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ABSTRACT

NiO-Ni composite films were heteroepitaxially grown on (111)-oriented ferroelectric 0.31Pb(In,;,Nb;,,)O5-0.35Pb(Mg;/3Nb,/3)O0;-0.34PbTiO;
(PIN-PMN-PT) single-crystal substrates by pulsed laser deposition. The NiO films prepared in high vacuum are n-type conducting and possess
room-temperature ferromagnetism, which originates from oxygen vacancies and the presence of the second Ni phase, respectively. Taking advan-
tage of the electric-field-induced ferroelectric polarization charges, we realized in situ reversible and nonvolatile modulation of both the electrical
resistance and magnetism of the film. A relative resistance change of ~470% is obtained at room temperature, while an appreciable magnetization
change of ~15% was achieved at 50 K by switching the polarization states of PIN-PMN-PT. The coexistence of charge-density-tunable electronic
and magnetic properties of NiO-Ni/PIN-PMN-PT heterostructures may provide a strategy to design charge-mediated multiferroic devices for

nonvolatile memory and spintronic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025335

With the increasing demand for multilevel memories with high
density, low power consumption, and good stability, constructing multi-
ferroic heterostructures and spintronic devices is currently attracting
considerable attention.' For the former purpose, numerous functional
thin films, such as colossal magnetoresistive manganites, superconduc-
tors,” multiferroic bismuth ferrites,’ photoluminescence oxides,” ferro-
magnetic ferrites,” topological insulators,” and two-dimensional
materials, have been directly grown on Pb(Mg;/;;Nb,/3)O0;-PbTiO;
(PMN-PT) ferroelectric (FE) single-crystal substrates to form hetero-
structures.'” An electric-field-manipulation of optical, electrical, or mag-
netic properties of these films has been achieved through lattice-strain
and/or interfacial charge-mediated coupling. Unfortunately, the electric-
field-induced nonvolatile lattice strain is usually unstable and small in

magnitude, which is unfavorable for practical device applications."' "

In contrast, the interfacial charge effects, i.e., ferroelectric field effect, can
stably and drastically adjust the resistance of films due to the remnant
polarization charges of PMN-PT,'®"” which offers a straightforward
approach to achieve dynamic nonvolatile modulation of physical
properties.

Alternatively, high storage performance and low loss spin devices
can also be realized by utilizing room-temperature ferromagnetic
semiconductors.*'” Seeking for candidate semiconductor materials
with room temperature ferromagnetic properties is highly desired for
the development of spintronics. To achieve this goal, the so-called
diluted magnetic semiconductors (DMSs),” coexistence of ferromag-
netism and semiconducting, can be realized by doping magnetic
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elements into nonmagnetic semiconductors, exemplified by ZnO-
based,”’ TiO,-based,”” SnO,-based,”” NiO-based,”**” and other oxide-
based materials.” Among those widely investigated DMSs, NiO, a
wide-bandgap oxide semiconductor (E;=3.6-3.8¢V), shows room
temperature ferromagnetism by magnetic element (Fe, Co) doping or
ionic liquid gating.”**>”” However, NiO-based materials have been
extensively studied as resistive random access memory (RRAM) for
their resistive switching effects in previous investigations.”* Besides,
several studies on NiO film/PMN-PT heterostructures mainly focused
on exchange bias effects.”’ As of now, there are a few reports that the
electrical, magnetic, and other properties of NiO-based multiferroic
heterostructures have been nonvolatilely modulated by external pertur-
bations. Therefore, an experimental investigation of NiO/FE hetero-
structures is needed to realize reversible and nonvolatile modulation of
resistance and ferromagnetism simultaneously, thus promoting their
potential applications in memory and spintronic devices.

Similar to PMN-PT, the perovskite 0.31Pb(In;;,Nb;/,)0;-
0.35Pb(Mg, ;sNb,/3)05-0.34PbTiO; (PIN-PMN-PT) FE single crystal
with a pseudocubic structure also exhibits superior piezoelectric and
ferroelectric responses near the morphotropic phase boundary (MPB),
which can be selected as a FE substrate to tune the properties of func-
tional films.”® Moreover, bulk NiO has a cubic phase at room tempera-
ture, which makes it possible for NiO films to grow epitaxially on
PIN-PMN-PT substrates. Furthermore, the volume carrier concentra-
tion of bulk NiO is generally on the order of 10'* cm >, and the corre-
sponding areal carrier density of NiO films is much lower than the
surface charge density of PIN-PMN-PT (2 x 10'* charges/cm?),”’
which enables NiO films to be an ideal candidate for integration on
PIN-PMN-PT. Therefore, it is expected that NiO/PIN-PMN-PT het-
erostructures can achieve large reversible and nonvolatile modulation
of the physical properties of NiO films utilizing polarization charges of
PIN-PMN-PT.

In this Letter, through pulse laser-ablating the NiO target in high
vacuum (5.0 x 10 *Pa), we fabricated heteroepitaxial NiO-Ni com-
posite films on PIN-PMN-PT (111) single-crystal substrates and real-
ized in situ modulation of two resistance states in a reversible and
nonvolatile manner via interfacial charge effects. A relative resistance
change (AR/R) of the NiO-Ni composite film up to ~470% with
excellent stability was achieved at 300 K. Particularly, the NiO films
deposited in high vacuum possess room-temperature ferromagnetism,
which arises from the presence of the Ni phase.

NiO-Ni composite films were deposited on one-side polished
(111)-oriented 0.31Pb(In;,Nb;/,)O3-0.35Pb(Mg; 3Nb,/3)03-0.34PbTiO;
(PIN-PMN-PT) single crystal substrates with a dimension of
5mm x 5mm x 0.5mm via the pulse laser deposition (PLD) using
a XeCl excimer laser (A =308 nm). During film deposition, the sub-
strate temperature, pressure, target—to—substrate distance, laser
energy density, and pulse repetition rate were kept at 600°C,
5.0 x 10 *Pa, 5cm, 2 ]/cmz, and 3 Hz, respectively. After in situ
annealing for 30 min, the as-grown films were cooled to room tem-
perature at a rate of 5°C/min.

The phase purity and epitaxial properties of the as-grown films
were analyzed by X-ray diffraction (XRD) 0-20 and ¢ scans, respec-
tively, using a PANalytical X’Pert PRO x-ray diffractometer with
CuKol radiation (7 =1.5406 A). The thickness and composition of
films were measured using a Tecnai G2 F20 S-Twin transmission elec-
tron microscope (TEM). The chemical valence states of the Ni element
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were analyzed by X-ray photoelectron spectroscopy (XPS). The surface
morphology of films and piezoelectric properties of PIN-PMN-PT
substrates were characterized by atomic force microscopy (AFM) and
piezoresponse force microscopy (PFM), respectively, using a MFP-3D
Infinity atomic force microscope (Oxford Instruments Asylum
Research Inc.). The polarization—electric field (P-E) hysteresis loops of
PIN-PMN-PT substrates were recorded using a Precision Multiferroic
Analyzer (Radiant Technologies, Inc. USA). The electric-field-induced
in-plane strain in PIN-PMN-PT substrates was measured using a
strain gauge, which was attached to the substrate surface with epoxy
[Fig. S1(a), supplementary material].

The resistance and carrier density of the NiO-Ni composite films
were measured through the standard four-probe technique and the
van der Pauw method [Fig. S1(b), supplementary material], respec-
tively, using a physical property measurement system (PPMS-9,
Quantum Design). The magnetic properties of the NiO-Ni composite
films were measured using a superconducting quantum interference
device (SQUID) magnetometer (Quantum Design, MPMS-XL5).

Figure 1(a) shows the XRD 0-20 scan pattern of the NiO-Ni
film deposited on the PIN-PMN-PT (111) substrate. The pattern indi-
cates that the film is composed of NiO and Ni phases, which are highly
(Ilh-oriented (I=1, 2), suggesting that the film grows heteroepitaxially
under this condition. As can be seen from the insets of Fig. 1(a), the
full width at half maximum (FWHM) for the NiO (111) and Ni (111)
diffraction peaks are 0.203° and 1.671°, respectively, demonstrating
that the NiO film has a good crystallization quality. Furthermore, the
in-plane crystallographic orientation between NiO, Ni, and PIN-
PMN-PT is examined by XRD ¢ scans. In Fig. 1(b), the diffraction
peaks for NiO appear at every 120°, proving that the NiO film has an
in-plane threefold symmetry, consistent with the lattice symmetry of
NiO (111) planes. However, the sixfold symmetrical diffraction peaks
for the Ni phase are inconsistent with the threefold symmetry of Ni
(111) planes, suggesting that the Ni unit cells have two in-plane lattice
arrangement modes on the PIN-PMN-PT (111) plane, as schemati-
cally illustrated in Fig. 1(c). Therefore, the in-plane crystallographic
relationships between the NiO-Ni film and the PIN-PMN-PT (111)
substrate can be written as [2-1-1]NiO/Ni || [2-1-1]PIN-PMN-PT,
[0-11]NiO/Ni || [0-11]PIN-PMN-PT.

Figure 1(d) records a symmetric butterfly like strain vs electric
field (¢~E) curve and a square-like polarization vs electric field (P-E)
hysteresis loop, which imply that the PIN-PMN-PT (111) substrates
have excellent ferroelectric properties. The ferroelectric domain-
switching properties of the PIN-PMN-PT (111) substrates are
observed directly by piezoresponse force microscopy (PFM) shown in
Fig. 1(e). When a %6 V voltage is applied to the PFM tip, the FE
domains of a 0.1 mm thick PIN-PMN-PT crystal can be turn up or
switch down toward the [111] or [-1-1-1] direction, leading to a clear
contrast between the outer and inner squares. The atomic force
microscopy (AFM) image, as shown in Fig. 1(f), reveals that the
NiO-Ni film has a root mean square roughness of 4.9nm. The
existence of the Ni phase and in-plane epitaxial relationships of
the NiO-Ni/PIN-PMN-PT heterostructure are revealed by high-
resolution TEM (HRTEM). The thickness of the grown NiO-Ni film
is determined as ~95nm [inset in Fig. 2(b)]. As shown by the area
above the interface in Fig. 2(a), the lattice spacings of 0.24nm and
0.21 nm correspond to the (111) and (200) planes of NiO, respectively,
which also manifests that the growth direction of NiO films is (111)-
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FIG. 1. (a) XRD 0-20 scan pattern for the NiO-Ni/PIN-PMN-PT structure; the insets show the XRD rocking curves taken on the NiO (111) (lower panel) and Ni (111) (upper
panel) diffraction peaks. (b) XRD ¢ scan patterns taken on the NiO (200), Ni (200), and PIN-PMN-PT (200) diffraction peaks, respectively. (c) Schematic illustration of in-plane
|attice arrangements of NiO and Ni unit cells on the PIN-PMN-PT (111) substrate. (d) Polarization and in-plane strain as a function of the bipolar electric field for a PIN-PMN-
PT (111) substrate. (e) The electric-field-induced domain evolution of the PIN-PMN-PT (111) substrates. (f) The AFM image of the NiO-Ni film.

oriented. Furthermore, the Ni phase is directly observed in the selected
HRTEM image displayed in Fig. 2(b). The crystallographic orientation
of the Ni phase is the same as that of the NiO film, in agreement with
heteroepitaxial results shown in Figs. 1(a) and 1(b).

: In order to further investigate the chemical valence states of Ni
| oaanm 200y, : and O elements, Fig. 2(c) depicts the XPS depth profiling analyses of

(g38s)

the Ni element. The core-level XPS spectra of Ni 2p;,, can be divided
into three peaks by Gaussian-Lorentzian fitting. The orange fitting
peak [Fig. 2(c)] at the binding energy of 852.3 eV is attributed to the
metallic Ni° phase, consistent with some reported works.””*” The blue
and magenta peaks at the binding energy of 853.3eV and 856.8 eV
arise from NiO and Ni,Os, respectively. Meanwhile, Fig. 2(d) shows O
1s core level binding energy in the NiO films, and the three subpeaks
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= z at 530.0eV, 531.3 eV, and 532.1 eV correspond to the lattice 0% from
= E NiO and Ni,Oj3, and oxygen vacancy Vo, respectively.”’ Based on the
s = principles of defect chemistry, the transformation of lattice O*~ into
= ) Vo will create two electrons, which may be trapped by Ni** and Ni**
*E = cations to form Ni° for charge neutrality as expressed by the following
= z equations.”* This evidence may account for the presence of the metal-
g £ lic Ni° phase in the NiO matrix, which influences the electrical and
= - magnetic transport properties of NiO-Ni composite films, as will be
845 850 855 860 865 525 530 535 540 discussed in the following discussion,
Binding Energy (eV) Binding Energy (eV)

0% — 1/20, + Vo +2¢ 7, (1)
FIG. 2. (a) High-resolution TEM image of the NIO-Ni/PIN-PMN-PT structure. (b) e -
Magnified HRTEM image to show Ni phases; the inset; cross-sectional TEM image Ni™" +e° — Ni", @)
of the NiO-Ni/PIN-PMN-PT structure. (c) Ni 2p XPS spectra of NiO-Ni films. (d) O
1s XPS spectra of NiO-Ni films. (0 Ni2p 2P 57 © Ni** +2e” — Ni’. ©)
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Figure 3(a) shows the resistance (R) of the NiO-Ni composite
film measured by sweeping bipolar electric fields at T= 300K (as sche-
matically illustrated in Fig. S2, supplementary material). The relative
resistance change AR/R is defined as AR/R = [R(P;) — R(P;")I/R(P}"),
where R(P;") and R(P;) are the resistance of the NiO-Ni film under
the positive and negative polarization states of PMN-PT without the
application of electric fields, respectively. Note that the R-E loop
exhibits a rectangular shape, similar to the shape of the P-E loop of
the PIN-PMN-PT substrate [Fig. 1(d)], indicating that the interfacial
charge effect plays the key role in determining the room temperature
resistance switching behaviors. The maximum AR/R reaches 470% at
T'=300 K. This value greatly exceeds (~400 times) those reported on
some heterostructures that modulated by the lattice strain effect.'"'>*

To further investigate the resistance switching mechanism, the
carrier density of NiO-Ni films for the two polarization states [Figs.
3(c) and 3(d)] is measured using the van der Pauw configuration at
T=300K. As shown in Fig. 3(b), the negative slopes of the Hall resis-
tance vs magnetic field curves show that the NiO-Ni film deposited in
high vacuum is an n-type semiconductor. In fact, the conduction type
of the NiO film depends largely on the dominant defect type in the
films prepared under different deposition conditions.”*® The n-type
conducting behavior here can be explained by the existence of oxygen
vacancies shown by XPS results [Fig. 2(d)]. Furthermore, the signifi-
cant discrepancy of slopes proves that the carrier densities are dis-
tinctly different for the two polarization states, i.e., 1.4 x 10 cm 3 for
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the P state and 2.1 x 10'7 cm™ for the P state. Thus, together with
the rectangular R-E curve, it can be concluded that the resistance
switching behaviors are decisively modulated by the interfacial charge
effect.

Figures 3(c) and 3(d) show the schematic illustrations for the
polarization switching of the PIN-PMN-PT substrate. When a posi-
tive/negative electric field is applied to substrates, negative/positive
polarization charges are accumulated at the top surface of PIN-PMN-
PT, which attract holes/electrons to the interface region, leading to an
increase/decrease in the electron carrier density and thus a decrease/
increase in the resistance of the film. Meanwhile, the increase in elec-
tron carriers in the P state may change a small portion of Ni** ions
to the metallic Ni phase that is able to reduce the resistance of the
film.”” Furthermore, the interfacial charge effect is also supported by
in situ XRD 0-20 scan results shown in Fig. 3(e), where the diffraction
peaks remain unchanged upon the polarization state switching from
P} to P, providing robust evidence that no additional remnant strain
is induced in the film upon polarization switching. Taking advantage
of the nonvolatile manipulation behavior, two reversible and nonvola-
tile resistance states, i.e., high resistance state and low resistance state,
have been achieved at room temperature by applying pulsed electric
fields =6 kV cm ™! to the PIN-PMN-PT substrate [Fig. 3(f)].

The variations of the carrier density induced by polarization
switching also influence the magnetotransport properties of the
NiO-Ni films. Figure 4(a) shows the magnetoresistance (MR) vs
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FIG. 3. (a) The resistance (R) of the NiO-Ni film as a function of bipolar electric fields applied to the PIN-PMN-PT substrates. (b) Hall resistance of the NiO-Ni film as a func-
tion of the magnetic field when the PIN-PMN-PT substrate was in the positive poling state P,” and negative poling state P;-, respectively. (c) and (d) Schematic illustrations for
the accumulation and depletion of electron carriers in the NiO-Ni film upon positive and negative poling of the PIN-PMN-PT substrate. (e) Out-of-plane XRD (-20 scan pat-
terns of the NiO-Ni/PIN-PMN-PT heterostructure under two polarization states; the inset is the schematic illustration for in situ XRD measurements. (f) Nonvolatile resistance

switching of the NiO-Ni film by a sequence of pulse electric fields at T=300K.
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FIG. 4. Magnetoresistance (MR) of the NiO-Ni film as a function of the magnetic
field (H) for the P (red) and P, (blue) polarization states at (a) T=300K and (b)
T=>50K. Magnetic hysteresis loops of the NiO-Ni film for the P;" and P, states at
(c) T=300K and (d) T=50K. The inset in (c) shows the enlarged view of the
magnetization for P+ and P;- at H> 0.1 T. The colored area in (d) is the enlarged
view of the butterfly shaped MR-H curve in the low-field region in (b).

magnetic field H for the NiO-Ni film for the P;" and P} states of PIN-
PMN-PT at 300 K. Here, MR is defined as MR = [R(H) — R(0)]/R(0),
where R(H) and R(0) refer to the resistance of the NiO-Ni film in the
presence and absence of a magnetic field H. At room temperature, the
sharp decrease in the negative MR in the low-field region (H<1 T)
may be related to the spin-scattering related tunneling effect of Ni/
NiO/Ni upon application of magnetic fields.” In the high-field region
(H>1T), the MR for both polarization states decreases gently with
the increasing magnetic field, which could be explained by the reduced
magnetic scattering of conducting electrons.”® The MR values for P}
are smaller than those for P, (H>1 T) in these measured tempera-
tures, and this is presumably caused by different electron carrier densi-
ties between the two polarization states.” Intriguingly, a butterfly
shaped MR-H curve in the low-field region is observed in Fig. 4(b)
and magnified in Fig. 4(d). The MR-H curve couples with the M-H
one, and the peak position of MR locates at the coercive field of the
M-H loop. These phenomena demonstrate that the magnetotransport
properties of NiO-Ni films could also be modulated by the interfacial
charge effect.

Figure 4(c) shows that the NiO-Ni composite films exhibit a
typical magnetic hysteresis loop for both the P and P; states. In this
work, because NiO is antiferromagnetic’” and Ni,Os is nonmagnetic"’
the ferromagnetism of NiO-Ni films can only originate from the
metallic Ni. It can be seen from the inset that the saturation magneti-
zation M; for the P state is slightly larger than that for the P, state.
A complete M-H hysteresis loop measured at T=50K is presented
in Fig. 4(d) from which one may find an enhanced ferromagnetism
at low temperature. Particularly, the relative change of M,
AMg/Ms=[Ms(P) — Ms(P;)]/Ms(P;), up to 15% is achieved at
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TABLE 1. The carrier densities at 300 and 50K with different polarization states of
PIN-PMN-PT.

n(P’) (cm™) n(P;) (cm™) An [n(P) — n(P;)] (cm™)

1.19 x 108
7.6 x 10"

2.1 x 107
1.7 x 10'®

300K 1.4 x10'%
50 K 9.3 x 10"

50 K. This significant modulation on Ms is possibly attributed to two
reasons. On one hand, the greater difference of Mg can be ascribed to
the larger absolute difference in carrier density (7.6 x 10'®cm ™
between the two polarization states (Fig. S3, supplementary material),
as compared with the corresponding value at 300K
(1.19 x 10"¥cm ). The change of carrier density could influence the
conductivity of the Ni phase, which further affects Ms. On the other
hand, upon switching the polarization sate from the P, state to the P;"
state, more electron carriers (compared to the results at 300 K, Table I)
are induced due to the ferroelectric field effect. This may convert a
small portion of Ni*" ions to the metallic Ni°, resulting in the increase
in Mg [Fig. 4(d)]. A similar phenomenon has also been observed by
Kang et al. who applied ionic liquid pretreatment to the NiO film to
convert a portion of Ni*" to metallic nickel (Ni%) and thus achieved
large-magnitude magnetic modulation.””

In summary, we prepared heteroepitaxial NiO-Ni composite
films on PIN-PMN-PT (111) single-crystal substrates with a single
phase NiO ceramic target by the pulse laser deposition technique. The
high vacuum deposition process causes the formation of oxygen defi-
ciency and Ni metal, resulting in n-type electrical conductivity and fer-
romagnetism of the composite film at room temperature. Upon
switching the polarization states of PIN-PMN-PT, two reversible and
nonvolatile resistance states with AR/R ~ 470% are obtained for the
composite films, and an appreciable charge-mediated modulation of
the magnetization has been achieved at 50K. Our work not only
implies that the electrical and/or magnetic properties of similar com-
posite films (e.g., FeO-Fe, CoO-Co, TiO-Ti, and CrO-Cr) may be
modified by the injection or removal of charge carriers using ferroelec-
tric or dielectric gating but also offers a simple way to design semicon-
ducting ferromagnetic composite film/FE structures for nonvolatile
memory and spintronic device applications.

See the supplementary material for the schematic of the experi-
mental setup for the measurements of the electric field-induced
in-plane strain in the PIN-PMN-PT (111) substrate and the measure-
ments of the Hall effect via the van der Pauw method and also the
schematic illustration for the measurements of the resistance vs electric
field under P} and P; states and the Hall resistance of the NiO-Ni
film for P} and P, states at T=50K.
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