
Materials Science and Engineering R 71 (2011) 35–52
Strain effects in low-dimensional transition metal oxides

Jinbo Cao a,b,*, Junqiao Wu a,b

a Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, United States
b Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, United States

Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.1. Spin–lattice–charge coupling in transition metal oxides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.2. Epitaxial growth of TMO thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

1.3. Synthesis of free-standing TMO nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2. Strain effects in TMO thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1. Ferroelectric thin films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.1. Theoretical and experimental characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.2. Results of specific materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.2. Magnetoresistive manganese perovskites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2.1. Phase separation and domain pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2.2. Effects on transport properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3. Strain effects in TMO micro/nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.1. Electromechanics in TMO micro/nanowires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2. Phase transitions and domain physics under strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.1. Phase inhomogeneity and domain organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2.2. Investigation of phase transition at the single-domain level. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.2.3. Superelasticity in phase transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.4. Domain dynamics and manipulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.2.5. New phase stabilization with strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

A R T I C L E I N F O

Keywords:

Nanowire

Thin film

Strain

Transition metal oxide

Correlated electron material

Phase transition

A B S T R A C T

Transition metal oxides offer a wide spectrum of properties which provide the foundation for a broad

range of potential applications. Many of these properties originate from intrinsic coupling between

lattice deformation and nanoscale electronic and magnetic ordering. Lattice strain thus has a profound

influence on the electrical, optical, and magnetic properties of these materials. Recent advances in

materials processing have led to the synthesis of low-dimensional single-crystal transition metal oxides,

namely, epitaxial ultra-thin films and free-standing nano/microwires. Unlike bulk materials, these

systems allow external tuning of uniform strain in these materials to tailor their properties and

functionalities.

This paper provides a comprehensive review of recent developments in studies of strain effects in

transition metal oxide ultra-thin films and nano/microwires. In epitaxial thin films, biaxial strain is

developed as a result of lattice mismatch between the film and the substrate. By choosing different

substrates, a wide range of strain can be established at discrete values that allows for exploration of new

phase space, enhancement of order parameters, creation of complicated domain textures, and

stabilization of new phases. On the other hand, continuous tuning of uniaxial strain is possible in nano/

microwires, where a variety of phase transitions and their dynamics could be probed at the single or few-

domain scale. We focus on the work of strain-controlled electromechanical response in piezoelectric

oxides and strain-induced metal–insulator transitions as well as domain physics in strongly correlated

electron oxides. Related nanoscale device applications such as strain sensing and power generation will

be highlighted as well.
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1. Introduction

1.1. Spin–lattice–charge coupling in transition metal oxides

Transition metal oxides (TMOs) exhibit rich and fascinating
properties including piezo/ferroelectricity, high-TC superconductiv-
ity, colossal magnetoresistance, and nonlinear optical behavior, and
these properties can be tailored for a wide variety of emergent
applications [1]. Most of these remarkable properties originate from
the interplay between spin, lattice, charge, and orbital degrees of
freedom of the material [1,2]. These competing factors typically
result in complicated phase diagrams and render their properties
highly sensitive to a variety of chemical and physical perturbations
[3]. Lattice strain is such an external stimulus that can be employed
to control and drastically engineer the properties of TMOs. In
contrast to conventional metals and semiconductors where elastic
strain causes only non-disruptive effects [4,5], strain has profound
influence on the electrical, optical, and magnetic properties of TMOs
through intrinsic coupling between charge, spin and orbital
wavefunctions of electrons. Fig. 1 shows a schematic view of the
electromechanics of TMOs, where the direct and indirect effects of
stress and strain on TMOs can be seen. Control and engineering of
strain have become an important strategy for achieving novel
functionalities and probing exotic properties of TMOs.

It is well known that the physical properties of electric and
magnetic materials can be modified by application of hydrostatic
pressure [6,7]. However, bulk inorganic materials can only sustain
extremely low non-hydrostatic strain (typically < 0.1%) before
plastic deformation or fracture occurs. Recent advances in growth
of thin films and nanowires of TMOs present possibility of applying
extraordinarily large and non-hydrostatic stress benefiting from
the smaller number of structural defects in these low-dimensional
systems compared to their bulk counterparts. For sufficiently thin
films, biaxial strain of several percent can be achieved by growing
the layer on lattice-mismatched substrates. Such biaxial strain was
used to increase the transition temperature in high-TC super-
conductors [8–10] and ferroelectric materials [11–13]. Other
parameters such as saturation magnetization in ferromagnets
[14,15] and spontaneous polarization in ferroelectrics are also
strongly affected by strain [13,16]. Here the biaxial strain is
imposed to the epilayer through the lattice mismatch with the

[(Fig._1)TD$FIG]

Fig. 1. Electromechanics of TMOs: stress influences electronic and magnetic

properties through intrinsic coupling between the charge, spin and orbital degrees

of freedom of electrons.
underlying substrate. The strain distribution might be complicated
by misfit dislocations that can partially relax the strain and cause
structural and physical inhomogeneities in the films. To circum-
vent this problem, fully coherent strained (pesudomorphic),
epitaxial films were grown below the critical thickness. By
growing such ultra-thin layers on atomically smooth substrates,
dislocation can be avoided so that the intrinsic effect of strain of
TMOs can be extracted. Alternatively, it is also possible to study the
strain effect by stressing free-standing nanoscale TMOs. As these
materials are typically single crystals and dislocation-free, they can
sustain an extraordinary amount of uniaxial strain without
fracturing and the strain is also continuously tunable by varying
the external stress.

Our review is focused on recent developments in studies of
strain effects in pseudomorphic thin films and micro/nano scale
wires of TMOs. For TMO thin films we will focus on ferroelectrics
and colossal magnetoresistive manganites. On the other hand, for
the continuous tuning of strain in free-standing TMOs, we will
focus on energy scavenging using piezoelectric materials BaTiO3

and ZnO, and domain organization and manipulation in VO2 wires.
After a brief summary of standard techniques to grow high-quality
thin films and micro/nanowires, we will describe how strain is
employed to explore the phase space, enhance order parameters,
create complicated domain textures, and stabilize new phases in
TMOs. Theoretical models and predictions will be discussed along
with experiments. Related nanoscale device applications such as
strain sensing and power generation will also be discussed.

1.2. Epitaxial growth of TMO thin films

Growth of strained oxide thin films predominantly relies on
heteroepitaxiy, where a single-crystalline film with specific
orientation is deposited on the atomically smooth surface of the
substrate. These two materials typically share similar interfacial
structure, therefore the structure and crystal orientation of the
epilayer are determined by the structure and surface plane of the
substrate. By carefully choosing the substrate and growth
conditions, coherently strained epitaxial films with homogeneous
biaxial strain can be grown with few or no misfit dislocations.
Strain can also be induced to the films through different thermal
expansion between the film and the underlying substrate, or
extended defects formed during film deposition. However, residual
stress incorporated in these two methods is typically complicated,
making it difficult to investigate the intrinsic effect of strain on
material properties [17–19].

Physical vapor deposition (PVD) and chemical vapor deposi-
tion (CVD) are the most common methods for deposition of TMO
thin films [20,21]. They prove to be reliable ways to transfer
materials atom by atom from one or more sources to the growth
surface. The deposition is normally carried out at high background
vacuum so that the vapor composition can be well controlled.
During the PVD, physical processes such as sputtering and
evaporation are employed to deposit films. In the sputtering
deposition, atoms are ejected from a solid target by the
bombardment of the target materials with energetic ions. Many
different sputtering methods such as DC sputtering, radio
frequency sputtering, and magnetron sputtering are widely used
for the deposition of TMO thin films [22–24]. Molecular beam
epitaxy (MBE) is an example of the evaporation method. In MBE,
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Fig. 2. A number line showing the pseudotetragonal or pseudocubic a-axis lattice parameters of commercial substrates (below the number line) [35] and perovskite ABO3 thin

films of interest in this review (above the number line). The numbers for perovskite films represent the lattice constants of unstrained film or bulk samples [35].

[(Fig._3)TD$FIG]

Fig. 3. Schematic view of vapor transport synthesis that can be used in CVD, PVD,

and PLD to grow TMO nanowires.
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the solid targets are heated until they begin to emit gaseous
atoms. The atomic beam travels to the substrate and then
condenses there to form thin films. The most important aspect of
MBE is the slow deposition rate, which allows the films to grow
epitaxially, with atomically controlled thickness and composition
[11,13,25–27]. Pulsed laser deposition (PLD) is a method where a
high-power pulsed laser beam is used to ablate a target and
vaporize the materials (in a plasma plume), which is subse-
quently deposited as a thin film on the substrate. The whole
process of PLD is rather complicated, including the laser induced
evaporation, ablation, and plasma formation. Typically a large
supersaturation exists on the substrate during the laser pulse.
This high supersaturation causes a very large nucleation density
on the surface compared to MBE or sputtering deposition and
therefore results smoother thin films [28–31]. Chemical vapor
deposition differs from PVD in that a chemical process is involved
during the deposition process. Volatile precursors are used in the
process and they react on the hot surface of the substrate to form
thin films. Metal-organic chemical vapor deposition (MOCVD)
has been utilized successfully for the deposition of oxide films
such as high-TC superconductors and ferroelectrics [32–34].

Both PVD and CVD can be employed to grow crystalline phase
and even epitaxial films on nearly lattice-matched substrates. The
quality of the underlying substrate is very important for this
purpose. The availability of appropriate substrates and methods to
prepare smooth and defect-free surfaces for epitaxial growth of
TMOs is crucial. A lot of perovskite-related single-crystal
substrates with structural perfection comparable to that of
single-crystal semiconductors are commercially available and
are well suited for epitaxial growth of perovskite-compatible thin
films. These single-crystal substrates include YAlO3, LaAlO3,
LaSrGaO4, NdGaO3, SrTiO3, DyScO3, etc. [35]. It is fortunate that
many functional TMOs including ferroelectric titanites, colossal
magnetoresistive manganites, and high-TC superconductor cupu-
rates have perovskite or perovskite-derived structures. As shown
in Fig. 2, the lattice parameters of these functional TMOs are very
close to those of available substrates. By growing perovskite thin
films on the substrates, the epitaxial layer will be similar to the
substrates in lattice constants and therefore will be naturally
strained if the lattice parameters between the film and substrate
are slightly different. Here the biaxial strain is defined as
e = (afilm � abulk)/abulk. Note that a progressive relaxation might
occur throughout the film thickness, and the measured lattice
constants afilm can be different from that of the underlying
substrate. In any case, epitaxial growth of thin films on substrates
provides an efficient and effective way to manipulate and control
strain in TMOs.
1.3. Synthesis of free-standing TMO nanowires

TMO nanowires can be synthesized in numerous ways
including top-down and bottom-up processes [36]. Bottom-up
processes involve chemical synthesis and/or highly controlled
deposition and growth of materials. According to the synthesis
environment, they can be roughly classified into vapor-phase
growth and liquid phase growth. The vapor-phase technique is
based on the reaction between metal vapor and oxygen gas, and
has been successfully employed to synthesize many metal oxide
nanostructures. The governing mechanisms during the vapor-
phase growth are the vapor–liquid–solid process or vapor–solid
process. The simplest vapor-phase growth technique involves a
thermal furnace where metal vapor source and oxygen gas can
react in a controlled way. The aforementioned techniques such as
PLD and MOCVD that are widely used in thin-film growth have
been exploited to best control the morphology and crystallinity of
the synthesized nanomaterials [37,38]. Fig. 3 shows a schematic
view of a typical thermal vapor transport setup. A horizontal
quartz tube with gas flowing inside is placed in a heating furnace.
The growth substrate is placed downstream of the source for the
nanostructure growth. During the vapor-phase growth, high
temperature is typically used to vaporize the solid source. The
vapor will then be transported by the carrier gas and deposited on
the substrate through simple condensation or with chemical
reactions. Nanoparticle catalysts are typically used to guide the
growth of nanowires, although in some cases it is also possible to
grow TMOs without catalysts [39–41]. On the other hand, solution-
phase growth methods provide more flexible synthesis and the
nanostructured materials can be synthesized at more benign
environments. To develop strategies that can guide and confine the
growth direction to form TMO nanowires, researchers have used
template-assisted synthesis, sol-gel deposition, surfactant-
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assisted growth, molten-salt method, and hydrothermal growth.
There have been many reviews for growing oxide nanowires
[36,42]. The effects of strain on BaTiO3, ZnO, and VO2 nanowires
have been extensively investigated in literature and will be the
focus of our review. These TMO nanowires were grown via vapor
transport or molten-salt methods [40,43,44].

2. Strain effects in TMO thin films

2.1. Ferroelectric thin films

2.1.1. Theoretical and experimental characterization

Ferroelectrics are a family of materials that behave as normal
dielectrics at high temperatures, but possess a permanent electric
dipole moment when they are cooled below the ferroelectric
transition temperatures (i.e., Curie temperature, TC). The polariza-
tion mechanism is typically the spontaneous displacement of ionic
charges within the unit cell. Most common ferroelectrics are TMOs,
such as PbTiO3, BaTiO3, Pb(ZrxTi1�x)O3, BiFeO3, etc. One of the
common features for ferroelectric crystals is the formation of
domain structures when they pass through the Curie temperature
and transform into the ferroelectric phase, as typically multiple
degenerate states with different polarization directions exist in the
ferroelectric phase. All ferroelectric phase transitions are accom-
panied by a change in the unit cell and the crystal structures. The
domain configuration therefore responds to external stress. Effects
of microstresses on the thermodynamics of polydomains were well
studied [45]. When ferroelectric thin films are grown on a
substrate, the domain pattern, Curie temperature, and spontane-
ous polarization can be significantly affected by the substrate-
induced strain. (see, e.g., recent reviews [35,46–48])

In order to understand and model the strain effect of
ferroelectric thin films, many methods including first-principles
calculations [49–53], molecular dynamics simulations [54,55],
phenomenological Landau–Devonshire analysis [56–59], and
phase-field models [46,60,61] have been applied. Among the
calculations, a free energy function is first identified and then
minimized with respect to various independent degrees of
freedom to predict the state as a function of strain, temperature,
and macroscopic electric field. The energy functions can be
obtained from first-principle calculations or phenomenological
methods such as Landau–Devonshire expansion. First-principle
calculations have the advantages of predicting the exact atomic
arrangements and polarization-related properties without input of
experimental information. With the help of density functional
perturbation theory, development of new algorithms, and increas-
ing computational powers, nowadays it is possible for first-
principle calculations to handle supercells that contain hundreds
of atoms [49,62]. For example, recently first-principle computa-
tions were used to map out the structural instabilities in the
Ruddlesden–Popper homologous oxide superlattices, and demon-
strate that competition between different instabilities can be
greatly influenced by epitaxial strain [50]. Phenomenological
approaches can reach macroscopic continuum scales and provide
accurate analysis of materials on the practical experimental scale
[58,59]. In addition, by choosing appropriate general functions for
multiple-domain or multiphase states, phase-field analysis can
predict the domain structures and properties of ferroelectric thin
films as a function of temperature, substrate constraints, thickness,
and electrical boundary conditions [46,61,63,64].

There are many experimental techniques that can characterize
the properties of strained ferroelectric thin films. For example,
transmission electron microscopy (TEM) has been widely used to
image interface structures and extended defects in thin films [67–
69]. As the ferroelectric transition of a material is always
accompanied by a structural change, and all the ferroelectrics
must lack inversion symmetry, methods that provide direct
information on local structures can therefore be used to probe
ferroelectricity. From general theoretical considerations, changes
in the ferroelectric order parameter are expected near interfaces. It
is important to determine how the polarization and corresponding
atomic structure vary in the proximity of ferroelectric interfaces,
especially in ultra-thin films. Researchers have developed syn-
chrotron X-ray scattering technique with atomic-scale resolution
to study ferroelectric thin films and provide insight into the
structural gradients at surfaces and interfaces [70–74]. Fig. 4(a)
shows the Curie temperature TC of PbTiO3 determined through
synchrotron X-ray scattering [65]. The satellite peak intensities
around the PbTiO3 3 0 4 peaks were plotted versus temperature for
various thicknesses. The position where the satellite intensity
suddenly drops to zero is identified as TC. X-ray photoelectron
diffraction, which applied mostly to investigation of surface and
interfacial chemical properties, were also employed to directly
probe the intracell atomic displacements associated with ferro-
electricity [75]. Recently, Raman has played an increasing
important role in determining the ferroelectric phase of thin
films. A ferroelectric phase transition is accompanied by a
structural change and thus related to specific phonon mode that
changes across the Curie temperature. Studying the mode
structure in thin films advances our understanding of the
ferroelectric phase transition in constrained geometries (see,
recent review [76]). By incorporating ultraviolet (UV) illumination,
researchers use UV Raman to study symmetry, transition
temperature, and phase behavior in much thinner ferroelectric
thin films as the penetrating depth of UV is limited and thus the
signal from the film is enhanced [66,77]. Fig. 4(b) displays the
temperature evolution of Raman spectra for two superlattice
samples ([BaTiO3]2/[SrTiO3]13) � 20 and ([BaTiO3]8/
[SrTiO3]4) � 10. The shape and position of the BaTiO3 lines at
low temperatures are indicative of BaTiO3 in tetragonal phase. The
red arrows mark the SrTiO3-like phonons. The intensities of the
phonons decrease as the temperature increase and completely
disappear at TC [66]. Other methods that are used to determine the
ferroelectric transition temperature include X-ray diffraction
(XRD) and second harmonic generation (SHG). XRD can provide
temperature dependence of out-of-plane lattice parameter of the
strained film, and a kink is typically associated with the transition
temperature TC [12,13,78], as shown in Fig. 4(c). SHG is a nonlinear
optical process and only non-centrosymmetric structures are
capable of emitting SHG signal. As ferroelectrics must lose the
inversion symmetry when they are cooled through TC, SHG can be
used to determine the transition temperature with high accuracy
[63,79]. Fig. 4(d) shows the SHG signal from a bulk BaTiO3 single
crystal (circles) and strained BaTiO3 thin films (squares). The kink
in the SHG-temperature plot occurs at the same temperature as
does the kink in the out-of-plane lattice parameter versus
temperature, both indicating the transition temperature TC [13].

In recent years, piezoresponse force microscopy (PFM) has
emerged as one of the most important techniques to study the
electromechanical behavior of various materials at the nanoscale
[80]. By symmetry considerations all ferroelectrics must be
piezoelectric. PFM can be used to probe tensorial properties
between electric field and mechanical strain. It utilizes a basic
experimental setup of atomic force microscopy (AFM). A metallic
tip under voltage bias is brought in contact with a piezoelectric
sample, and the resulting deformation of the sample is monitored
through the mechanical displacement of the cantilever tip. The
most straightforward and useful application of PFM is to map
ferroelectric domains based on variations of the amplitude and
phase information when an AC voltage is applied to the conductive
tip. Fig. 5 shows an example of using PFM to map the polarization
variants and domain structures in BiFeO3 [81,82]. The crystalline
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Fig. 4. Curie temperature TC of ferroelectrics determined using different techniques. (a) TC determined using synchrotron X-ray scattering, showing intensities of satellite

peaks around the PbTiO3 3 0 4 peak for various thicknesses, normalized to the 3 0 4 peak intensity. The lines are linear fits to determine TC [65]. (b) Temperature evolution of

UV Raman spectra of BaTiO3/SrTiO3 superlattices, showing the SrTiO3-like TO2 mode at 180 cm�1 and TO4 mode at about 530 cm�1 which change across TC [66]. (c)

Temperature dependence of the out-of-plane lattice parameter showing a kink at TC [12]. The line is theoretical prediction. (d) Optical second harmonic generation (SHG)

signals from a BaTiO3 single crystal (circles) and strained BaTiO3 on GdScO3 films (squares). The inset shows polar plots of SHG intensity versus fundamental polarization. The

kink in the SHG-temperature plot indicates the transition temperature TC [13].
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orientation in the film is typically restricted by the epitaxy. The
remaining polarization variables can be determined by knowing
the scanning cantilever direction and the contrast in in-plane and
out-of-plane images. Compared to electron microscopy, PFM has
the advantages of easy operation, nondestructive imaging, and
quantitatively mapping ferroelectric domains with high spatial
resolution. Therefore PFM is well suited for investigating domain
patterns and other polarization-related properties in strained
ferroelectric films. Other scanning probe microscopies, such as

[(Fig._5)TD$FIG]

Fig. 5. (a) Schematic view of planar electrode piezoelectric force microscopy (PFM) setu

embedded in the film plane will supply an AC field that excites a piezoresponse in the BiF

scanning crystalline direction and PFM images, the three-dimensional domain structur
scanning nonlinear dielectric microscopy, scanning capacitance
microscopy, scanning surface potential microscopies, and scanning
near-field optical microscopy are also used to investigate the
polarization state of ferroelectrics. (See recent reviews, [83,84])

2.1.2. Results of specific materials

Materials with large coupling between electric field and
mechanical strain such as perovskite oxides allow us to probe
nontrivial effects induced by epitaxial strain. Note that another
p for imaging BiFeO3 polarization variants. Conductive epitaxial SrRuO3 electrodes

eO3 [81]. (b) Examples of out-of-plane and in-plane PFM images. Combined with the

es in BiFeO3 can be determined [82].



J. Cao, J. Wu / Materials Science and Engineering R 71 (2011) 35–5240
type of electromechanical coupling between strain gradient (as
opposed to strain only) and polarization, i.e., flexoelectricity [85], is
also frequently addressed in thin films and nanoscale materials,
especially in the case of inhomogeneously strained ferroelectric
thin films. Here we only focus on intrinsic strain effects on
uniformly stressed ferroelectric thin films.

2.1.2.1. Strained PbTiO3 and Pb(ZrxTi1�x)O3 thin films. PbTiO3 is a
prototypical perovskite ferroelectric material which undergoes a
cubic to tetragonal phase transition with Curie temperature
around 470 8C. Both theoretical calculations and experiments
suggest that increasing epitaxial compressive or tensile strain will
increase the paraelectric–ferroelectric transition temperatures.
Fig. 6(a) shows the stability regions of various domain structures
in the misfit strain–temperature phase space for (0 0 1)-oriented
PbTiO3 films obtained by phase-field simulations [61]. For a given
temperature, the equilibrium domain structures can be single c-
domains (large compressive strain), c/a1/a2 three domain state
(intermediate strain), or a1/a2 two-domain state (large tensile
strain). By incorporating an inhomogeneous domain structure in
the electrostatic interaction, the boundary between the regions
with c/a1/a2 and c-domains will shift to lower compressive strain
side [86], as shown in Fig. 6(b). A ‘‘misfit strain–misfit strain’’
domain stability diagram was also predicted from different
simulations such as thermodynamic calculations and phase-field
modeling [86–89]. These two methods provide rather different
phase diagrams that are not only quantitatively but also
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Fig. 6. (a) Domain stability map of PbTiO3 thin films as a function of temperature and isot
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symbols are from phase-field simulation and the solid lines are from thermodynamic ca

thermodynamic calculations assuming a single-domain state [92].
qualitatively different (Fig. 6(c)). Experimentally the thickness
dependence of ferroelectricity in PbTiO3 films has been intensively
investigated. Because both thickness and strain have dramatic
effects on the ferroelectric properties, an enhancement of TC was
observed in thicker films but a reduction of TC also showed up in
ultra-thin films [12,48,65,90,91].

Pb(ZrxTi1�x)O3 (PZT) is a substitutional solid solution which
exhibits good piezoelectric properties and plays a significant
technological role in actuators and transducers. As shown in
Fig. 6(d), the strain–temperature phase diagram of PZT is
composition dependent [92]. The substrate-induced strain always
increase the Curie temperature and the maximum is around x = 0.5
[92]. Monte Carlo simulations were used to investigate the strain-
temperature phase diagram of Pb(Zr0.5Ti0.5)O3 ultra-thin films, and
a vortex stripe domain was predicted that is otherwise forbidden in
bulk crystal [93]. Experimentally the PZT system was extensively
investigated thanks to the availability of high-quality epitaxial PZT
films and its convenient phase transition temperatures
[35,91,94,95].

2.1.2.2. Strained BaTiO3 films. Upon cooling to low temperatures,
BaTiO3 undergoes a cascade of phase transitions that pass through
cubic, tetragonal, orthorhombic, and rhombohedral structures.
Each of the transitions involves a change in spontaneous
polarization and lattice parameters, and therefore the substrate-
induced strain will have a drastic effect on all the transition
temperatures. First-principle calculations as well as phase-field
ropic substrate-induced strain, obtained from phase-field simulations [61]. The two

ctures. (b) Domain stability phase diagram of PbTiO3 thin films by introducing

in–misfit strain’’ domain stability diagram for PbTiO3 thin film at 25 8C. Scattered

lculation [86]. (d) Phase diagram of PZT film under 0.5% misfit strain obtained from
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analysis show that both compressive and tensile strain will elevate
the Curie temperature TC [62,96]. Fig. 7(a) shows the epitaxial
strain–temperature phase diagram of BaTiO3 based on thermody-
namic analysis. BaTiO3 thin films were coherently grown on GdScO3

and DyScO3 substrates with a misfit strain of about�1.0% and�1.7%,
respectively. The ferroelectric transition temperature shifts to
�400 8C on GdScO3 and �540 8C on DyScO3. These values are
significantly higher than the TC of bulk BaTiO3 at �130 8C. It is also
observed that the strained thin film has a remnant polarization 250%
higher than bulk BaTiO3 single crystals [13]. Multiple techniques
were employed to investigate the ferroelectric properties, including
conventional hysteresis measurement for ferroelectricity, and SHG
as well as temperature-dependent XRD for determining the Curie
temperature. The resulting ferroelectric properties demonstrate a
route to Pb-free ferroelectrics for device applications, such as
nonvolatile memories and electro-optic devices.

2.1.2.3. Strained SrTiO3 films. In its pure and unstressed state,
SrTiO3 is not a ferroelectric at any temperature. However, due to
the strong coupling between polarization and strain, ferroelectric-
ity is found to be induced by both small compressive and tensile
strains. A rich phase diagram has been presented in Ref. [97],
showing that the instabilities and their coupling are very sensitive
to the misfit strain. Phase-field simulations were used to calculate
the ferroelectric and structural domain morphologies at different
strain states [63]. The Curie temperature is predicted to increase as
the misfit strain increases. Fig. 7(b) shows the predicted shift in TC

for SrTiO3 under biaxial strain [11]. The shaded region shows the
uncertain range in predicted TC due to the variation in reported
property coefficients for SrTiO3. This prediction implied that 1%
tensile strain would be sufficient to shift the TC of SrTiO3 to room
temperature. The epitaxial strain-induced room-temperature
ferroelectricity in SrTiO3 thin film was observed by growing the
thin film on (1 1 0) DyScO3 substrates [11]. The strained thin films
also display remarkable dielectric properties that were previously
only accessible in the bulk at cryogenic temperatures [11].
Recently, anisotropic strain was introduced by growing SrTiO3

on orthorhombic (1 0 1) DyScO3 [69]. The anisotropic biaxial strain
was found to lead to a new ferroelectric domain reorientation
transition that is not observed in isotropically strained films [98].

2.1.2.4. Strained BiFeO3 films. Ferroelectric BiFeO3 differs from the
previous titanate-based ferroelectrics in that the ferroelectricity in
BiFeO3 derives from the movement of lone pair electrons in Bi ions.
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Fig. 7. The epitaxial strain–temperature phase diagram of BaTiO3 (a) and SrTiO3 (b) thin fi

represent the range in the predicted TC due to the variation of reported property coeffici

referred to the web version of the article.)
It is reported that BiFeO3 grown on SrTiO3 substrate shows an
enhanced room-temperature spontaneous polarization that is an
order of magnitude higher than that of the bulk [16]. First-principle
calculations show that the observed enhancements originate from
a high sensitivity of the polarization to small changes in lattice
parameters [16]. In contrast to conventional perovskite ferro-
electrics, first-principle studies on BiFeO3 show that the electric
polarization of a (1 1 1)-oriented BiFeO3 film is almost indepen-
dent of epitaxial strain [99,100]. The magnetization of BiFeO3 is
also independent of strain, although the incorporation of oxygen
vacancies can alter its magnetization [100]. Recent thermody-
namic calculation shows a strong dependence of spontaneous
polarization on substrate-induced strain on (0 0 1) BiFeO3 thin
films [101–105]. The strain dependence of remnant polarization
were investigated on the same epitaxial (0 0 1) BiFeO3 thin film
capacitors before and after releasing them from an underlying Si
substrate to which they were strained and clamped [106]. The
results show that the out-of-plane polarization of (0 0 1)-oriented
BiFeO3 thin films is strongly dependent on strain. Fig. 8(a) shows
the misfit strain–temperature phase diagram of (0 0 1) single-
domain BiFeO3 thin films [105]. Similar to other conventional
perovskite ferroelectrics, the misfit strain in BiFeO3 will result in
the increase of Curie temperature by either compressive or tensile
strain. The ferroelectric domain structures of epitaxial BiFeO3 thin
films were modeled using the phase-field approach, as shown in
Fig. 8(b). The domain structures strongly depend on the substrate
constraints [107]. The formation of a morphotropic phase
boundary via epitaxial strain in BiFeO3 films was demonstrated
recently. As piezoelectric materials are typically characterized by
the intimate coexistence of two phases across a morphotropic
phase boundary, this discovery makes this Pb-free system highly
interesting for probe-based data storage and actuator applications
[105].

The control of ferroelectric polarization variants in BiFeO3 also
attracted a lot of attention. The domain patterns were imaged
using PFM. Scans taken with the tip field pointing along the
principal crystallographic directions enabled researchers to
reconstruct the polarization direction from the eight different
variants [81,82,108]. By carefully choosing the substrate, one can
control the domain pattern at the nanometer scale [109,110]. The
stability of domains and domain walls was also investigated and it
was observed that strain can result in a drastically different
thermodynamic stability of two parallel domain walls with the
same orientation [111].
lms from phase-field analysis [11,13]. The green region in (a) or shaded region in (b)

ents. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 8. (a) Phase stability diagram of (0 0 1) BiFeO3 thin film as a function of temperature and misfit in-plane strain [105]. (b) Domain structures of (0 0 1) BiFeO3 thin films

from phase-field simulations, which corresponds to different substrate constraints [107]. The states are: (top left) e011 = e011 = �0.01, e012 = 0; (top right) e011 = e011 = 0, e012 = 0;

(bottom left) e011 = e011 = �0.01, e012 = 0; (bottom right) e011 = e011 = �0, e012 = 0.005.

J. Cao, J. Wu / Materials Science and Engineering R 71 (2011) 35–5242
2.2. Magnetoresistive manganese perovskites

The observation of colossal magnetoresistance (CMR) effect in
doped manganites has attracted considerable attention motivated
by desire to understand and improve the electronic and magnetic
properties of these materials [112]. This family of compounds have
chemical formula Re1�xAxMnO3, with Re a rare earth such as La or
Pr and A a divalent alkali such as Sr, Ca, or Ba. By adjusting the
doping level x, the manganites show a rather complicated phase
diagram that can be characterized by magnetic, electric, and
charge-ordering properties. Upon temperature increase, properly
doped manganites exhibit a low-temperature ferromagnetic
metallic to high-temperature paramagnetic insulating phase
transition and the colossal magnetoresistive effect occurs near
the transition. These behaviors can be understood to first-order
approximation within the framework of double exchange theory.
Recently, it is shown that the double exchange physics alone does
not fully explain the CMR effect of manganites, and the strong
electron–phonon interaction arising from the Jahn–Teller splitting
of the outer Mn d level electrons should be addressed [113–115].
As a result, the application of strain is predicted to have substantial
effects on the transition temperature and magnetic properties by
modulating the Jahn–Teller splitting.

In addition to the double exchange theory and Jahn–Teller
splitting effect, the drastic change in resistivity upon the
application of magnetic field has also been interpreted in terms
of an electronic phase separation model [116]. In this model, the
transition is predicted as a percolative effect. Spatial electronic
phase inhomogeneity at the nano- to microscale has been widely
observed in strongly correlated electron materials and the origin is
still under debate [3]. In manganites, existing theories explain the
origin of phase inhomogeneity by either an intrinsic mechanism
arising from inherent properties of such strongly correlated
electron systems [117,118], or extrinsic mechanisms based on
effects of chemical disorder or local strain distribution [119]. If the
phase separation is extrinsically induced by elastic strain, lattice
strain may provide an effective way to engineering the phase
transition and domain pattern.

2.2.1. Phase separation and domain pattern

Spatial phase inhomogeneity or domain structures have been
observed in CMR manganites, where multiple phases such as
ferromagnetic metallic (FMM) and antiferromagnetic insulating
(AFI) phases coexist at nano- to microscale at temperatures where
a pure phase is expected [120–124]. This phase separation is
believed to be fundamentally related to the CMR effects in
manganites [116]. In the presence of quenched disorder, the two
states are nearly degenerate and therefore they can coexist. In this
regime, small perturbations such as magnetic field can drastically
change the properties of the materials and globally driver the
system to the FMM phase [3].

Despite decades of investigation, the question of whether the
phase inhomogeneity is intrinsic or caused by external stimuli
(extrinsic) still remains open. The nanoscale inhomogeneity is
typically explained by electronic phase separation, where charge
density is an order parameter in the simulations. The long-range
Coulomb interaction is not included in the model. When quenched
disorder is included, by incorporating long-range effects, such as
Columbic forces or cooperative oxygen octahedral distortion
[117,125], the system will develop inhomogeneous phases.
Calculations incorporating elastic energy only [119], or within a
phenomenological Ginzburg–Landau theory [126], could also lead
to inhomogeneous phase patterns. The theory of strain-induced
metal–insulator phase coexistence in manganites is of special
interest [119]. In this model, the phase with short and long-
wavelength lattice distortions is insulating and that without lattice
distortion is metallic. The structural aspect will be the primary
reason that causes the multiphase coexistence. As shown in Fig. 9,
the relaxed system tends to contain distorted insulating regions
due to the extended long-range correlations. In this model, the
domain formation is self-sustained. External stimuli such as strain
can be used to sensitively manipulate patterns of metallic and
insulating regions and thus makes possible the control of nano-
engineered functional domains in manganites. The idea of strain-
induced metal–insulator phase separation was tested recently
[127]. Researchers were able to induce anisotropic electronic
domains along a preferential orientation of La5/8�xPrxCa3/8MnO3

(x = 0.3) (LPCMO) thin film by epitaxially locking it to an
orthorhombic NdGaO3 (NGO) substrate. As shown in Fig. 10,
interesting anisotropic properties were observed in this system,
which indicate that the percolative conduction channel is
anisotropic. These findings suggest that the origin of phase
coexistence can be strongly influenced by elastic energy rather
than local chemical inhomogeneities [127]. The evolution of phase
domains in double-layer manganite Sr3(Ru1�xMnx)2O7 under
mechanical stress was also imaged with electron microscopy
and the results point toward the important role of strain in phase
separation [128]. Although the exact origin of the phase separation
is still under debate, its importance to understanding the
manganite physics is now widely accepted.

2.2.2. Effects on transport properties

If elastic strain is the reason that induce the phase separation, it
can definitely affect the transport properties of CMR thin films
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Fig. 9. Simulations for strain-induced metal–insulator phase coexistence in perovskite manganites [119]. (a) The p3 ¼ s2
x � s2

y field initial configuration, where sx and sy

represent the short wavelength modes. (b)–(g) Time-sequence of p3 during energy relaxation. (h) Final stable stage. (i) and (j) Electronic properties obtained by numerically

solving the Su–Shrieffer–Heeger Hamiltonian on the elastic templates.
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through redistribution of the inhomogeneous phases [127]. There
are several other structural effects on electronic properties in
manganites. One structural influence is that lattice strain can
distort the Mn–O–Mn bond angles away from 1808 or enlarge the
length of Mn–O bonds length so that the electronic band width will
be reduced. As a consequence, the ferromagnetic double exchange
interaction will decrease and therefore the electric and magnetic
properties of the manganites will be affected [129]. The other
important structural effect originates from the Jahn–Teller
electron–phonon coupling [113]. In the cubic perovskite-type
lattice, the Mn 3d eg level is twofold degenerate in octahedral MnO6

coordination but the degeneracy is lifted by a uniaxial distortion of
the octahedron. The epitaxial strain in films will have similar effect
since it favors certain eg electron orbitals. Therefore strain that
reduces the Jahn–Teller splitting will increase the electron hopping
amplitude, while strain that increases the Jahn–Teller splitting will
make the electrons to become more localized [113]. If the film is
originally in nearly cubic lattice, both tensile and compressive
strains tend to reduce the Curie temperature (TC) and saturated
[(Fig._10)TD$FIG]

Fig. 10. (a) LPCMO film on an NGO substrate has anisotropic in-plane strain and show

depending on which axis the transport is across. (b) Relative percentage difference bet

isotropic in-plane strain grown on SrLaGaO4 substrate showing negligible differences i
magnetization (Msat). On the other hand, if the film originally
adopts non-cubic lattice, it is possible that the biaxial strain will
enhance the transition temperature. Numerous investigations
have been carried out in investigating the effect of substrate misfit
strain on the electric and magnetic properties of manganite thin
films. La0.7Sr0.3MnO3 has a nearly cubic structure, and the
ferromagnetic Curie temperature has been reported to decrease
regardless of the sign of imposed strain [25,130–132], as shown in
Fig. 11(a). The strain dependence of TC in manganites was also
quantified using phenomenological models and it was found that
1% biaxial strain would cause a 10% shift in TC [114].

Experimentally the relationship between TC (and/or other
electric and magnetic properties) and lattice strain can be very
complicated, as the properties of manganites are sensitive not only
to strain, but also to other extrinsic variables including oxygen
vacancies, crystalline quality, thickness, compositional variation,
grain boundary, dead layer, etc. It is therefore very difficult to rule
out the effects of these extrinsic variables when studying the strain
effect using a series of thin films with different thickness. Due to
s significant difference in both the MIT temperature and the resistivity at the MIT

ween cooling curves along perpendicular in-plane directions (c) LPCMO film with

n transport properties along the two in-plane axes [127].
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Fig. 11. Strain effect on the magnetic properties of manganite thin films. (a) The Curie temperature TC versus then eB and e* strains. La0.7Sr0.3MnO3 films were grown on

different substrates with misfit strain ranging from �2.3% to +3.2% [25]. (b) Effect of strain on the transition temperature in Ca-doped (triangle), Ba-doped (square) and Sr-

doped (circle) LaMnO3 films from different literature [133]. Open symbols and closed symbols refer to underdoped (x < 0.3) and above-optimal-doped regimes (x � 0.3),

respectively. (c) TC, Msat, and out-of-plane lattice constant versus the thickness of the La2/3Ca1/3MnO3 thin films [134].
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these reasons, a lot of controversial results have been reported and
discussed in La1�xAxMnO3 (A = Ca, Sr, Ba) films. For example, Lu
et al. reported that the TC of La2/3Ba1/3MnO3 decreased with
increasing tensile biaxial strain [26,135]. Several other groups
reported that tensile strain would increase TC and reduce the
resistivity in the case of La1�xBaxMnO3 (x < 0.2) [14,136–139]. In
contrast, Murugavel et al. reported that, irrespective of whether
the substrate misfit strain is compressive or tensile, doping level
strongly affects the transport properties of La1�xBaxMnO3

[133,140,141]. Fig. 11(b) shows the relative ratio of TMI values
between films and bulk as a function of substrate-induced strain,
taken from various literature [133]. It was argued that the
substrate-induced strain does not have a systematic effect on
the transition temperature. On the other hand, the doping level
strongly influence TMI, as almost all the underdoped (x < 0.3)
manganites (open symbols) have enhanced transition tempera-
tures and the above-optimal-doped (x � 0.3) (closed symbols)
show decreased TMI. Orgiani et al. found similar effects that oxygen
nonstoichiometry greatly influence the transport properties and TC

of La0.7Ba0.3MnO3 thin films [142]. Actually, whether or not the
magnetic properties of manganites are modified by strain was also
in debate. Despite the very controversial results of strain effects on
TC and Msat of La2/3Ca1/3MnO3 [143–146], it was reported that these
properties can be suppressed by reduction of the film thickness
[134]. Fig. 11(c) displays the magnetic and structural properties as
a function of thickness. By depositing La2/3Ca1/3MnO3 films on
different substrates, a wide range of in-plane biaxial strain from
tensile (+0.98% SrTiO3), essentially zero (�0.10% NdGaO3), to
compressive stress (�1.99% LaAlO3) were established. Despite the
different structural response from different substrates, all the films
exhibit a thickness dependent TC and Msat. Even for the non-
strained film on NdGaO3 substrate, a suppression of TC and Msat

was observed [134]. These findings indicate that the decrease in TC

and Msat might be due to the two-dimensional nature of the films
instead of the strain.

In order to investigate the intrinsic lattice strain effect,
researchers recently developed a dynamic way to produce biaxial
strain in thin film by in situ inducing lattice strain in substrates on
the same thin film sample [22,147–154]. La1�xAxMnO3 (A = Ca, Sr,
Ba) films are epitaxially grown on piezoelectric (1 � x)Pb(Mg1/

3Nb2/3)O3–xPbTiO3 (or PMN–PT) single crystals. The lattice
constant of PMN–PT is larger than that of La1�xAxMnO3 films,
making the thin film be locked in a tensile strain state. Through the
ferroelectric poling or the converse piezoelectric effect, the strain
of the thin film can be varied in situ. An increase of the electric field
applied to the PMN–PT substrate will increase the out-of-plane
strain of the substrate, and consequently, induce the in-plane
compressive strain. The induced in-plane compressive strain in the
PMN–PT substrate can be transferred to the La1�xAxMnO3 film and
thus cause a decrease in the biaxial tensile strain of the films.
Consistent decrease in resistivity and increase in TC were observed
in La1�xAxMnO3 thin films [22,147–154] as the tensile strain
decreases. By ruling out the extrinsic effects such as growth
conditions, crystalline quality, etc., these in situ experiments
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demonstrate that strain indeed has strong effects on the electric
properties of La1�xAxMnO3 films through the Jahn–Teller electron–
lattice coupling.

3. Strain effects in TMO micro/nanowires

3.1. Electromechanics in TMO micro/nanowires

The coupling between electric field and mechanical strain in
piezoelectric materials has made them the most promising
candidates for converting mechanical energy into electricity.
Energy harvesting using piezoelectrics has received considerable
attention due to their potential applications as sustainable and
maintenance-free power sources to replace traditional batteries.
Piezoelectricity only occurs in non-centrosymmetric crystals by
crystallographic considerations. Recently both theory and experi-
ments suggest that, the coupling between the polarization and
strain gradient, i.e., flexoelectricity, can become very important in
electromechanical effects. Theoretical calculations also predicted
that, when the size of piezoelectrics is limited to a narrow range,
the efficiency of a nanoscale piezoelectric power generator may
increase significantly (500% in the case of BaTiO3) under
inhomogeneous strain due to the flexoelectric effect [155,156].
Flexoelectricity was also employed to fabricate piezoelectric
composites without using piezoelectric materials [157–160]. Here
the composites are fabricated using mixed non-piezoelectric
components with a textured symmetry. Upton the application of
a uniform stress, a non-uniform strain field or strain gradients will
be created and locally break the inversion symmetry [157–160]. As
the induced strain gradients increase as the composite dimensions
decrease, the piezoelectric performance of such meta-materials
would be enhanced with size reduction [159]. Strain gradient-
induced polarization has also been observed in SrTiO3 single
crystals [161]. Exploitation of flexoelectricity and the associated
nanoscale size effects can lend more insights for future design of
electromechanical systems.

The ability for harvesting environmental mechanical energy at
small scales using nanomaterials is also a key component to
integrated nanodevices. As the low power capacity of nanosized
battery will severely limit the lifetime of the entire system, a
nanogenerator that could continuously scavenge the environmen-
tal energy is essential to building self-powered nanosystems.
Researchers have demonstrated different approaches to convert
mechanical energy into electricity using piezoelectric nanowires.
For examples, Wang et al. observed a periodic voltage generation
by applying periodic tensile mechanical load on individual BaTiO3

nanowires [162]. Similarly, Dr. Z.L. Wang’s group employed a wide
variety of innovative nanotechnology-enabled methods to inves-
tigate mechanical energy harvesting by ZnO nanowires [43,163–
168]. Compared to other energy harvesting technologies such as
photovoltaics and thermoelectrics, the nanowire-based nanogen-
erators have the advantages of good performance under harsh
conditions, strong resistance to fatigue, high sensitivity to
mechanical vibration, and large surface area for surface functio-
nalizations.

Applicable piezoelectric materials are typically insulating, as
free charges will immediately screen the piezoelectric potential
once it is generated. ZnO nanowires with moderate conductivity
are able to preserve the potential for a sufficiently long time after
the mechanical deformation, which is likely caused by strong
trapping effects of the free carriers by vacancy, impurity, and/or
surface states in ZnO [169]. Although the piezoelectric constant in
ZnO is relative low compared to that of BaTiO3 or Pb(ZrxTi1�x)O3,
ZnO nanowires and nanobelts have received more attention in
recent years with promised applications in nanogenerators and
nanopiezotronics. The main advantages are that ZnO nanowires
can be relatively easily grown on all kinds of materials (crystalline
or amorphous, hard or soft) in regular arrays, and ZnO itself is
biocompatible and nontoxic to the environment. Therefore, they
can be integrated into other technologically important materials
for a wide range of applications. Studies on developments of ZnO
nanotechnology were extensively covered in two recent reviews
[43,164].

3.2. Phase transitions and domain physics under strain

As discussed in previous sections, many bulk TMOs exhibit
phase transitions where a spatial phase inhomogeneity or multiple
domains exists near the transition temperature, which obscures
experimental studies of their intrinsic properties. TMO nanoma-
terials can be made in size comparable to the characteristic domain
width, making them suitable to explore domain dynamics and
fundamental phase transition physics. In addition, as nanomater-
ials are typically single crystals and dislocation-free, they can
sustain an extremely large elastic strain without plastic deforma-
tion or fracture. Stressing the nanomaterials to exceedingly high
values enables exploration of the fundamental physics at
unprecedented levels. Investigation of the physical properties
with response to strain in TMO nanowires at small length scales
has recently attracted intense research attention. Vanadium
dioxide (VO2) is a representative TMO that exhibits a coupled
electronic and structural transition, thus offering an interesting
platform to study its phase transition at the single-domain level.

3.2.1. Phase inhomogeneity and domain organization

VO2 undergoes a first-order metal to insulator transition (MIT)
at 341 K with a change in conductivity by several orders of
magnitude [170,171]. The MIT is accompanied by a structural
phase transition from the high-temperature tetragonal phase to
the low-temperature monoclinic phase [170,172]. Upon cooling
through the MIT, the vanadium ions will dimerize and the pairs tilt
with respect to the tetragonal c-axis, causing the specimen to
expand by 1% along the c-axis [170,172]. As expected from the
abrupt change in lattice constant upon the phase transition, a
uniaxial compressive (tensile) stress along the tetragonal c-axis
direction would drive the system toward the metallic (insulating)
phase. This electronic-structural coupled phase transition is
manifested with complex yet interesting properties that have
been under investigation for decades.

Depending on whether a stress is imposed on the sample or not,
VO2 shows rather distinct optical and electronic properties. As
shown in Fig. 12(a), devices made from unstrained sample will
display a sharp drop of resistance at 341 K (single-domain device),
accompanied by an abrupt change in optical reflection, with dark
reflection corresponding to metallic phase and bright reflection to
insulating phase. On the other hand, the electrical resistance of the
clamped VO2 beams decreases gradually over a wide phase
transition temperature range (multiple-domain device). Optical
imaging of the clamped beams in Fig. 12(b) revealed that the
broadening of transition is due to the nucleation and growing/
shrinking of metallic/insulating domains as a function of temper-
ature [173]. The electrical and optical properties of VO2 thin films
share similar behavior as that of the clamped VO2 beams. As shown
in Fig. 12(c and d), the resistance–temperature curve shows a
gradual change between 341 and 343 K that corresponds to the
multiple phases coexistence [174]. In this work, the phase of VO2

during the gradual resistance change was referred to as a ‘‘strong
correlated metal’’. Combined with near-field and far-field experi-
ments, and effective medium theory analysis, it was concluded
that the metallic puddles show divergent quasi-particle mass with
a pseudogap existing in the ‘‘strong correlated metal’’ region [174].
In contrast, recent infrared studies on strain-free, single-domain



[(Fig._12)TD$FIG]

Fig. 12. (a) Four-probe resistance of single-crystal VO2 beams as a function of temperature. The free-standing VO2 beam shows single-domain behavior, whereas the clamped

beam shows multiple domains during the transition. (b) Optical images of the multiple-domain devices, showing the coexistence of metallic (dark) and insulating (bright)

domains at intermediate temperatures [173]. The scale bar is 5 mm. (c) Resistance–temperature curve of a VO2 thin film, showing the broadening of the phase transition. (d)

Images obtained by scattering scanning near-field infrared microscope showing the coexistence of metallic (green) and insulating (dark blue) phases of a VO2 thin film [174].

(e) Optical image of clamped VO2 at 338 K showing periodic metallic and insulating domains. The width of the VO2 beam is around 1.5 mm. (f) Schematic diagram showing the

periodic domain pattern of a VO2 beam coherently strained on a SiO2 substrate [175]. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of the article.)
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VO2 samples revealed that the phase transition is very abrupt. The
metallic puddles with divergent effective mass and pseudogap that
were proposed in thin films were not observed in such single-
domain VO2 crystals [176]. Therefore, work on samples with size
smaller than the characteristic domain size helps to reveal intrinsic
properties of complex oxides in the homogeneous limit that are
hidden from experiments on multiple-domain samples [176]. In
strained VO2 beams, the multiple-domain coexistence can be
understood through analysis of energy minimization [175]. A fully
coherently strained VO2 beam bottom clamped on the substrate
exhibits periodic domains (Fig. 12(e)). Such a domain pattern forms
spontaneously as a result of competition between strain energy in
the elastically mismatched VO2/substrate system and domain-wall
energy in the VO2 (Fig. 12(f)). The period of the pattern is determined
by the balance between the strain-energy minimization that favors
small, alternating metallic-insulating domains and domain-wall
energy minimization that opposes them [175].

3.2.2. Investigation of phase transition at the single-domain level

By investigating the electrical and optical properties of VO2 at
the single-domain level, it is possible to discover new properties of
its phase transition in unprecedented detail. For example, it has
been a topic of debate for decades that whether the MIT is
fundamentally driven by electron–electron correlation, therefore
is a Mott transition, or by electron–lattice interaction, therefore a
Peierls transition [179–181]. In the Mott transition picture, the
insulating phase is a Mott insulator where the bandgap opens
because of Coulomb blockade between strongly localized d
electrons at the vanadium sites. In the Peierls transition picture,
the bandgap exists because of lattice potential modulation by the
vanadium dimerization. There are many experimental evidences
that support both mechanisms [179–181]. The controversy is
largely due to the poorly understood near-threshold behavior in
thin films or bulk crystals, where phase separation and domain
formation prevent direct measurements of intrinsic electronic and
optical properties. To circumvent this issue, the electrical
properties of VO2 beams were investigated at the single-domain
level. As shown in Fig. 13, when the beam is clamped onto a
substrate at its two ends, VO2 was forced to move along the metal/
insulator phase boundary in the stress–temperature phase space,
and a constant resistivity was observed for the insulating phase
[177,178]. More detailed experiments to test such a constant
threshold resistivity over a wider range of space including both
tensile and compressive states were also performed [182]. It was
theoretically demonstrated that, although temperature and stress
are two independent experimental parameters, when both are
being turned to the threshold of MIT, the effect of increasing
thermal excitation is exactly counter-acted by the effect of
bandgap widening, such that a constant threshold resistivity is
maintained [182]. The constant threshold resistivity means that
the transition to the metallic phase occurs only when the electron
density reaches a critical strength. Such a constant carries density
indicates that the MIT is triggered fundamentally by electrostatics
in the system, because the non-degenerate carrier density is not
sufficiently high to directly distort the energy bands or stabilize a
different lattice structure.
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Fig. 13. (a) Schematic view of the path for a fixed length VO2 beam moving in the uniaxial stress–temperature phase diagram [177]. (b) Resistivity of the insulating phase of

VO2 as a function of temperature. A constant resistivity (at 60–100 8C) is observed when the system moves along the phase boundary [178].
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3.2.3. Superelasticity in phase transition

Superelasticity (or pseudoelasticity) has been widely observed
in shape memory alloys, where an applied stress can cause a
reversible phase transformation between the austenitic and
martensitic phases of a crystal [183]. The superelasticity originates
from the reversible creation and motion of domain boundaries
during the phase transformation rather than from bond stretching
or the introduction of defects in the crystal lattice. TMOs are
typically brittle and can only be stretched or compressed for an
extremely small percentage. In TMOs with phase transitions,
control of the domain-wall motion may provide an effective way to
realize superelasticity. This effect has been recently demonstrated
in the first-order MIT of VO2 [184]. An AFM tip was used to bend a
VO2 nano-cantilever and the force–displacement (f–w) curves was
recorded, as shown in Fig. 14(a) and (c). At small deflections, the f–
w curve is linear as expected [184]. The slope of this linear part can
be used to determine the Young’s modulus of VO2. At large
deflections (but still within the reversible, elastic regime), VO2

beam shows superelasticity, as evidenced by the appearance of
kinks and nonlinearity. These kinks are reproducible upon
repeated bending of the VO2 nanobeams and occur at lower
displacements at temperatures that are closer to the natural
transition temperature ðTo

CÞ. At the same degree of deflection, no
such kinks were observed when bending nanobeams with similar
size but made of materials without phase transition, such as ZnTe
nanowires. Fig. 14(b) shows optical images of side-bending a
wider VO2 beam, which suggests that the nonlinearity and kinks in
the f–w curve is related to the creation and motion of new domains.
Phase-field modeling was also used to simulate the f–w curve and
obtained qualitatively similar results, as shown in Fig. 14(d).

The superelastic behavior observed during the MIT in VO2

provides a new route to investigate the solid-solid phase
transitions in general. The dynamics of force–displacement curve
during the transition can be easily understood by comparing it
with the condensation–evaporation process between a liquid and
its vapor. When the vapor is compressed isothermally below the
critical temperature, the pressure first increases following the ideal
gas law, then reaches a plateau where liquid droplets nucleate out
of the vapor forming a liquid–vapor coexisting system [185]. In this
coexisting state the compressibility of the system diverges,
because the decrease in total volume is accounted for by the
conversion of more vapor into much denser liquid, rather than to
increase pressure as in the pure ideal gas. The pressure–volume
curve in this system is equivalent to the f–w curve in VO2
nanobeam. At temperatures lower than the natural transition
temperature, the bottom edge at the root of the nanobeam will be
compressively stressed with increasing bending. At a critical
compressive stress, new metallic domains start to nucleate out of
the original insulating phase, and the bottom portion of the
nanobeam root enters a metal–insulator phase coexisting state. As
the nanobeam is further bent beyond the critical stress, the
metallic domains start to grow in response to the increasing
uniaxial compression and a vanishing Young’s modulus is expected
from the metal–insulator coexisting part (bottom portion) of the
nanobeam. The top portion of the nanobeam is under tension and
therefore remains in the original insulating phase. The overall
Young’s modulus measured is the effective Young’s modulus of the
‘‘composite’’ beam and therefore a lower but non-zero slope of the
f–w curves is observed in this region. At temperatures higher than
the natural transition temperature, similar scenario exists except
that now new insulating domains nucleate out of the metallic
phase in the top portion of the nanobeam as a result of the
maximum tensile stress there [184].

3.2.4. Domain dynamics and manipulation

The dynamics of domains in response to external stimuli are
also attractive as they provide an effective route to control and
manipulate the domains at small scales. A current-driven phase
oscillation and domain-wall propagation have been observed in
tungsten-doped VO2 nanobeams [186]. The domain oscillation
occurs through the axial drift of a single metallic-insulating
domain-wall driven by a combined effect of Joule heating and
Peltier cooling. Through actively bending single VO2 beams, it has
been shown that strain can produce ordered arrays of metallic and
insulating phases along the length [173]. Fig. 15(a) shows the
development of an array of triangular domains along a bent VO2

beam imaged at different temperatures [173]. Metallic domains
nucleate out of the insulating phase at elevated temperatures, and
the system reaches a 50–50% coexistence of metallic and insulating
domains at the natural phase transition temperature. The
dynamics of the domain evolution can be successfully captured
through phase-field modeling, as shown in Fig. 15(b). In particular,
strain was also used to lower the temperature of the transition
from its bulk value of 341 K to room temperature, which paves the
way for future potential applications. Enabled by the sensitivity of
the electronic phases to local strains, external stress was used to
manipulate and engineer these functional domains. As displayed in
Fig. 15(d) [173], an array of metallic-insulating triangular domains
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Fig. 14. Superelastic metal–insulator phase transition in VO2 beams. (a) Schematic view of bending a VO2 nano-cantilever using an AFM tip. (b) Optical images of side-bending

a wide VO2 beam, showing the nucleation of new domains with increasing stress. (c) Force–displacement curves of a VO2 cantilever measured at various temperatures. The

curves are vertically offset for clarity. Arrows show the position of the first kink on each curve. (d) Simulated force–displacement curves for a beam demonstrating the slope

change that occurs at the onset of new domain formation [184].
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Fig. 15. Domain dynamics and manipulation with strain in VO2 [173]. (a) Optical images of an array of triangular metallic domains nucleated and co-stabilized by tensile and

compressive strain along a bent microbeam. (b) Phase-field modeling of domain formation in a bent VO2 beam. From top to bottom: First, initial state of random phase

distribution; Second, equilibrium phase distribution at the natural MIT transition To
C ; Third, equilibrium strain (exx) distribution at To

C : yellow and dark green denote the

maximum tensile and maximum compressive strain, respectively; Forth, Equilibrium strain-energy density distribution: yellow denotes the highest strain-energy density:

dark green denotes the lowest. (c) Uniaxial compression reversibly induces a metal–insulator transition at room temperature. Here h is the fraction of metal phase along the

beam. (d) Strain engineering domains in a flexible VO2 microbeam. Scale bars in (a), (c), and (d), 10 mm. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Fig. 16. (a) High-resolution optical and SEM images of a bent VO2 beam near the

natural metal–insulator transition temperature (341 K), showing an array of

triangular insulating (bright) and metallic (dark) domains and fine striped structure

(M2 phase) within insulating domains. The scale bar is 500 nm. (b) The uniaxial

stress–temperature phase diagram of VO2 obtained by in situ optical and SEM

imaging of VO2 beam bending. The lines are guides to the eyes. The rectangular bar

area near zero strain is the narrow phase space previously explored in bulk VO2

[194].
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are created and eliminated by simply modulating the local strain
state of a bent VO2 beam. The ability to engineer phase
inhomogeneity and phase transition with strain in VO2 opens
opportunities for designing and controlling functional domains for
device and sensor applications. As distinctly different physical and
chemical properties are associated with the metallic and insulating
phases, interfacing strain-engineered VO2 with other molecular,
nano- or polymeric materials may provide new assembly
strategies to achieve collective and externally tunable properties.
Recently strain was also employed to manipulate ferroelastic
domain patterns in VO2 nanowires and nano-platelets [187].
Similar approaches can be applied in other TMOs and may lead to
new revolutions of strain engineering solid state materials to
achieve collective functionalities.

3.2.5. New phase stabilization with strain

The role of the structural transition from the monoclinic to
rutile phases during the MIT in VO2 has been well documented.
This monoclinic phase is typically referred to as M1 phase and the
rutile phase is R. It is known that strain can complicate the phase
transition and induce another monoclinic structure of VO2, the M2
phase [188]. The structure of M1 phase is characterized by a
dimerization of vanadium atoms and a tilt of these pairs with
respect to the rutile c-axis. In M2 structure, however, only half of
the vanadium atoms dimerize while the other half form zigzag
chains. M2 structure has been widely observed in Cr-doped
samples [170,172,189]. Recent experiments show more evidence
that under certain strain state M2 can act as a transitional structure
for the phase transition from M1 to the R phase [190–194].
Working on an ensemble of single-crystal VO2 nanowires with in

situ synchrotron XRD, it is proposed that surface-stress can induce
the M2 phase [190]. The influence of substrate on the production of
VO2 nanoparticles in M1 and M2 phases were also studied [191].
Extensive measurements using infrared scattering–scanning near-
field optical microscopy, Raman spectroscopy, and electrical
transport have been performed to probe these phases [192–
194]. Recently the complicated phase diagram covering all three
phases (M1, M2 and rutile) over a wide strain range has been
mapped out using VO2 nanobeams, taking advantage of their
superior elastic flexibility [194], as shown in Fig. 16(b). Here the
complex stress–temperature phase diagram were determined
through a combination of in situ optical microscope and SEM [194].
The insulating M1/M2 phases from the metallic R phase can be
differentiated by their different optical contrast, and the M1 phase
from M2 phase can be differentiated by the twinning caused
surface corrugation in the latter (Fig. 16(a)). Through high-
resolution optical or SEM imaging at various temperature and
different bending states, the critical strain at which the system
needs to cross the phase boundary in the stress–temperature phase
diagram can be determined. Enabled by the superior mechanical
properties of single-crystal beams, the uniaxial stress–tempera-
ture phase diagram of VO2 was expanded more than an order of
magnitude wider than that was previously achieved in the bulk
[188]. Electrical resistance across the insulating M1 and M2 and
metallic R phases was measured over the extensive phase diagram,
and the M2 phase was found to be more resistive than the M1
phase by a factor of three. The approach can be applied to other
strongly correlated electron materials to explore remote phase
space and reveal and engineer new properties.

The different crystal structures of R, M1 and M2 phase make
them also distinguishable in micro-XRD (mXRD) [190]. These three
structural phase can also be easily differentiated by Raman
scattering through the distinct phonon modes at 608 cm�1 (M1
only), 645 cm�1 (M2 only), and featureless spectrum (metallic R)
[192,193]. With increasing temperature, it was found that VO2

beam initially in M1 phase will convert to M2 phase before the final
conversion to full metallic phase as: M1!M1 + R!M2 + R! R.
On the other hand, those crystals initially in the M2 phase will
transform to R phase directly without passing the M1 phase as:
M2!M2 + R! R [193]. These findings agree well with the
proposed stress–temperature phase diagram [194]. By simulta-
neously performing transport experiments and Raman spectros-
copy on the same VO2 specimen, it is possible to deduce the
electrical properties of different phases and associate the
structural domain formation with the MIT [192]. The carrier
activation energy is reported to be 0.09 eV for M1 phase and
0.43 eV for M2 phase [192]. By direct injection of charge carriers
into clamped devices, a metallic monoclinic phase was also
reported [192]. This demonstrates that the electrical and structural
phase transitions in VO2 may be decoupled, in which a ‘‘true’’ Mott
metal–insulator transition would occur.

4. New opportunities for applications

The strong interactions between spin, lattice, and charge in
TMOs make them well suited for investigating a wide variety of
properties through their dependence on strain. Strain engineering
provides new routes to achieving novel functionalities in advanced
materials that can be tailored for many potential applications.
Examples include Pb-free ferroelectrics [11,13,105], strain–Mott
transistors [173], strain sensors [195], and power generations
[165,166], etc. The significant enhancements in Curie temperature
and remnant polarization in strained ferroelectrics can be used to
replace Pb-based ferroelectrics in potential applications such as
ferroelectric random-access memory. Although the effects of strain
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on CMR manganite thin films are still controversial, understanding
the domain textures and strain-induced magnetic properties is
crucial to several technological areas such as magnetic data storage
and magnetic sensors. There are many applications for strain
engineering in TMO nanowires. Strain-induced domain wall across
the metal–insulator transition has been employed to accurately
determine the Seebeck coefficient of Schottky junctions [196].
Taking advantage of the spontaneous strain associated with the
structural change of the phase transition, a colossal thermal-
mechanical actuation in VO2 microcantilevers was reported,
making them suitable for thermal sensors, energy transducers
and actuators with unprecedented sensitivities [197]. The intro-
duction of nanopiezotronics should be highlighted here. The basic
principle of nanopiezotronics is to use the coupled piezoelectric
and semiconducting properties of ZnO nanowires, or other systems
that possess these properties, for designing and fabricating devices
and components [198]. Many examples such as piezoelectric field-
effect transistors, diodes, and humidity sensors have been
demonstrated using ZnO nanowires [199–204].

In addition to understanding the properties of existing
materials, first-principle calculations have been used to design
and discover new materials for future applications. It has been
predicted that the strong coupling between spins, optical phonon,
and strain can be used to design new multiferroics (simultaneously
ferromagnetic and ferroelectric) in strained EuTiO3 [205]. Although
unstrained EuTiO3 is paraelectric and antiferromagnetic at low
temperatures, first-principle calculations indicate that the mag-
netic (electric) phase control can be achieved by an applied electric
(magnetic) field in EuTiO3 thin films with�1% biaxial compressive
strain. Further, ferroelectrically induced weak ferromagnetism has
been predicted in perovskite MnTiO3 and FeTiO3 [206]. It is noted
that MnTiO3 and FeTiO3 have a ground state ilmenite structure.
Growing these materials epitaxially on perovskite substrates
might be able to stabilize their ground state perovskite structure
and to achieve the multiferroic properties in these compounds.

5. Conclusions and outlook

We have presented a comprehensive review of strain effects in
TMOs. Engineering strain in TMOs provides a new strategy to probe
intrinsic properties and achieve novel functionalities.

Many of the fascinating properties of TMOs originate from the
interactions among spin, lattice, and charge degrees of freedom.
Lattice strain thus can be used to sensitively tune the electrical,
optical, and magnetic properties of these materials. Percent-level
strains were applied on coherent epitaxial growth thin films and
remarkably different properties have been obtained. They can turn
materials that are not ferroelectric at any temperatures into a
ferroelectric at room temperature [11]. They can enhance the Curie
temperature and remnant electric polarization for better ferro-
electrics [13,16]. The effect of strain on phase inhomogeneity and
transport properties of CMR manganites have been addressed,
although many of the topics still remain open and future
experiments are needed to solve these problems. The coupling
of electric field and mechanical strain in TMO piezoelectric
nanowires provides routes for energy harvesting at small scales
and many other potential applications using the piezoelectric
effects [43,198]. The unique size and extremely flexible mechanical
properties of TMO nanowires offer a platform to investigate
intrinsic properties such as phase transition, domain dynamics and
domain manipulations [173,175,178,182,193,194]. Theoretical
calculations not only yielded extensive and detailed understanding
of the experimental observations, but also offered opportunities of
designing and discovering new functional materials [205,206].

There is still a long way to go for a full control of strain in TMOs.
Improved theoretical models, synthesis techniques and character-
ization tools are needed to provide a comprehensive understand-
ing of the strain effect. There are still many open questions of the
strain effect on manganite films, such as the origin of phase
inhomogeneity and its effect on transport properties. Systematic
investigations, especially in situ experiments, are key components
to resolving these enigmas. TMO nanowires can sustain an
extraordinary amount of uniaxial strain as well as be subjected
to continuously tunable external stress, making them suitable for a
variety of in situ experiments. The availability of TMO nanowires
and in situ characterization techniques are critical for future strain
experiments. Strain engineering of TMOs provides great opportu-
nities for scientific breakthroughs as well as technological
innovations that are beneficial to the society.
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