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 Induced Ferroelectric Phases in SrTiO3 by a Nanocomposite Approach

Erik Enriquez,†,a,b Qian Li,†,c Pamela Bowlan,a Ping Lu,d Bruce Zhang,e Leigang Li,e Haiyan Wang,e 
Antoinette J Taylor,a Dmitry Yarotski,a Rohit P. Prasankumar,a Sergei V. Kalinin,f Quanxi Jia, g Aiping 
Chen*,a,b

Inducing new phases in thick films via lattice strain is one of the critical advantages of vertically aligned nanocomposites 

(VANs). In SrTiO3 (STO), the ground state is ferroelastic, and the ferroelectricity in STO is suppressed by the orthorhombic 

transition. Here, we explore whether vertical lattice strain in three-dimensional VANs can be used to induce new 

ferroelectric phases in SrTiO3:MgO (STO:MgO) VAN thin films. The STO:MgO system incorporates ordered, vertically aligned 

MgO nanopillars into a STO film matrix. Strong lattice coupling between STO and MgO imposes a large lattice strain in the 

STO film. We have investigated ferroelectricity in the STO phase, existing up to room temperature, using piezoresponse 

force microscopy, phase field simulation and second harmonic generation. We also serendipitously discovered the formation 

of metastable TiO nanocores in MgO nanopillars embedded in the STO film matrix. Our results emphasize the design of new 

phases via vertical epitaxial strain in VAN thin films.

1. Introduction
Strain engineering provides tremendous opportunities in 
fundamental research and technological applications for epitaxial 
thin films.1-5 Vertically aligned nanocomposite (VAN) thin films with 
two phases epitaxially grown on a substrate extend conventional 
strain engineering via the substrate to vertical strain engineering via 
vertical interface couplings between these two epitaxially grown 
phases.6, 7 Vertical strain engineering provides unique advantages to 
tune the functional properties of thick films.8, 9 Strain in both lateral 
heterostructures and VANs has thus been used to tune 
ferroelectricity,9-12 superconductivity,13, 14 magnetic anisotropy,15, 16 
and magnetotransport.8, 17 Beyond strain tuning of bulk physical 
properties, the growth process in VANs can induce structural and 
chemical changes including symmetry breaking at vertical interface, 
defects, and microstructure modulation. Some of them have been 

used to tune functionalities in VANs.7, 18-22 For example,  oxygen 
vacancies at the vertical interfaces could serve as both electronic and 
ionic conduction pathways.23-26 These phenomena could be used to 
design high-density memory devices,27, 28 and solid oxide fuel cells.29, 

30 The interplay between strain tuning of physical properties and 
strain relaxation through structural and chemical changes has been 
extensively explored in classical lateral heterostructures.31-36 For 
example, it was reported that defect formation (e.g., cation or 
oxygen vacancies) and microstructure modulation are coupled with 
strain relaxation in thin films.37-39  However, strain-defect-
microstructure-function correlation in VANs is not well-established. 
It is therefore critical to know how strain, defect, microstructure and 
functional properties are connected in VANs.

To explore this critical question, a model system of SrTiO3:MgO 
(STO:MgO) with a large lattice mismatch is designed, as shown in 
Figure 1. STO is a centrosymmetric quantum paraelectric material. 
The large quantum fluctuations at low temperatures and 
antiferrodistortive transition in STO suppresses ferroelectric 
instabilities and prevents the ferroelastic phase from becoming 
ferroelectric, though it was reported that terahertz pulses can induce 
a metastable ferroelectric phase and epitaxial strain can be used to 
stabilize a ferroelectric phase in STO.40, 41 MgO is a stable insulating 
oxide without significant non-stoichiometry or phase transitions. In 
addition, STO is a cubic perovskite with a lattice parameter of 3.905 
Å, and cubic MgO has a lattice parameter of 4.212 Å. A large lattice 
mismatch of ~7% is anticipated in STO:MgO VANs. Conventional 
strain engineering has demonstrated that such a large lattice 
mismatch usually favors domain-matching epitaxy, as observed in 
MgO/STO (or STO/MgO) heterostructures.42 In VANs, this large 
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mismatch could be used to design a large strain via direct lattice 
matching at vertical interfaces, as previously observed in the 
La0.7Sr0.3MnO3:MgO system.8 Therefore, this system allows us to 
study strain-induced new ferroelectric phases and other functional 
properties in this system. 

Figure 1. Design of STO:MgO vertical heteroepitaxial 
nanocomposites with induced large tetragonality in the STO phase.

Here, STO:MgO (35% in volume) thin films have been grown on STO 
substrates. The microstructure is carefully investigated by high-angle 
annular dark-field imaging (HAADF) scanning transmission electron 
microscopy (STEM). The vertical strain-induced ferroelectricity in the 
STO film matrix is investigated by piezoresponse force microscopy 
(PFM), phase field simulation and second harmonic generation 
(SHG). Our results demonstrated that VAN thin films is a unique 
approach to design large lattice strain and achieve strain-induced 
new functional properties.

2. Results and Discussion 
Strain engineering and nanocomposite film growth

Figure 2a shows the ω-2θ scan of STO:MgO thin films on STO 
substrates grown at 700 oC. The STO film peak deviates significantly 
from the STO substrate towards a lower angle. The out-of-plane 
lattice parameter ( ) of the STO phase is increased to 3.964 Å, 𝑎 ⊥
compared to bulk STO (  = 3.905 Å), corresponding to an out-of-𝑎0
plane strain of 1.5%. in the contrary, the MgO peak shifts towards a 
higher angle, and the out-of-plane lattice parameter of MgO phase 
decreases to 4.110 Å, corresponding to a compressive strain of -2.4%. 
MgO exerts out-of-plane tensile stress to the STO phase, while STO 
conversely exerts compressive stress to the MgO phase. The strain 
state in the STO phase is confirmed by reciprocal space map (RSM). 
Figure 2b shows the RSM scans around the STO (113) peak. It is clear 
that the STO phase is not fully strained to the STO substrate. The in-
plane lattice parameter ( ) of the STO phase is slightly reduced to 𝑎‖
~3.890 Å and an out-of-plane strain is estimated to be 1.5%. It has 
been reported that the out-of-plane lattice parameter of perovskite 
oxide thin films such as STO and BaTiO3 also strongly depends on the 
cation stoichiometry which is affected by growth conditions.33, 43, 44 
Indeed, defect formation (e.g., oxygen vacancy and cation off-
stoichiometry) and microstructure modulation have been reported 
to accommodate the large lattice mismatch. To investigate the origin 
of the out-of-plane lattice parameter variation in STO film matrix, we 
selectively etched the MgO pillars and investigated the STO peak 
shift. For a STO:MgO VAN film grown at 800 oC, the out-of-plane 
lattice parameter of the STO matrix is 3.928 Å. After etching away the 
MgO nanopillars, the STO film peak relaxes to 3.911 Å, indicating an 
elastic coupling between STO and MgO pillars.7 The deviation of the 
STO peak after etching could be related to a slight cation off-
stoichiometry. The cation stoichiometry is responsible for 25% of 

lattice parameter variation while vertical lattice coupling is 
responsible for 75% of lattice change. Therefore, except the elastic 
deformation, Vegard expansion of the lattice caused by defects (such 
as cation off stoichiometry) also contributes to the large out-of-plane 
lattice parameter in the STO film matrix of the VAN.45 From the 
relationship between Sr stoichiometry and lattice parameter 
provided by Brook et al.,43 we suspect that the VANs with 35% MgO 
pillars could exhibit 2-3% of Sr excess in the STO film matrix. 
However, the lattice parameter change in VANs dominates by the 
elastic vertical strain coupling and the slight cation stoichiometry also 
plays a role.

To study the microstructure of STO:MgO thin films, the HAADF-STEM 
images were collected. As shown in Figure 2c, the cross-sectional 
STEM image of STO:MgO thin film shows a clear phase separation 
with vertically and alternatively aligned MgO and STO phases on the 
substrate. The dark contrast represents MgO phase and white 
contrast represents STO phase. Figure 2d shows a plan-view STEM 
image of the same film. It can be seen that both square and 
rectangular MgO features are evenly distributed in the STO matrix 
with a pillar size of 5-10 nm. Figure 2e shows a plan-view high-
resolution-STEM (HR-STEM) image with one MgO pillar in the STO 
matrix. The rectangular MgO shape with faceted edge evolves as the 
result of the competition between strain energy and surface energy. 
The STO:MgO thin film exhibits well-defined vertically aligned 
nanocomposite (VAN) structure with vertical MgO nanopillars 
embedded in epitaxial STO film matrix. Therefore, the STO:MgO VAN 
is highly strained and MgO nanopillars are ordered in the STO film 
matrix. 

Figure 2. (a) ω-2θ XRD scan of STO:MgO VAN thin films grown at 700 
oC with 35% MgO in volume. (b) RSM of the STO:MgO VAN around 
the STO (113) peak. HADDF-STEM of (c) cross-sectional and (d) plan-
view images of STO:MgO VAN on STO substrate. (e) HR-STEM plan-
view image showing one MgO nanopillar in the STO matrix.

Strain relaxation mechanisms in STO:MgO VANs

To understand strain relaxation mechanisms in STO:MgO VAN with 
the large lattice mismatch, plan-view STEM images are further 
analyzed. Figure 3a is a plan-view HR-STEM image, showing the 
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distribution of MgO nanopillars in the STO matrix. Unexpectedly, 
larger MgO nanopillars contain another phase inside of the 
nanopillars. STEM energy-dispersive x-ray spectroscopy (EDS) 
mapping, as shown in Figure 3b, indicates the presence of Ti in the 
center of MgO nanopillars. This observation implies the formation of 
TiOx nanopillar core in MgO shell when the MgO pillar size is large. 
We speculate that the pillar core is rock salt TiO phase (lattice 
constant 4.17 Å), which is extremely similar to the rock salt MgO in 
terms of both crystal structure and lattice constant. Furthermore, 
TiO exhibits a metastable superconducting phase when previously 
grown on Al2O3 substrates.46 Our work indicates that MgO could be 
an ideal substrate to stabilize the metastable TiO phase and tune the 
superconducting properties by strain and stoichiometry. On the 
other hand, the formation of TiO core in MgO pillars also indicates 
the deficiency of Ti in the STO film matrix, which could be related to 
the inelastic components for the STO lattice parameter.

To analyze the core-shell structure formation mechanism, the 
relative distribution of pillar size based on a random sampling of 500 
nanopillars is shown in Figure 3c. The distribution centers on a 
nanopillar diameter of ~7 nm. It is interesting that a core-shell 
structure with the TiO core in the MgO shell tends to form when MgO 
nanopillars are greater than ~9 nm in diameter. The formation of the 
TiO/MgO core-shell structure in the STO matrix could be one of the 
main mechanisms for strain relaxation in regions with bigger MgO 
pillars. As known, the microstructure is a result of the minimization 
of total free energy, which is the sum of its surface and elastic 
energies.7 The ratio of elastic to surface energy for the second phase 
is proportional to its size.47 Larger MgO pillar diameter significantly 
increases the strain energy over surface energy. The formation of the 
TiO/MgO core-shell structure reduces the effective size of MgO 
pillars and decreases the elastic energy of MgO pillars, which 
minimizes the total free energy of the STO:MgO VAN.

Figure 3. (a) HR-STEM image showing MgO pillars in SrTiO3 matrix. 
(b) Top panel, a composite elemental map of Sr (green), Ti (blue) 
and Mg (red) of MgO pillars in SrTiO3 matrix. Bottom panel, EDS 
map of Sr, Ti and Mg, respectively. (c) Size distribution of random 
sampling of 500 MgO pillars. The blue curve represents the fitting 
of pillar size by the Lorentz distribution.

Strain induced ferroelectricity in STO:MgO VANs

The incorporation of MgO nanopillars in the STO matrix produces 
significant out-of-plane strain in the STO phase, and such strain could 
dramatically modify the properties of STO. To explore strain induced 
ferroelectricity theoretically, we have performed phase-field 
modeling based on the fully-coupled Landau-Ginzburg theory (see 
Method for details).48-50 In particular, the realistic microstructure 
observed by HAADF-STEM has been adopted in the model to 
reproduce the strain state of the STO:MgO VAN with high veracity. 
Figure 4a illustrates the spatial distributions of the out-of-plane 
strain (with reference to the lattice parameter of bulk STO), εzz, and 
polarization, Pz. The εzz is largely homogeneous within both phases 
across the film thickness except for the near-surface and substrate 
regions. Figure 4b presents the histograms of the strain and 
polarization field variables in the simulated box. The calculated strain 
values are in agreement with the XRD results, with a slight 
overestimate (~1.9% vs 1.5%) for εzz in the STO phase. This can be 
due to the reason that we have assumed coherent vertical MgO/STO 
interfaces, without accounting for possible strain relaxation. Due to 
this tensile strain, an appreciable polarization of ~12 µC/cm2, as 
shown in Figure 4c, is induced within the STO matrix along [001] (the 
polarization along the [100]/[010] is negligible), while laterally, this 
polarization shows fluctuations depending on the vicinity and local 
density of MgO pillars. It is known that there is a competition 
between FE transition, orthorhombic transition and quantum critical 
fluctuations in STO. The lattice strain in STO matrix imposed by MgO 
pillars destabilizes the zone boundary soft phonon modes and thus 
promotes the ferroelectric transition. 
 
To explore the potential emergence of functionalities related to zone 
boundary modes, piezoresponse force microscopy (PFM) has been 
employed to further confirm the existence of ferroelectricity in the 
STO:MgO VAN thin films. Figures 4d and 4e show typical surface 
morphology and PFM image of this VAN film. Grainy features with 
characteristic sizes of 40-50 nm are observed, and correlated with 
this morphology, the surface piezoresponse is rather non-uniform. 
Generally, those protruding regions exhibit much higher 
piezoresponse, suggesting larger out-of-plane strains. The majority 
of the surface region has well-defined local switching behavior, as 
illustrated by the switching loop area (a measure of switchable 
polarization) and selected hysteresis loops (Figures 4f and 4g). Aside 
from the variations in magnitude, all the measured loops appear to 
be symmetric and saturate at high applied voltages, which again, 
points to an inhomogeneous polarization state primarily associated 
with local strain relaxation and MgO pillar distribution. We have also 
performed PFM on the STO:MgO VAN with 22% MgO (a vertical 
strain of ~1.0%). It shows piezoelectric response (not shown), but it 
is weaker than the VAN with 1.5% strain and the switching is not as 
well-defined as 1.5% strain sample. This confirms that a larger strain 
could help to establish polarization in the STO film matrix.
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Figure 4. (a) The spatial distributions of the out-of-plane strain εzz , 
with respective to bulk STO lattice and polarization Pz in the 
STO:MgO VAN from phase field simulation. The histograms of the (b) 
calculated strain and (c) calculated polarization. (d) Surface 
morphology, (e) PFM image and (f) spatially resolved band-excitation 
polarization switching mapping of a VAN thin film with 35% of MgO 
pillars (1×1 µm2), measured at room temperature. The scale bar in 
(d), (e) and (f) is 200 nm. (g) piezoresponse vs. bias for the STO:MgO 
system at different locations in (f).

It is reported that the PFM signal can originate from both 
ferroelectricity and ionic activity of the surface. Optical SHG is further 
used to confirm the presence of ferroelectricity in STO:MgO VANs, 
since ferroelectric order produces a large second order polarization 
due to inversion symmetry breaking. The dependence of the 
measured SHG signal on the polarization of the input fundamental 
light can be used to extract the electronic and lattice symmetry.51 
800 nm, 100 femtosecond (fs) amplified Ti:Sapphire laser pulses with 
a fluence of ~0.4 mJ/cm2 and at a repetition rate of 250 kHz were 
incident at ~20o on the sample, which was placed in a continuous 
flow liquid He cryostat to control its temperature. The s and p-
polarization components of the reflected 400 nm SHG signal were 
measured versus the input 800 nm pulse polarization. The STO 
substrate  produces surface SHG as well as bulk SHG (not associated 
with FE order).52 Therefore, to distinguish SHG from the substrate 
from SHG produced in the VAN films, we also measured the SHG 
signal from a bare STO substrate for comparison. It should be noted 
that microwave spectroscopy can be used to probe weak 
ferroelectric phase transitions.53

Figure 5. Optical SHG characterization of STO:MgO thin films. The 
reflected p-polarized SHG (at 400 nm), versus the input polarization 
of the fundamental field (800 nm), and the sample temperature for 
(a) the STO:MgO VAN films on the STO substrate and (b) a bare STO 
substrate. (c) Lines taken from the images in (a) and (b) showing the 
SHG intensity versus temperature. (d) The fundamental (or input) 
polarization dependence at 220 K for the s and p components of the 
SHG signal. In this figure, the signal for the substrate was scaled up 5 
times for both s and p polarizations.

The results in Figures 5a and 5b show clear differences in the SHG 
from a bare STO substrate and the STO:MgO VAN film on a STO 
substrate. The VAN film produces significant SHG up to 270 K (the 
highest temperature measured), which slowly increases down to ~20 
K, while the substrate has very little SHG at temperatures above 160 
K. We only measured the SHG of the substrate up to 220 K, where its 
SHG became too weak to detect and no longer showed appreciable 
variation with increasing temperature. The SHG from the VANs 
continues to increase below 160 K, but with a different slope (blue 
line, Figure 5c). The SHG intensities versus input 800 nm pulse 
polarization in Figure 5d for the STO:MgO film and the bare substrate 
also have different shapes. This is indicative of different electronic 
symmetries, the latter most probably due to inversion symmetry 
breaking by the surface. 

The most compelling signature of FE in the SHG signal from the 
STO:MgO film is the C4v symmetry seen in Figures 5a and 5d. This is 
very similar to the symmetry that was previously measured in 
Ba0.1Sr0.9TiO3 and strained STO films.54, 55 This C4v symmetry is usually 
associated with ferroelectricity in this family of oxides. The weak, 
high temperature (T >160 K) SHG from the bare substrate does not 
show the C4v symmetry, and is instead surface SHG from the air/STO 
interface.52 There is also information about the FE phase transition 
temperature in the temperature dependence of the SHG. We 
interpret the inflection in the Pin, Pout curve in Figure 5c at 160 K, as 
the Curie temperature (Tc) for the strained STO phase in the 
STO:MgO VANs. However, such a vertical strain induced 
ferroelectricity could exhibit large non-homogeneity.11,56 Consistent 
with the non-uniform strain and the room temperature FE discussed 
above, this phase transition is very broad, and even at 270 K, far 
above Tc, a SHG signal indicating C4v symmetry, or FE order, is still 
present. This large Tc distribution is also consistent with the non-
uniformity of PFM data in Figure 4f, as well as reports that non-
uniform strain creates a very large Tc distribution. The 160 K 
inflection is not seen in the measurement of the substrate; in fact, 
even at very low temperatures, down to 7 K, the STO substrate never 
displayed SHG with the C4v symmetry seen in the STO:MgO VAN. 
Therefore, the combined PFM and SHG characterization has 
confirmed the presence of strain-driven ferroelectricity in the STO 
phase. 

3. Conclusion 
Epitaxial STO:MgO VAN thin films, consisting of MgO nanopillars 
embedded in a STO film matrix, have been synthesized. A large strain 
of ~1.5% is achieved in the STO film matrix. The enlarged lattice 
parameter is mainly attributed to the elastic strain coupling between 
MgO vertical nanopillars and STO film matrix while the Sr excess also 
plays a role. Vertical strain induces ferroelectricity in the STO phase, 
confirmed by both PFM and SHG characterization. The phase field 
simulation results indicate the non-uniform strain distribution, which 
is consistent with a location-dependent piezoelectric response and 
large Tc distribution in SHG. We also serendipitously discover that TiO 
nanocores are formed in the MgO nanopillars, which indicates that 
MgO could be an ideal substrate for the stabilization of a TiO 
superconducting phase. These results emphasize that large vertical 
strain is an effective approach to induce new phases in VAN thin 
films, and the discovered strain relaxation mechanisms could be 
beneficial to design other VAN systems with a large lattice mismatch. 
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4. Experimental section
Thin film growth. Epitaxial STO:MgO VAN thin films were grown on 
STO (001) and Nb:STO (001) substrates by PLD using a KrF excimer 
laser (Lambda Physik LPX 300, λ = 248 nm, 4 Hz, 2.0 J/cm2). The 
STO:MgO composite targets used for the deposition was fabricated 
by a conventional ceramic sintering process with STO:MgO molar 
ratio of 35:65 and 50:50, and the volume ratio of MgO is about 35 % 
and 22%, respectively. The two particular MgO ratios are selected as 
the strain can be as large as 1.5% and 1.0%, respectively. Prior to the 
deposition, the chamber was pumped down to a base pressure of 
1×10−6 Torr. A substrate temperature of 700°C and an oxygen 
pressure of 50 mTorr were maintained during all depositions. Both 
the target and the substrate are rotated during the deposition to 
achieve better uniformity, with an average growth rate of 
approximately 0.3 Å per laser pulse. After deposition, 500 Torr ultra-
high purity O2 and cooling at 5°C/min to 600°C, where the 
temperature was held for 1 hour. The film as then cooled down to 
room temperature at 5°C/min. 
Structural characterization. X-ray diffraction (Panalytical X’Pert PRO 
MRD), using ω-2θ, and reciprocal space maps (RSM) was employed 
to obtain information on the orientation, lattice parameters and 
epitaxial quality of the thin films. Scanning transmission electron 
microscopy (HRSTEM) was used to investigate the film 
microstructure. A FEI TitanTM G2 80-200 STEM with a Cs probe 
corrector and ChemiSTEMTM technology (X-FEGTM and SuperXTM EDS 
with four windowless silicon drift detectors) operated at 200 kV was 
used in this study.  The EDS spectral imaging was acquired by using 
an electron probe of size less than 0.13 nm, convergence angle of 
18.1 mrad, and current of ~75 pA Elemental maps were extracted 
from the spectral imaging datasets with selected EDS energy 
windows for each element.  High-angle annular dark-field (HAADF) 
images were recorded using an annular detector with a collection 
range of 60-160 mrad. 
Piezoresponse force microscopy (PFM). PFM was carried out in 
ambient environment on a commercial atomic force microscope 
(Cypher AFM, Asylum Research), using Pt-coated conductive Si 
probes (Nanosensors PPP-EFM) with medium stiffness of 2–5 N m-1. 
A tip loading force of ~300 nN was applied in the contact mode for 
all measurements. A home-built, Labview-based band excitation (BE) 
system consisting of a PXIe-6124 data acquisition card (National 
Instruments) was employed to perform BE switching spectroscopy. 
In BE, the chirp-type a.c. excitation signals typically had 1 V 
amplitude, 4-8 ms time length and 40–60 kHz bandwidth to fully 
cover the contact resonance peaks; the a.c. signals were 
superimposed on d.c. pulse switching waveforms within various bias 
windows up to ±30 V. Measured BE spectra were fitted to a simple 
harmonic oscillator model to extract intrinsic piezoresponse 
amplitude and phase signals of the STO:MgO thin films, as reported 
in the article. Spectroscopic mapping was performed by moving the 
tip over a dense grid of points evenly defined on a region of interest. 
Phase field simulation. Phase-field modeling was performed using a 
self-developed module within the framework of a commercial finite-
element method (FEM) software (Comsol Multiphysics v5.2). The 
detailed modeling parameters are available in the supporting 
information.
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