7y, and the width of the resistivity
hysteresis loops. In addition to the oxygen content, some
other factors, such as the thickness of a dead layer, dis-
order, defects, crystallinity, and so on, also have strong
influences on the electronic transport properties of NNO
films.

Perovskite-type binary and ternary ferroelectric (FE)
single crystals of (1 — x)Pb(Mg;, /3Nb2/3)03—beTi03
(PMN-XPT) and (1 —X — y)Pb(Inl/sz1/2)03-be
(Mg, 3Nb/3)O3-yPbTiO3 (PIN-xPMN-y PT) exhibit excel-
lent FE and piezoelectric properties [17—20] as well
as large ferroelectric-domain-switching-induced lattice
strains, which can be reversibly, continuously, and quanti-
tatively tuned by simply applying dc or ac electric fields
to the FE crystals along the thickness direction. As of
now, finely polished (001)-, (011)-, and (111)-cut PMN-
xPT and PIN-xPMN-yPT single crystals have been used
as substrates to grow a variety of thin films, such as
R .A:MnO; (R=La, Pr, A=Ca, Sr, Ba) [21-29], Co
[30,31], BiFeO; [32], YBa,Cu305 [33,34], BaTiO3:Yb/Er
[35,36], AFe;,04 (4 =Co, Ni) [37,38], Fe304 [39,40], and
Big.94Pbg0sCuSeO [41], so that the lattice strain and the
related properties of these films could be in situ modified.
Virtually, using this unique method, the intrinsic lattice
strain effects of any films grown on FE substrates can be
studied without introducing extrinsic effects caused by the
variation in oxygen content, thickness of the dead layer,
defects, crystallinity, disorder, and so on. For instance,
Jang et al. [42] found that the metal-to-insulator transition
temperature of NNO film can be shifted to a lower tem-
perature by approximately 3.3 K in response to the 0.25%
in-plane compressive strain by applying a +10 kV/cm
electric field to the NNO/SrTiO3;(STO)/PMN-xPT struc-
tures, demonstrating that electric-field-controllable strain
engineering is a useful tool to tune the electronic properties
of NNO films.

To obtain a more comprehensive understanding of the
lattice strain effects in NNO films, in this paper, we grow
NNO films on (001)-oriented conventional single-crystal
substrates including YAIO;(YAO), SrLaAlO4(SLAO),
LaA103 (LAO), (LaA103)0,3 (Sr2A1Ta06)0_7 (LSAT),SI‘TIO3
(STO), KTaO5;(KTO), and piezoelectrically active (001)-
oriented 0.3 1Pb(Il’ll/2Nb1/2)03—0.35Pb(Mg1/3Nb2/3)03
-0.34PbTiO; (PIN-PMN-PT), and (011)- and (111)-
oriented 0.71Pb(Mg,; 3Nby/3)03-0.29PbTiO; (PMN-PT)
single-crystal substrates. We in situ manipulate the in-
plane strain of NNO films through electric-field-induced
FE/ferroelastic-domain switching and the converse piezo-
electric effect of the PIN-PMN-PT and PMN-PT single
crystals and find a ferroelastic strain-driven large increase
in the resistivity up to approximately 125%. Using the
piezoelectric strain of PIN-PMN-PT, we establish a quan-
titative relationship between the resistivity and the in-
plane strain and obtain Possion’s ratio of NNO films.
Our findings demonstrate that a significantly large in-
plane tensile strain up to +0.81% can be induced in
situ using the ferroelastic effect of ternary PIN-PMN-
PT single-crystal substrates. Further, taking advantage
of the domain-engineered FE/ferroelastic switching of a
PMN-PT substrate, multiple stable resistance states and
modulation of Ty can be achieved using electric fields.

II. EXPERIMENTAL DETAILS

PIN-PMN-PT and PMN-PT single-crystal boules with a
size of 50 mm x 80 mm are grown by the modified Bridg-
man technique at the Shanghai Institute of Ceramics, Chi-
nese Academy of Sciences. The as-grown crystal boules
are cut into small pieces with a size of 5 x 5 x 0.5 mm’?
and carefully polished to a root-mean-square roughness
Rims ~ 1.2 nm. Such polished PIN-PMN-PT(001), PMN-
PT(011), and PMN-PT(111) single-crystal substrates show
good FE and piezoelectric properties. Figures 1(e) and 1(g)
show a representative polarization-electric-field hysteresis
loop and a butterfly-shaped strain-electric-field loop for
the PIN-PMN-PT(001) substrate, respectively. NNO films
are grown on one-side polished and (001)-oriented YAO,
SLAO, LAO, LSAT, STO, KTO, PIN-PMN-PT, and (011)-
and (111)-oriented PMN-PT single-crystal substrates by
pulsed laser deposition (PLD) using a KrF excimer laser
(A =248 nm). During film deposition, the oxygen pressure,
laser energy density, pulse repetition rate, and substrate
temperature are kept at 30 Pa, 2 J/cm?, 5 Hz, and 700 °C,
respectively. The distance between the NNO target and the
substrates is 6 cm. The as-grown NNO films are in sifu
annealed in 1 atm oxygen for 60 min before cooling down
to room temperature at a rate of 5 °C/min.

The phase purity, crystallinity, and epitaxial proper-
ties are characterized by x-ray diffraction (XRD) 6-26, w,
and ¢ scans as well as the reciprocal space map (RSM)
using a PANalytical X’Pert PRO x-ray diffractometer with
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CuK,; radiation (A = 1.5406 A). A cross-section scanning
electron microscopy (SEM) is measured using a JSM-
6700F scanning electron microscope. The selected area
electron diffraction (SAED) is measured using a Tecnai
G2F20 S-Twin transmission electron microscope. The FE
properties of the PIN-PMN-PT(001), PMN-PT(011), and
PMN-PT(111) substrates at microscale (5 x5 um?) are
characterized by piezoresponse force microscopy (PFM)
using a Dimension V (Veeco) scanning probe microscope.

The resistivity of NNO films is measured using a phys-
ical property measurement system (PPMS-9, Quantum
Design). The initial poling of PIN-PMN-PT and PMN-PT
substrates and the followed polarization direction rota-
tion are achieved by applying dc electric fields (E) to
PIN-PMN-PT and PMN-PT substrates along the thick-
ness direction using the conducting NNO film (approxi-
mately 25 nm) and the Ag film (approximately 100 nm)
as the top and bottom electrodes, respectively. Schematic
of the experimental setups for in sifu measurements of
resistivity using the four-probe technique and electric-
field-induced out-of-plane and in-plane strains in the NNO
films and PIN-PMN-PT and PMN-PT substrates using the
XRD are shown in Ref. [43]. The initial FE-poling and
180° and non-180° polarization-rotation-induced in-plane
strains in PIN-PMN-PT and PMN-PT substrates are mea-
sured using a strain gauge that is attached to the surface of
the substrates with epoxy. The polarization—electric field
(P—E) hysteresis loops of the PIN-PMN-PT and PMN-PT

substrates are measured at room temperature using a
Precision Multiferroic Analyzer (Radiant Technologies,
Inc., USA).

II1. RESULTS AND DISCUSSION

Figure 1(a) shows the out-of-plane XRD 6-26 scan pat-
tern for the 25-nm NNO film grown on a PIN-PMN-PT
substrate. Only (00/) (/=1, 2) diffraction peaks from the
NNO film and PIN-PMN-PT substrate appear, indicating
that the NNO film is single phase and highly (001)-
oriented. XRD ¢ scans taken on the NNO (101) and
PIN-PMN-PT (101) diffraction peaks show that four-fold
symmetrical diffraction peaks from the NNO film appear
every 90°, occurring at the same azimuthal angles as those
of PIN-PMN-PT substrate [Insets (I) and (IT) of Fig. 1(a)],
a sign of epitaxial growth of the NNO film on the PIN-
PMN-PT substrate. RSM is conducted to investigate the
coherent growth of the NNO film. Figure 1(b) shows the
RSM pattern taken around the (—103)pc diffraction peak
of the NNO film and PIN-PMN-PT substrate. The results
reveal that the in-plane lattice of the NNO film shows
slight relaxation, as reflected by the slight shift of the
NNO (—103) diffraction spot along the O, axis. Figure 1(c)
shows a SAED pattern taken from both the NNO film and
the PIN-PMN-PT substrate. Due to the quite large lattice
mismatch between the NNO film and the PIN-PMN-PT
substrate, two appreciable sets of diffraction patterns can
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be identified, corresponding to the PIN-PMN-PT (strong
spots) and the NNO film (weak spots) lattices, respectively.
This crystallographic orientation relationship between the
NNO film and the PIN-PMN-PT substrate is consistent
with the XRD analysis, which further confirms the epitax-
ial growth of the NNO film on the PIN-PMN-PT(001) sub-
strate. An atomic force microscopy (AFM) image reveals
that the NNO film has a flat surface with R =1.5 nm
(see Ref. [43]). A cross-section SEM image shows that
the thickness of the NNO film is approximately 25 nm.
The above characterizations show that the NNO film has a
good structural quality. We note that the NNO films grown
on the YAO, SLAO, LAO, LSAT, STO, and KTO single-
crystal substrates also show good in-plane and out-of-plane
alignments with respect to the corresponding substrates.
Utilizing the aforementioned single-crystal substrates
with different lattice constants, the NNO epitaxial films
are expected to be subjected to in-plane compressive to
tensile strain with increasing lattice constants of the sub-
strates. Figure 2(a) shows the lattice mismatch between
the NNO bulk and the substrates used in this study. The
XRD out-of-plane 6-20 scans show that the NNO (002)
diffraction peaks, as indicated by the arrows in Fig. 2(c),
systematically shift to lower 26 angles with increasing in-
plane compressive strain from the substrates. Probably due
to the smallest lattice mismatch between the NNO and
the LAO, a finite size oscillation of the XRD pattern is
observed for the NNO/LAO thin-film sample [Fig. 2(c)],
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FIG. 2. (a) Lattice mismatch between the NNO and the sub-
strates used in this study. (b) Temperature dependence of resis-
tivity for NNO films on different substrates. Inset: Temperature
dependence of resistivity for NNO films grown on SLAO sub-
strates with different in-plane strains. (c) XRD 6-26 scans around
the (002) diffraction peaks for NNO films on different substrates.
Inset: Metal-to-insulator transition temperature Ty vs in-plane
strain &, (%).

implying the excellent crystalline quality and flat surface
of this film. The effects of the substrate-induced static
strain on the resistivity are shown in Fig. 2(b), where
both the metal-to-insulator transition temperature (7n)
and the transition width (AT) between the cooling and
heating cycles are strongly modified by the epitaxial strain.
Among all the NNO films, the NNO film on the LAO
substrate exhibits the most dramatic resistivity increase
(approximately five orders in magnitude) below Ty and
shows the largest transition width, probably due to its good
crystalline quality and lowest in-plane lattice mismatch
between the film and the LAO substrate. In contrast, the
NNO film grown on the SLAO substrate is subjected to
an out-of-plane tensile strain (¢,, = 1.0%) and an in-plane
compressive strain (&, = —0.66%), and thus shows a very
stabilized metallic state and marginal metal-to-insulator
transition. A re-entrant-like metallic state and a small resis-
tivity hysteresis between cooling and heating cycles appear
between 7=20 K and 7=106 K for this sample [inset
of Fig. 2(b)], which are similar to those observed in the
NNO(200 nm)/LAO(001) thin-film sample [13]. These
phenomena are due to the melting of the insulating state
under a large in-plane compressive strain, which closes the
charge-transfer gap [14]. We prepare another NNO/SLAO
thin-film sample with a larger in-plane compressive strain
(6x = —1.06%) and find that its metal-to-insulator transi-
tion is completely suppressed and the film is metallic down
to the lowest temperature [See the blue curve in the inset
of Fig. 2(b).]. In contrast, with increasing in-plane ten-
sile strain, both Ty and resistivity at 7=300 K increase
significantly [Fig. 2(b)]. To derive the dependence of Ty
on the static strain, we set Ty as the temperature where
the transition hysteresis begins. A series of Ty and their
dependence on the in-plane strain can be determined. One
can find that Ty decreases approximately linearly with the
in-plane compressive strain [inset of Fig. 2(c)].

A. NNO/PIN-PMN-PT(001)

In order to further probe into the effects of in-plane strain
on the electronic transport properties of NNO films, we
in situ modify the strain state of the 25-nm NNO film by
poling the PIN-PMN-PT substrate along the (001) crys-
tallographic direction and simultaneously measuring the
relative resistivity change (Ap/p) of the NNO film. Here,
Ap/p = [p(E) — p(0)]/p(0), where p(E) and p(0) are
the resistivity of the NNO film when an electric field £ or a
zero electric field is applied to the PIN-PMN-PT substrate,
respectively. As shown in Fig. 3(a), Ap/p is nearly field
independent for £ < 2.1 kV/cm and decreases significantly
in the electric-field range of 2.1 kV/ecm < E < 3.4 kV/cm.
For £ >4 kV/cm, the resistivity decreases linearly with
increasing £, which arises from the linear increase in
the in-plane compressive strain from the PIN-PMN-PT
substrate [44]. This will be discussed in more detail later.
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FIG. 3.

Relative resistivity change (Ap/p) of the NNO film and the electric-field-induced in-plane strain of the PIN-PMN-PT

substrate as a function of the electric field (E) applied to the PIN-PMN-PT substrate. Inset (I): Electric-field-induced out-of-plane
strain (§¢,) for the NNO film and the PIN-PMN-PT substrate. Inset (II): Electric-field-induced in-plane strain (5&,,) vs Ap/p for the
NNO film. (b) Schematic of the experimental setup for the measurements of the electric-field-induced in-plane strain in the PIN-PMN-

PT(001) substrate.

It is noted that the variation of Ap/p with E (the black
curve) tracks the electric-field-induced in-plane compres-
sive strain [&, piv—pmN—pT)] Of the PIN-PMN-PT substrate
(the red curve) quite well, strongly indicating that it is the
71° and 109° FE domain switching-induced lattice strain
that modifies the resistivity of the NNO film. Further,
we estimate the effects of the poling-induced polariza-
tion charges on the resistivity (i.e., the FE-field effect).
Here, the polarization direction pointing to the NNO film
is defined as positive poling, as schematically illustrated
in Fig. 3(b). The poling-induced relative change in the
volume carrier density (An/n) can be calculated using
An/n APledn [24,45], where n and d are the vol-
ume carrier density and thickness of the NNO film, AP is
the polarization of the PIN-PMN-PT substrate, and e is the
unit charge (1.602 x 107! C). Using AP~25 uC/cm? at
E=10kV/cm, d ~ 25 nm [Fig. 1(f)],and n =5 x 10%*/cm’
for the NNO film [10], one obtains An/n~ —0.12% for
E =10 kV/cm for the p type NNO [10]. In the first-order
approximation, Ap/p ~ —An/n [45]. Therefore, if only
the FE-field effect is taken into account, the resistivity of
the NNO film should increase by approximately 0.12% due
to the depletion of the hole-carrier density. This is sharply
inconsistent with the observed decrease in the resistivity
upon positive poling of the PIN-PMN-PT. Moreover, the
magnitude of the relative resistivity change (approximately
0.12%) estimated from the FE-field effect is minor.

To quantitatively understand the effects of the electric-
field-induced strain on the resistivity, we measure the
electric-field-induced out-of-plane strain (e,,) of both the
NNO film and the PIN-PMN-PT substrate during the ini-
tial poling process using XRD and show the results in inset
(D) of Fig. 3(a). Here dg,, = [e(E) — €,:(0)]/€2:(0),
where ¢..(E) and &,,(0) are the out-of-plane lattice strains
of the NNO film and PIN-PMN-PT substrate when the
PIN-PMN-PT substrate is under an electric field £ and

a zero electric field, respectively. de..cpin-pmn-pr) Of the
PIN-PMN-PT substrate increases significantly in the field
region of 1.5 kV/em < E <2.5 kV/cm (near the coercive
field of the PIN-PMN-PT) and increases linearly with
a further increase in £ from 2.5 to 10 kV/cm. The E-
field-induced 8¢,, in the PIN-PMN-PT is transferred to
the NNO film, as reflected by the similar variation trend
of 8&,, anoy with E for the NNO film. However, the
strain transfer coefficient (8&,, wN0)/8€2 (PIN-PMN-PT)) at
E=10 kV/cm is only 46.3%, which may be due to the
lattice relaxation across the interface, arising from the
quite large lattice mismatch between the NNO and the
PIN-PMN-PT. According to the Ap/p and Se..ovno0y data
[Fig. 3(a)] and the Poisson ratio v =0.43 (See the follow-
ing section for the calculation of the Poisson ratio.) for
the NNO film, a quantitative relationship between Ap/p
and the in-plane strain 8¢, No) is obtained and shown in
inset (II) of Fig. 3(a). Ap/p increases linearly with increas-
ing in-plane compressive strain and can be expressed as
Ap/p = 40.88&xxFim) — 0.22.

Taking advantage of the electric-field-tunable strain in
the PIN-PMN-PT substrate, we are able to obtain the
effects of in-plane strain on the resistivity near Tyy. We
in situ modify the in-plane strain of the NNO film at
T=200 K (close to Tyy) by switching the polarization
from the upward direction (i.e., pointing to the NNO film,
defined as the P\ state) toward the in-plane direction (i.e.,

approximately parallel to the film plane, defined as the p
state) [see the schematic diagram shown in Fig. 4(b)]. This
can be achieved by applying negative electric fields with
appropriate magnitude to the positively poled PIN-PMN-
PT substrate. During the polarization direction rotation,
the resistivity is simultaneously measured and plotted as
a function of £ in the inset of Fig. 4(a). The (Ap/p) vs
E curve exhibits a semi-square-like shape. Specifically,
with increasing £ from 0 to —6.6 kV/cm, Ap/p increases
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FIG. 4. (a) Temperature dependence of resistivity for the NNO

film when the polarization of the PIN-PMN-PT substrate points
to the NNO film and parallel to the film plane, respectively.
Inset: Ap/p of the NNO film as a function of negative electric
fields applied to the positively poled PIN-PMN-PT substrate at
T=200 K. (b),(c) XRD out-of-plane and in-plane 6-26 scans
around the (002) and (101) reflections when the polarization
state of the PIN-PMN-PT substrate is in the P;" and Pl' states,
respectively. Inset: Schematic diagrams for the polarization-
rotation-induced in-plane strain in the NNO film.

slightly (approximately 2.2%) and linearly (i.e., Ap/p
E), which can be ascribed to the electric-field-induced in-
plane tensile strain via the converse piezoelectric effect
of the PIN-PMN-PT substrate [21]. Interestingly, Ap/p
increases sharply with a further increase in E. Ap/p
reaches approximately 95% at £ =—9 kV/cm, which is
31 times larger than that at 7=300 K. With decreas-
ing £ from —9 to 0 kV/cm, Ap/p increases slightly
and linearly to approximately 125%. Due to the p type
nature of the NNO film [10,46], if the polarization state of
the PIN-PMN-PT is switched from positive [correspond-
ing to the polarization state of point O in the inset of
Fig. 4(a)] to negative (corresponding to the polarization
state of point C), the hole-carrier density of the NNO
film will increase due to the electric-field-induced posi-
tive polarization charges at the interface between the NNO
film and the PIN-PMN-PT substrate. Consequently, the
resistivity is expected to decrease, which, however, is
completely inconsistent with the large increase in Ap/p
by approximately 125% associated with the polarization
switching. Therefore, the polarization-switching-induced
interfacial charge effect fails to explain the electric-field-
induced large resistivity change. It is also noted that a
similar phenomenon can be achieved at 7=200 K for the
NNO/PMN-PT(001) heterostructure (see Fig. 5).

A plausible explanation is still the polarization-
switching-induced strain that has been transferred to the
NNO film, thereby inducing a large in-plane tensile strain

300
—
1 ?250 fmﬁm@wmﬁw;z‘
10°¢ S 200 UB P
%150 X T=200K
< 100
~~~ 50 A Pr+0
gloo F 0
o | 8 6 -4 2 0
3 E (kV/em)
107
- NNO/PMNPT(001)
[ p

50 100 150 200 250 300
T (K)

FIG. 5. Temperature dependence of resistivity for the NNO
film when the polarization of the PMN-PT(001) substrate points
to the NNO film and parallel to the film plane, respectively.
Inset: Ap/p of the NNO film as a function of negative electric
fields applied to the positively poled PMN-PT(001) substrate at
T=200K.

in the NNO film. With decreasing temperature from 300 to
200 K, the PIN-PMN-PT substrate enters into a nonergodic
(glassy) state where the correlation among electric dipoles
becomes stronger, resulting in inhomogeneous distribution
of coercive fields and thus an enhanced average coercive
field [47]. Consequently, applying a negative electric field
to the positively poled PIN-PMN-PT will induce incom-
plete switching of positive aligned electric dipoles, thus
causing an expansion of the in-plane lattice and a contrac-
tion of the out-of-plane lattice [47] of the PIN-PMN-PT
substrate.

To confirm this, both out-of-plane and in-plane XRD
0-20 scans are performed on the NNO/PIN-PMN-PT sam-
ple at room temperature after applying a negative electric
field to the positively poled PIN-PMN-PT substrate at
T'=200 K. As shown in Fig. 4(b), both the PIN-PMN-
PT (002) and NNO (002) diffraction peaks significantly
shift toward higher 20 values, indicating that the out-of-
plane lattice constant ¢ for the P! state [corresponding
to the strain state of point C in the inset of Fig. 4(a)]
is smaller than that for the P/ state [corresponding to
the strain state of point O in the inset of Fig. 4(a)]. The
electric-field-induced out-of-plane compressive strain §e,,
is calculated to be —0.53% for the NNO film. Here, §¢,.
is defined as d¢,, = (cp\r| — cpj)/cpj where Cpll and Cpt
are the ¢ axis lattice constants of the NNO film for the
P! and P} states, respectively. Because of the shrinkage
of the out-of-plane lattice constant, the in-plane lattice
constant increases accordingly due to the Poisson effect,
which is directly reflected by the shift of the NNO (101)
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diffraction peaks toward a smaller 26 value [Fig. 4(c)].
The electric-field-induced in-plane tensile strain dey, is
calculated to be approximately +0.81% for the NNO
film. Here, 8&,, is defined as d&,, = (apu _aP;*)/aP;*
where ap) and apy are the in-plane a axis lattice con-

stants of the NNO film for the P! and Pl states,
respectively. Such a large electric-field-induced in-plane
tensile strain is approximately 7.4 to 45 times larger
than those reported in other perovskite film/PMN-PT
heterostructures such as the Lagys;CagsMnOs3/PIN-PMN-
PT(111) [21], LageSro4MnO;3;/PMN-PT(011) [29], and
Pro.7(Cag¢Srg.4)03MnO3/PMN-PT(011) [48]. According
to these electric-field-induced out-of-plane and in-plane
strains, the Possion ratio of the NNO film is calculated
to be 0.43 using e, = —2v/(1 — v)Sey, [49]. Therefore,
these in situ XRD results not only give robust evidence that
the incomplete polarization switching at low temperatures
induces a significantly large in-plane tensile strain in the
NNO film, but also allows one to determine the Poisson
ratio of the NNO film. At temperatures close to the metal-
to-insulator transition, the overlap between the Ni 3d band
and the O 2p band starts to decrease and the charge trans-
fer gap opens, leading to the charge-ordered insulating
state [50-52]. Near this critical temperature, the incom-
plete polarization-switching-induced in-plane tensile strain
will narrow the bandwidth and facilitate the growth of
the charge-ordered insulating state and thus significantly
enhance the resistivity as shown in Fig. 4(a). The resistivity
for the P‘,| state is much larger than that for the P:r state in
the temperature region from 10-325 K, suggesting that the
polarization-switching-induced strain is stable up to 325 K.

Utilizing the converse piezoelectric effect of the
PIN-PMN-PT, the resistivity of the NNO film can
also be dynamically manipulated. Figure 6(a) shows
the relative resistivity change (Ap/p) as a func-
tion of the electric fields applied to the positively
polarized PIN-PMN-PT at different fixed temperatures
from 90 to 380 K. For 90 K<T<350 K, Ap/p
decreases linearly with an increasing electric field,
which is a typical behavior of resistivity perovskite
transition-metal-oxide films modulated by the con-
verse piezoelectric effect of underlying FE substrates
[21,23,53], and arises from the increase in the elec-
tronic bandwidth due to the reduction of its in-
plane tensile strain [53]. For higher temperatures (e.g.,
T=370 and 380 K), Ap/p shows sharply changed
points near E=5 and 2.5 kV/ecm for 7=370 and
380 K, [the inset of Fig. 6(a)], respectively, which are
probably associated with the rhombohedral-to-tetragonal
structural phase transition at 7=376 K in the PIN-
PMN-PT substrate (see Ref. [43]) [19,21]. Figure 6(b)
shows the electric-field-induced variation in the resis-
tivity (Ap /pg) as a function of temperature. Here,
Ap /pg is calculated using Ap /pp = (p =675 kviem —
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FIG. 6. (a) Ap/p of the NNO film as a function of posi-
tive electric field (£) applied to positively poled PIN-PMN-PT
substrate at various fixed temperatures. Inset: Ap/p vs elec-
tric field at 7=370 and 380 K. (b) Temperature dependence
of the 6.75 kV/cm-electric-field-induced Ap /pg. (¢c) Dynamic
modulation of the resistivity of the NNO film through the con-
verse piezoelectric effect. (d) Schematic diagram of the converse
piezoelectric effect. (€) XRD 6-26 scans around the (002) diffrac-
tion peaks for the NNO/PIN-PMN-PT structure when £ =0 and
6.75 kV/cm is applied to the positively poled PIN-PMN-PT
substrate, respectively.

P E=0 kv/em)/P E=0 kv/em- Ap /pg increases with decreasing
temperature from 7=270 K, indicating that the resistivity
in the insulating state is more sensitive to the piezostrain
than that in the less insulating state. It is noted that
the converse piezoelectric-effect-induced Ap /pg close to
the metal-to-insulator transition temperature (e.g., 210 K)
(approximately —1.65% under 6.75 kV/cm) is much
smaller than the polarization-switching-induced resistance
change (Ap/p = 125%) near 200 K discussed above. The
converse piezoelectric-effect-induced reduction in the in-
plane tensile strain will stabilize the metallic state to some
extent, leading to a small decrease in the resistance. In
contrast, the incomplete polarization switching at 200 K
induces a large in-plane tensile strain, which could facil-
itate the growth of the charge-ordered insulating phase.
This indicates that the metallic static is unstable when
closing to the metal-to-insulator transition and is vulner-
able to the in-plane tensile strain. Based on the linear
relationship between the resistivity and the positive elec-
tric field exerted on positively polarized PIN-PMN-PT
(001), dynamic and reversible manipulation of the resistiv-
ity of the NNO film is realized and is shown in Fig. 6(c).
The resistivity drops sharply when a positive electric
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FIG. 7. (a) The relative resistivity

change (Ap/p) induced by symmetrical
and asymmetrical bipolar electric-field
sweeping at 7=300 K. With the appli-
cation of an asymmetrical bipolar elec-
tric field, two stable resistivity states O
and F can be realized. (b) The resistiv-
ity of the NNO film as a function of
temperature when the resistivity states
are under O and F. The inset illus-
trates the ferroelastic-domain states for
the remnant strain states of O and F,
where ferroelectric polarization points
to the out-of-plane direction (12~ and
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field £=+6.6 kV/cm is applied to the positively poled
PIN-PMN-PT substrate and returns to its initial value
upon the removal of the electric field. Such modulation is
apparently due to the converse piezoelectric-effect-induced
in-plane strain, as schematically illustrated in Fig. 6(d).
When a positive E = 6.6 kV/cm is applied to the substrate,
in-plane contraction will induce a reduction in the in-plane
tensile strain and a larger out-of-plane lattice constant of
the NNO film, as confirmed by the XRD results shown
in Fig. 6(e) where the NNO (002) diffraction peak shifts
toward a smaller 26 angle under 6.6 kV/cm.

B. NNO/PMN-0.29PT(011)

The electric-field modulation of the resistivity of NNO
films with different voltage-induced ferroelastic-domain-
switching pathways is measured at 7=300 K and is
shown in Fig. 7(a). By applying a symmetrical bipo-
lar electric field with an amplitude of 8 kV/cm to the
PMN-PT(011) substrate, the resistivity of the NNO film
displays a butterfly-like loop with respect to the electric
field [see the green curve in Fig. 7(a)], which is similar
to the shape of the strain vs electric field loop observed
in the PMN-PT(011) substrate (see Fig. 8), indicating that
the modulation of the resistivity of the NNO film can
also be ascribed to the electric-field-induced strain effect.
For symmetrical bipolar electric-field sweeping, the polar-
ization that undergoes 109° and 180° switching at the
coercive fields (see inset of Fig. 8) fails to create the
distinct remnant strain due to the strain equivalence in
these domain states. However, by cycling an asymmet-
rical bipolar electric field with a positive amplitude of
3.4 kV/ecm (less than the coercive field) on the PMN-
PT(011) substrate, a hysteresis-like resistivity vs electric
field curve is obtained, as shown by the pink curve in
Fig. 7(a). Specifically, when an asymmetrical bipolar elec-
tric field is swept from 0 to 3.4 kV/cm on the negatively
poled PMN-PT(011) substrate, the polarization undergoes
71°/109° domain switching with the vectors changing from

T (K)

rl7) and stays in the in-plane direction
(r3%/r4* /137 /r4™), respectively.

the two downward directions [corresponding to the O
strain state in the lower inset of Fig. 7(b)] to the four
in-plane directions [corresponding to the F strain state
in the upper inset of Fig. 7(b)], leading to a significant
in-plane tensile strain that can remain stable if the elec-
tric field returns from 3.4 kV/cm back to zero. Afterward,
upon sweeping the electric field from 0 to —8 kV/cm,
the in-plane polarization rotates back to the downward
direction. Accordingly, the strain state recovers to its ini-
tial state once the electric field is removed [28,54,55].
Therefore, the domain-engineered FE/ferroelastic switch-
ing can be used for nonvolatile tuning of the resistivity in
NNO/PMN-PT(011) structures.

In addition to the electric-field-induced modulation of
the resistivity of the NNO film near room temperature,
the metal-to-insulator transition temperature (7yy) of the
NNO film can also be modified by domain-engineered

0.03 | Asymmetry bipolar —9— Symmetry bipolar

0.02 } R‘ -
") ~ 25
—0—3.2kV/em ¢ I

0.01 - —o—3.0kV/em |
—0—2.8kV/em?

-0.02
-0.03

-0.04

0
E (kV/cm)

FIG. 8. In-plane strain of PMN-PT(011) substrate at 7= 300 K
as a function of symmetrical electric field and different ampli-
tudes of asymmetrical electric field. The inset is the schematics of
109°, 71°, and 180° polarization switching induced by applying
a negative voltage to a positively poled PMN-PT(011) substrate.
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FE/ferroelastic switching through the application of an
electric field with an appropriate magnitude. As shown in
Fig. 7(b), both of the resistivity vs temperature curves dis-
play hysteresis between cooling and heating cycles. More-
over, the Ty of the NNO film can be notably increased by
approximately 15 K. By switching the strain state of PMN-
PT(011) substrate from O state to F' state by an electric
field, an in-tensile strain is generated due to the 71°/109°
ferroelastic domain switching [28,55], which is simulta-
neously transferred to the NNO film across the interface.
Earlier, it was reported that a large in-plane compressive
strain closes the charge-transfer gap and melts the insu-
lating state of NNO film [14], leading to the decrease of
Twmr. In our study, the stain state transformation from O to
F leads to in-plane tensile strain, thereby resulting in the
increase of Ty.

Figure 9(a) shows the hysteretic responses of the resis-
tivity of the NNO film at 7=300 K by cycling different
amplitudes of asymmetrical bipolar electric fields on the
PMN-PT(011) substrate. It is obvious that seven resistiv-
ity states corresponding to O, 4, B, C, D, E, F are obtained
by modulating the amplitude of electric fields with 0, 2.2,
24, 2.6, 2.8, 3.0, and 3.4 kV/cm, respectively. The max-
imum relative resistivity change of approximately 1.52%
is obtained near the Ec of the PMN-PT(011) substrate
(—3.4 kV/cm). On the basis of these results, multiple resis-
tivity states of the NNO film can be reversibly switched
through the application of appropriate electric-field pulses
to the NNO/PMN-PT(011) heterostructure, as shown in
Fig. 9(b). First, an electric-field pulse of 3.4 kV/cm is
applied to the heterostructure and the resistivity state of
the NNO film is switched from O to F. Further, through
modulating the amplitude of positive-electric-field pulses
to 2.6 kV/cm or 2.4 kV/cm, the resistivity states D and B
of the NNO film can be achieved.

From a practical application point of view, the relia-
bility and stability of resistivity states are important for
a memory device to maintain its functionality. Thus, we
perform pulse endurance measurements. A cycled elec-
tric field pulse sequence of —6 and 3.4 kV/cm is alter-
nately applied to the PMN-PT(011) substrate, as shown
in Fig. 9(c). It is noted that the values of these two resis-
tivity states are quite stable and can be maintained up
to 300 cycles without noticeable degradation. Therefore,
the resistivity states in this heterostructure are nonvolatile,
which may have potential applications in designing mem-
ory devices [28,55-58].

C.NNO/PMN-PT(111)

Figure 10(a) shows the relative resistivity change
(Ap/p) of the NNO film and the in-plane stain of the
PMN-PT(111) substrate as a function of the electric field
applied along the thickness direction of the PMN-PT(111)
substrate [see inset of Fig. 10(a) for schematic illustration].
Note that the PMN-PT(111) substrate is in the unpoled
virgin state before applying electric fields. Here, Ap/p
is defined as Ap/p = [p(E) — p(0)]/0(0) where p(E)
and p(0) are the resistivities of the NNO film when an
electric field and zero electric field are applied to the
PMN-PT(111) substrate. Ap/p is nearly field indepen-
dent for £ <2.8 kV/cm and decreases dramatically in
the electric-field range of 2.8 kV/ecm < E < 3.5 kV/cm.
For E>3.5 kV/cm, the resistivity remains almost con-
stant. These resistivity changes follow the electric-field-
induced in-plane compressive strain of the PMN-PT(111)
substrate [see the red curve in Fig. 10(a)] quite well, indi-
cating that the electronic transport of the NNO film is
closely related to its strain state. It is known that the
rhombohedral PMN-PT(111) single crystals have eight
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(a)
0.0

spontaneous FE polarization directions along the body
diagonals in the unpoled P° state [Fig. 10(b)]. With
increasing £ from 0 to 7.2 kV/cm, the 71° ferroelas-
tic domain (from r2%/r37/r4* to r1t), 109° ferroelastic
domain (from r27/r37/r4~ to r1™), and 180° ferroelastic
domain (from rl1~ to r1t) rotate to an upward direction
and point along the [111] crystal direction [Fig. 10(c)]
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FIG. 10. (a) Relative resistivity
changes (Ap/p) of the NNO film (blue)
and the electric-field-induced in-plane
strain of the PMN-PT(111) substrate
(red) as a function of electric field
applied to the PMN-PT(111) substrate.
Inset: Schematic of the experimental
setup for the measurements of the
electric-field-induced in-plane strain in
the PMN-PT(111) substrate. The red
arrows represent the polarization direc-
tion. (b),(c) The schematic diagrams
of the 71°, 109°, and 180° polarization
switching for the P, (E=0 kV/cm)
and P,™ (E=7.2 kV/cm) states for the
PMN-PT(111).

without an in-plane component since the PMN-PT(111)
single crystal is under 3-m symmetry [59].

Further, we measure hysteretic responses of the resistiv-
ity of NNO film at 7=300 K by applying a symmetrical
bipolar electric field with an amplitude of 8 kV/cm and
cycling different amplitudes of asymmetrical bipolar elec-
tric fields on the PMN-PT(111) substrate and show the

FIG. 11. (a) Relative resistiv-
ity change (Ap/p) of the NNO
film at 7=300 K as a function
of symmetrical and asymmetri-
cal electric fields applied to the
PMN-PT(111) substrate. (b) In-
plane strain of PMN-PT(111) sub-
strate at 7=300 K as a function
of symmetrical and asymmetri-
cal electric fields. (c) Nonvolatile
resistance switching of the NNO
film by a sequence of pulsed elec-
tric fields at 7=300 K. (d) The
endurance characteristics of the
two resistance states as a func-

(d) Time (s) 3.0 tion of switching cycles for the
NNO/PMN-PT(111) structure.
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results in Fig. 11(a). The resistivity of the NNO film dis-
plays a butterfly-like loop with the symmetrical bipolar
electric field, which is quite similar to the shape of strain
(exx) vs electric-field loop [Fig. 11(b)], further indicating
that the modulation of the resistivity in the NNO film is due
to the electric-field-induced strain. For the symmetrical
bipolar electric field, the remnant resistivity state cannot
be obtained due to the 180° FE-domain switching, which
results in zero remnant strain. However, multiple resistiv-
ity states can be obtained by adjusting the amplitude of
asymmetric electric fields [Fig. 11(a)]. The maximum rela-
tive resistivity change of approximately 2.34% is obtained
near the E¢ of the PMN-PT(111) substrate (—3.4 kV/cm).
By applying —3.4 kV/cm and 8 kV/cm electric fields, two
remnant resistivity states corresponding to O and H are
obtained [Fig. 11(a)]. It is obvious that the resistivity does
not return to its initial state when the electric field returns
back to zero unless a positive electric field is applied,
showing a nonvolatile switching feature. Further, the other
seven resistivity states corresponding to 4, B, C, D, E, F,
and G are obtained by modulating the amplitude of the
electric fields with —1.8, —2.0, —2.2, —2.4, —2.6, —2.8,
—3.0, and —3.2 kV/cm, respectively [Fig. 11(a)]. It is
noted that multiple resistivity states can also achieved with

0340

E (kV/em)

several other temperatures for the NNO/PMN-PT(111)
heterostructure (see Fig. 12). In fact, more resistivity states
can be achieved by precisely controlling the magnitude of
the electric fields. To further understand the observed non-
volatile resistivity modulation more clearly, the in-plane
strain ¢, of the PMN-PT(111) substrate with different
amplitudes of asymmetric electric fields at 7=300 K is
measured, as shown in Fig. 11(b). By applying 8.0, —2.0,
—2.2, =24, —2.8, and —3.4-kV/cm electric fields to the
PMN-PT(111) substrate, six strain states corresponding
to Ol1, A1, Bl, C1, D1, and E1 can be obtained. The
multiple strain states can also be achieved with other
several temperatures for the PMN-PT(111) substrate (see
Fig. 13). On the basis of these results, multiple resistiv-
ity states of the NNO film can also be reversibly switched
through the application of appropriate electric field pulses
to the NNO/PMN-PT(111) heterostructure, as shown in
Fig. 11(c). First, an electric-field pulse of —3.4 kV/cm is
applied to the heterostructure and the resistivity state of the
NNO film is switched from O to H. Further, through mod-
ulating the amplitude of negative-electric-field pulses to
—3.0, —2.6, or —1.8 kV/cm without varying the positive-
electric-field pulses, the resistivity states F, D, and 4 are
achieved.
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Again, we perform pulse endurance measurements on
the NNO/PMN-PT(111) heterostructure. A cycled electric-
field-pulse sequence of +6 and —3.4 kV/cm is alter-
nately applied to the PMN-PT(111) substrate,
in Fig. 11(d). The two resistivity states are quite stable
and can be maintained for at least 200 cycles without
noticeable degradation. Therefore, the resistivity states in

as shown
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FIG. 13. In-plane strain of the
PMN-PT(111) substrate as a func-
tion of symmetrical electric field
and different amplitudes of asym-
metrical electric field at several
fixed temperatures.

this heterostructure are also nonvolatile, which may have
potential applications in designing low-power-consuming
memory devices [55-57].

Taking advantage of the remnant resistivity state of the
NNO film grown on the PMN-PT(111) substrate [inset
(D) of Fig. 14(a)], we measure the resistivity of the NNO
film under P? (red curve) and P (blue curve) states [Fig.

FIG. 14. (a) The variation of
resistivity with temperature under
P9 and P! states. Inset (I): The
relative resistivity change (Ap/p)
of the NNO film at 7=300 K
as a function of the asymmetrical
electric field applied to the PMN-
PT(111) substrate. Inset (II): Ty
of the NNO film under PY
and P states. (b),(c) Schematic
diagrams for the polarization-
rotation-induced in-plane strain in
the NNO film.
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14(a)]. Ty of the NNO film can be modified by switching
the resistivity state from O to H. As discussed in previous
sections, the switching of the resistivity state from O to H
is, in fact, due to the ferroelastic-domain rotation-induced
in-plane tensile strain in the NNO film [see Figs. 14(b) and
14(c) for schematic illustration]. Such an induced in-plane
tensile strain results in an increase in Ty (approximately
5.1%) [see inset (II) of Fig. 14(a)], which is consistent
with the results that were discussed in the previous sec-
tions concerning the substrate-induced static strain effect
and electric-field-induced strain effects in a NNO/PMN-
PT(011) structure. The stable and reversible in-plane and
out-of-plane polarization states of the PMN-PT(111) sub-
strate enable the control of the transition temperature of
the NNO film by simply switching the proper electric-field
pulse, which offers an energy efficient way to control the
metal-to-insulator transition of NNO films.

IV. CONCLUSIONS

In summary, NNO films are epitaxially grown on a
set of substrates, including the piezoelectrically active
PIN-PMN-PT and PMN-PT single-crystal substrates. On
moving from tensile to compressive strain, electronic
transport measurements demonstrate a successively sup-
pressed metal-to-insulator transition, which eventually dis-
appears at a high compressive strain. Corroborating these
findings, we in situ impose in-plane compressive/tensile
strain to NNO films via the electric-field-induced fer-
roelastic strain of PIN-PMN-PT and PMN-PT substrates
and achieve a large resistivity modulation up to 125%
near the metal-to-insulator transition temperature. Using
the electric-field-tunable dynamic piezostrain, we estab-
lish a quantitative relationship between the resistivity
and out-of-plane strain of the NNO films, with a gauge
factor (Ap/p)/dex ~ 40.8. Taking advantage of the
domain-engineered FE/ferroelastic switching of the PMN-
PT substrate, multistate stable resistivity states with good
retention and endurance properties are obtained at room
temperature and the metal-to-insulator transition temper-
ature (Tyg) of the NNO film can be modified by pre-
cisely controlling the magnitude of the electric-field-pulse
sequence. Our results demonstrate that the electric-field-
tunable ferroelastic (particularly at low temperatures) and
piezoelectric strain approach can be utilized to gain deeper
insight into the intrinsic and quantitative relationship
between strain and electronic properties of nickelates and
provide a simple and energy-efficient way to construct
multistate resistive memory.
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