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Ferroelectric SrtMnO; Thin Film Grown on (110)-Oriented

PMN-PT Substrate

Seong Min Park, Jaegyu Kim, Gopinathan Anoop, WooJun Seol, Su Yong Lee,
Hyunjin Joh, Tae Yeon Kim, Je Oh Choi, Seungbum Hong, Chan-Ho Yang,

Hyeon Jun Lee,* and Ji Young Jo*

Exploring the unique physical properties of oxide perovskites necessitates their
growth on diverse single-crystal substrates. The thin-film growth of perovskite
SrMnO; (SMO) has been a particular focus of research due to its emerging room-
temperature multiferroicity. Herein, the epitaxial thin films of (110)-oriented
SMO are grown on the piezoelectric (110)-oriented (1-x)Pb(Mg; ;3Nb;;3)O5-
xPbTiO3; (PMN-PT) substrate. The effects of the thickness and oxygen annealing
on the crystal structure, stoichiometry, and ferroelectric properties of the SMO
thin film are systematically investigated. The tensile strain produced by the
lattice mismatch between the bulk SMO and the PMN-PT substrate causes an
expansion of the c-lattice parallel to the in-plane direction of the substrate.
The films show larger a-, b-, and c-lattice parameters than the bulk material,
resulting in volume expansion of the unit cell. This lattice expansion is attributed
to the generation of oxygen vacancies driven by the reduced formation energy
caused by the high elastic strain. Piezoelectric force microscopy reveals that the
SMO film contains domains with strain-mediated in-plane and vacancy-mediated
out-of-plane polarization. Furthermore, the piezoelectric response of the PMN-PT
substrate effectively modulates the biaxial tensile strain in the SMO film, offering
a potential strategy for controlling the crystal structure and ferroelectric prop-
erties of SMO.

1. Introduction

Perovskite oxides have been widely studied
because of their emerging multiferroicity
exhibiting ferroelectricity and magnetic
order simultaneously.' As a crucial crite-
rion, a higher magnetic transition temper-
ature has been investigated in engineered
perovskite alkaline earth manganite sys-
tems.*”)  Antiferromagnetic-paraelectric
SrMnO; (SMO) is a particularly promising
system for multiferroic ordering at room
temperature.®®! An expansion in the lattice
of the perovskite SMO can drive the off-
centering of the magnetic Mn** ion, and
thus, the ferroelectric phase at room tem-
perature.'” In bulk SMO, the partial
replacement of Sr with Ba ions results in
lattice expansion and induces a strain-
mediated ferroelectric phase.'!  The
growth of single-crystal films on substrates
with different lattice parameters, termed
strain engineering, is an alternative strat-
egy for inducing or improving ferroelectric-
ity."”l The density functional theory (DFT)
has predicted the polar phase of SMO

with polarization along the [001] and [110] direction under
<—1.4% epitaxial compressive strain and >1% tensile strain,
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respectively.®®! Therefore, an adequate choice of substrate can sta-
bilize the polar state and control the direction of polarization.

For a decade, most experimental studies on epitaxial SMO film
growth have been limited to using only few conventional
perovskite substrates with typical crystal orientation, such as
(001)-oriented LaSrAlO, (LSAO), LaAlO; (LAO), (Lag3Sro7)
(Alp¢sTag35)05 (LSAT), SrTiO; (STO), and (110)-oriented
DsScO; (DSO) substrate.*% Among these, the SMO films
grown on LSAT and DSO substrates under 1.79% and 3.68%
tensile strain, respectively, exhibited ferroelectric properties,
whereas the film grown on the STO substrate under 2.76% ten-
sile strain did not.’>'® This anomaly indicates that variables
other than the epitaxial strain, which occur during thin-film
growth, can also induce ferroelectricity. For example, oxygen
vacancies produced due to biaxial tensile strain can result in
the modification of the polar orders.'”! Research on the deposi-
tion and characterization of thin films on previously unexplored
substrates can open a path for discovering novel phases and
understanding the effects of misfit strain and other variables,
including crystal structure and defect chemistry, on their
properties.m_w]

As a candidate for functional substrate, piezoelectric materials
are currently attracting attention because the piezoelectric distor-
tion of the substrate can induce changes in the biaxial strain of
thin films in real time.?*~2? (1—x)Pb(Mg; /3Nb;3)O03-xPbTiO;
(PMN-PT), a well-known relaxor ferroelectric perovskite material,
has been widely used as a piezoelectric substrate owing to its
high piezoelectricity.”?! However, the growth of single-crystal
SMO films on PMN-PT substrate is challenging because of
the significant lattice mismatch between the bulk SMO and
PMN-PT substrate (>5.79%).**® The growth of single-crystal
SMO films on piezoelectric PMN-PT substrates requires a buffer
layer to relax the elastic energy inside the SMO film and optimize
the growth conditions to maintain the perovskite crystal struc-
ture. A systematic investigation of the interplay between strain,
defects, crystal structure, and polar states is essential to provide
insight into the structure—property relationship.

In this study, we grew a single-crystal (110)-oriented SMO thin
film on a (Lag7Sro3)MnO; (LSMO)-buffered PMN-PT substrate
using pulsed laser deposition (PLD) to investigate the effect of
strain and oxygen vacancies on the structural and ferroelectric
properties. We chose the (110)-oriented PMN-PT, which has
the largest converse piezoelectric effect owing to its high electro-
mechanical coupling with polarization rotation in the rhombohe-
dral structure.”® The effects of the growth conditions, including
oxygen partial pressure and film thickness, on the crystal struc-
ture of the SMO film were systematically studied using X-ray dif-
fraction (XRD). X-ray photoelectron spectroscopy (XPS) and
electron energy loss spectroscopy (EELS) were used to investigate
the oxygen stoichiometry of the SMO film. Unlike previously
predicted and demonstrated tensile-strained SMO films with
in-plane polarization,'***! the SMO film grown on the LSMO-
buffered PMN-PT substrate exhibited a piezoelectric response
in both the lateral and vertical directions. The hysteresis loops
of the piezoelectric force microscopy (PFM) out-of-plane ampli-
tude and phase indicate that the SMO film has ferroelectricity
with the polarization rotating toward the surface-normal
direction. In situ XRD revealed that the electric field-induced
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piezoelectric strain of the PMN-PT substrate was transferred
to the SMO film, resulting in a change in the biaxial strain.

2. Results and Discussion

Single-crystal SrMnO; (SMO) thin films with a (110),-
orientation were grown on the (Lag ;Sro3)MnO; (LSMO) buffer
layer and (1-x)Pb(Mgy/3Nb,,3)O3—xPbTiO; (PMN-PT) substrate.
The SMO films were annealed under the oxygen atmosphere of
760 Torr at 350°C to minimize leakage current and oxygen
vacancies (Vg).’” Before annealing the as-grown SMO films,
the SrRuO; (SRO) capping layer was deposited on the surface
of the film for selective oxygen annealing.!"” Through the post-
annealing with SRO capping layer, the leakage current density
(Figure S1, Supporting Information) and Vg concentration
(Figure S2, Supporting Information) of the as-grown SMO films
were effectively reduced. The difference in XRD patterns mea-
sured before and after postannealing was negligible, indicating
that conventional XRD was limited to investigating the effect of
postannealing on the crystal structure (Figure S3, Supporting
Information). The SRO capping layer was removed after anneal-
ing to avoid unexpected extrinsic effects such as structural defor-
mation. The XRD patterns measured after the capping layer
removal were similar to the patterns measured with the capping
layer (Figure S4, Supporting Information). The coupled theta-
2theta scan exhibits distinct (110) diffraction patterns of LSMO
and SMO films without the generation of a secondary phase,
indicating that both films are (110),-oriented single-crystals,
as shown in Figure 1a. A schematic of the SMO/LSMO/PMN-
PT heterostructure is shown in the inset of Figure la. An
LSMO film was used as the bottom electrode of the SMO capaci-
tor. This LSMO bottom electrode also plays a role in reducing the
misfit strain between PMN-PT substrate and SMO film from
5.79% to 2%.

To understand the effect of the oxygen partial pressure (Po,)
on crystallinity, XRD patterns of the SMO films grown under
various Po, values (1, 10, 50, and 100 mTorr) were measured,
as shown in Figure 1b. The normalized integrated intensity of
the (110), reflection of the SMO film grown at 1 mTorr was
six times larger than that of the film grown at 100 mTorr,
although they had similar film thicknesses of approximately
100 nm. We found a slightly decreased integrated intensity for
the SMO film grown at Po, lower than 1 mTorr, indicating that
growth at 1 mTorr provided the highest crystallinity in this study.

We investigated the thickness-dependent crystal structure of
the SMO film by measuring the XRD profiles of the SMO films
with thicknesses of 85, 113, and 142 nm grown at Py, = 1 mTorr,
as shown in Figure 1c. The peak positions of (110),, reflection of
85, 113, and 142 nm thick films are 26.41°, 26.40°, and 26.39°,
corresponding to out-of-plane interplanar spacing termed as
d1o-spacing of 2.713, 2.714, and 2.715 A, respectively. The
increase in d(105-spacing with increasing film thickness under
biaxial tensile strain can be as attributed to strain relaxation.
To get more information on crystallinity, we extracted the inten-
sity profile along the in-plane [-110],, scattering vector from the
coupled theta-2theta scan using two-dimensional detector
(Figure S5, Supporting Information). The SMO film with a thick-
ness of 142 nm exhibits a narrower full width at half maximum
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Figure 1. a) Coupled theta-2theta XRD scan for the SMO/LSMO/PMN-PT heterostructure grown at Po, = 1 mTorr. The inset is the schematic illustration
of the heterostructure. The out-of-plane diffraction profiles near (110),, reflection (pc denotes pseudocubic indices) for SMO/LSMO/PMN-PT hetero-
structure b) with the various Po, (1, 10, 50, and 100 mTorr) and c) with the different thickness ((SMO = 85, 113, and 142 nm) grown at Po, =1 mTorr.

(FWHM) value (0.900°) compared to the 85 nm thick SMO film
(1.087°). This suggests that the thicker SMO film is more
(110),-textured and has higher crystallinity than its thinner
counterpart. As partial strain relaxation occurs over the critical
thickness, typically reported as below 35nm,!?”) the decrease
of FWHM value is attributed to the strain relaxation with an
increase in the film thickness.

Asymmetric reciprocal space maps (RSMs) provided further
information on the lattice parameters of the SMO films. We
measured the RSMs near the (321),, reflection of the SMO film,
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as shown in Figure 2a—c, allowing us to measure both a- and
clattice parameters simultaneously. We set the in-plane
scattering vectors Q, and Q, parallel to the [001],-axis and the
[-110],-axis of the (110)-oriented SMO film, respectively,
whereas the out-of-plane scattering vector Q, was set parallel
to the [110],-axis. Detailed information on the estimation
of the lattice parameters from XRD is provided in the
Supporting Information (Figure S6, Supporting Information).
Figure 2d shows the relationship of lattice axes (4, b, and ¢)
of the (110),-oriented unit cell between substrate and films.
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Figure 2. a) RSMs near (321),, reflection of 85 nm, b) 113 nm, and c) 142 nm thick SMO film grown on LSMO/PMN-PT heterostructure. d) Schematic
representation of unit cell of (110),-oriented films on (110),, PMN-PT substrate with pseudocubic lattice vector notation of [110],, [~110],, and [001],,.
e) Measured lattice parameters and f) tetragonality, termed as c/a lattice constant ratio of SMO film as a function of SMO film thickness by comparing the

peak position of (110),. and (321), reflections.
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The increase in film thickness resulted in a phase transition of
the SMO film from the tetragonal to the cubic phase structure, as
shown in Figure 2e. The a- and c-lattice parameters of 85 nm
thick SMO film are 3.836 and 3.877 A (V = 57.05 A?), while those
for 142 nm thick film are 3.841 and 3.840 A (V=56.65 A?), as
shown in Figure 2f. The tetragonality, defined by c/a ratios of
the 85 and 142 nm thick SMO films, was 1.011 and 1.000, respec-
tively. The strain relaxation behavior of epitaxial thin films can
cause a decrease in the in-plane strain, resulting in a decrease
in the c-lattice parameter of the film.””! The in-plane tensile
strain applied along the c-lattice of the 85 nm thick SMO film
with the highest tetragonality in this study was 2.02%, which
exceeded the DFT prediction of a 1% boundary strain to induce
the ferroelectric phase.

The SMO film, regardless of film thickness, exhibits a larger
unit cell volume due to a stretched lattice along three axes than
the bulk cubic SMO structure (a = 3.80 and V=54.87 A%.2Y
This expansion in unit cell volume of SMO film under biaxial
tensile strain can arise from the off-stoichiometry in StMnO;_;
(6 =0-0.5) due to the formation of V. In most perovskite oxide
thin films, strain-mediated defect formation causes an increase
in the Vi concentration as the epitaxial strain increases.*” When
the V{ is formed in SMO film, the change in the Mn valence state
from Mn*" to Mn* can induce the volume expansion because
the effective ionic radii of Mn*>" (0.645 A) is larger than that of
Mn** (0.53 A).’? The larger unit cell volume of the 85 nm thick
SMO film, which was more strained than the 142 nm thick film,
can be attributed to the higher V§ concentration in the 85 nm
thick SMO film.

To clarify the Vg formation by strain, we performed XPS for
the Mn 2p;,, spectra, as shown in Figure 3a—c. The Gaussian-
fitted Mn 2p;/, spectra located at 641.6 and 642.6eV in the
XPS profile arise from the Mn valence states of 3+ and 4+,
respectively.*¥ The concentration of Vi was estimated by mea-
suring the ratio of the integrated intensity of the Mn*" to Mn**
XPS profile (Mn*"/Mn*" ratio).?! The Mn**/Mn** ratios for
the SMO films with thicknesses of 85, 113, and 142 nm were
determined to be 0.271, 0.269, and 0.266, respectively. A
Mn**/Mn** ratio greater than zero signifies the presence of
Vg within the SMO film, leading to the volumetric expansion
observed in the RSM results. A higher Mn’>"/Mn*" ratio of
the 85 nm thick SMO film than that of thicker films indicates
that the concentration of V¢ increases with decreasing the thick-
ness of SMO films due to the higher epitaxial strain, which is

www.pss-rapid.com

similar to the other epitaxial oxide film systems."” However,
the difference in the measured thickness-dependent
Mn**/Mn** ratios was very small and close to the error range
(approximately 0.002), suggesting that a larger V¢ concentration
may be found near the interface of the SMO film.

The conventional XPS results were insufficient to investigate
the V concentration along the depth because conventional XPS
measurements are highly sensitive to the surface only. Depth
profiles from EELS provided depth-dependent V{ concentra-
tions. We collected EEL spectra at three different regions near
the interface, middle, and surface of the 85 nm thick SMO film,
denoted as regions 1, 2, and 3, respectively (Figure 4a). The EELS
spectrum near the oxygen K shell edge (O-K edge) shows three
main peaks near 531, 538, and 544 eV, denoted as a, b, and ¢
(Figure 4b), which arise from the hybridization of the unoccu-
pied O 2p orbitals with the Mn 3d, Sr 4d, and Mn 4sp orbitals,
respectively.**™*% Integrated intensity ratio (a/b) and energy dif-
ference between the peaks a and b (AE) is important to investi-
gate the Mn valence state because the formation of V§ changes
the electron state of Mn 3d band occupancy.*”! Additionally, the
ratio of the maximum intensities arising from the Mn-L; and L,
edges (L3/L, ratio), as shown in Figure 4c, allows for an accurate
estimation of the Mn oxidation state involving the excitation of
Mn 2p electrons into Mn 3d empty states.[*!] Figure 4d—f shows
the estimated depth-dependent nominal Mn oxidation states.
The a/b peak ratio, AE, and L3/L, ratio depending on Mn oxida-
tion state of polycrystalline StMnO; and SrMnO, s reported in
ref. [30] are shown in Figure 4d-f to emphasize their linear
dependence. The average Mn valence states in regions 1, 2,
and 3 were estimated to be +3.73, +3.87, and +3.87, respec-
tively, indicating that the concentration of V{ near the interface
between the SMO and LSMO films was higher than that in other
regions. The higher Vi concentration near the interface is attrib-
uted to the relief of the high elastic energy generated by the
highly strained region, which is consistent with a previous study
in which the V§ concentration in the oxide film increased owing
to the reduction in Vi formation energy.””! Therefore, in highly
strained thinner films, a high V{ concentration induces an over-
all unit cell volume expansion, in addition to the epitaxial strain
expanding the in-plane lattice.

To observe the ferroelectric behavior expected due to the
strain-mediated off-centering of cations within the tetragonal
SMO thin film, we measured the piezoelectric response using
DART-PFM. Measurement of the polarization voltage (P-V)

(a) (b) (c)
85 nm Raw curve 113 nm Raw curve 142 nm Raw curve
AMN 2P, Fitied curve ~Mn2p,, Fitted curve Mn 2Py, — Fited curve
s . Mn3* e \ 3+ o / Mn3*
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Figure 3. a) Mn 2ps, spectra of 85 nm, b) 113 nm, and c) 142 nm thick SMO films grown on LSMO/PMN-PT substrate.
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Figure 4. a) Cross-sectional TEM image of the 85 nm thick SMO film showing the regions where the depth profiles of EEL spectra were measured.
Comparison of EEL spectra showing the b) O-K edge and c¢) Mn-L edge. The quantitative analysis of the Mn oxidation state from d) the normalized
prepeak intensity, ) the energy distance between the prepeak and main peak position, and f) the area ratio of Mn L; and L, edge by applying the
procedure as reported.*" For comparison, the previously reported EEL spectra result of a comparison of polycrystalline SrMnO3 and SrMnO, 5 are

shown with open squares and dashed lines.*”

for the ferroelectric hysteresis loops and advanced in situ XRD
for the piezoelectric response were not feasible owing to the high
leakage current density of the 85 nm thick SMO film, as shown in
Figure S1 (Supporting Information). The surface topography of
the SMO film exhibited long-range stripe patterns, as shown in
Figure 5a, which is a distinctive feature of the (110),c-oriented
epitaxial film. These striped features were aligned in the in-plane
[001],. direction of the underlying substrate.*>*’! Interestingly,
we claim that the 85 nm thick SMO film contains both in-plane
and out-of-plane polarized domains, as shown in Figure 5b—e.
The polarized domains were randomly distributed, showing a
distinct amplitude of the piezoelectric response. When compar-
ing the lateral and vertical amplitude images, two types of
domains exist: 1) regions with lateral amplitude and almost zero
vertical amplitude, and 2) regions with both lateral and vertical
amplitudes.

The polarization switching behavior, which is a primitive char-
acteristic of ferroelectrics, was examined to clarify the ferroelec-
tricity of the SMO film. The local PFM amplitude and phase
hysteresis loop along vertical direction were obtained by applying
AC voltage (V) of 2V at each DC voltage (Vy) step with the
sweep range from 0, —8, 0, 8 to 0 V. The lateral PFM hysteresis
loop was restricted because of the difficulties in calibrating the
lateral component from the noise signal and tip damage. The
SMO film exhibits a butterfly-shaped amplitude loop except in
the bias range from 0 to 4V and had phase reversals of nearly
180° at around —5 and 4V, as shown in Figure 5e,f, respectively.
The amplitude was not saturated, but increased after the phase
reversals. This may be attributed to the electrostatic interaction

Phys. Status Solidi RRL 2024, 18, 2400025 2400025 (5 of 9)

between the cantilever and the sample or the Joule heating effect
from the current flow, because the voltage bias pulse effect could
remain when the amplitude was measured owing to the relatively
narrow width of the voltage pulse (5 ms).** Although it is diffi-
cult to remove this noise, the measured switchability of polariza-
tion by external electric fields confirms the existence of
switchable ferroelectric properties in the 85nm thick single-
crystal (110),-oriented SMO film.

The measured ferroelectricity of the SMO film is suspected to
arise from the interplay between strain and defect chemistry
engineering. While strain-induced polarization in perovskite
oxide films is generally predicted to be parallel to the strain
axis,®! an 85nm thick SMO film grown on a (110),-oriented
LSMO/PMN-PT substrate exhibited ferroelectric domains con-
sisting of in-plane and out-of-plane polarizations. As discussed
above, the 85 nm thick SMO film exhibited volume expansion
with an elongated lattice along all three axes due to the formation
of Vg. Ferroelectricity is known to be modulated by tuning the
crystal lattice,'? indicating that unusual ferroelectric properties
can arise from an abnormally expanded lattice due to oxygen
deficiency. It would be useful to discuss similar results in the
literature. For instance, in the case of (110)-SmFeO;; film
showing extension along a-, b-, and c-axes under the biaxial
tensile strain, lattice distortion derived by the V{ in Fe-O layer
induces polar displacement along the out-of-plane [-1-10]
direction.!**!

The converse piezoelectric effect of the PMN-PT substrate
changed the biaxial strain of the SMO film. In situ synchrotron
XRD measurements were employed to monitor the changes in
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Figure 5. a) Surface topography of 85 nm thick (110),-oriented SrMnOj thin film with corresponding dual AC resonance tracking piezoelectric force
microscopy (DART-PFM) b,c) vertical and lateral amplitude, and d,e) vertical and lateral phase. f) Vertical analysis of DART-PFM amplitude and g) phase

hysteresis loop.

the (110),, reflection of both the PMN-PT substrate and the SMO
film under the application of an electric field to the PMN-PT sub-
strate (Egyp) along the [110],. direction. The (110),, reflection
peaks from both the LSMO bottom electrode and SMO film were
individually fitted using two Gaussian functions. Under Eg,y, the
peak position of (110),, reflection from PMN-PT substrate shifts
toward the lower 2theta angle due to the increase in di1q)-
spacing, as shown in Figure 6a. The LSMO and SMO films also
exhibit a shift in the (110),. reflection peak toward the lower
2theta values, as shown in Figure 6b, indicating a piezoelectric
response from the PMN-PT substrate leads to a lattice distortion
of the LSMO and SMO films. The piezoelectric response of
PMN-PT with different magnitudes of E;, exhibited a V-shaped
curve, as shown in Figure 6¢, owing to the polarization reversal
effect. Because the piezoelectric strain of the PMN-PT substrate
was transferred to the SMO film, we found similar V-shaped
strain curves, as shown in Figure 6d.

The electrically induced lattice deformation parallel (g,,,) and
perpendicular (e;,) to the electric field direction was calculated
for a quantitative assessment of the transferred piezoelectric
strain, as shown in Figure 6ef, respectively. The ey, was

Phys. Status Solidi RRL 2024, 18, 2400025 2400025 (6 of 9)

calculated using the expression, [d(E)— d(0)]/d(0), wherein
d(E) and d(0) are the d110spacing under the application of
Esup, and zero electric field conditions. The calculated &4, for
the PMN-PT substrate and SMO film are 0.109% and 0.057%
at —8kVcem ™', and 0.093% and 0.061% at 8kV cm ™, respec-
tively. By employing the Poisson equation, ¢;, can be estimated
by the relationship derived from elastic deformation,
en = ((1 — v)/(2v))&ou, Where v represents the Poisson’s ratio
(VPMprT = 0.3,[46] UismMo — 0.29,[47] and Usmo — 024[28]) The
estimated g, for the PMN-PT substrate and SMO film are
0.127% and 0.092% at —8kVcm ', and 0.109% and 0.098%
at 8kV cm ™!, respectively. Up to 90% of the piezoelectric strain
of the PMN-PT substrate was transferred to the SMO film, which
indicates strong interfacial mechanical coupling between the
film and substrate. As discussed above, the depth profiles of
the EEL spectra exhibit a large Vg concentration near the inter-
face. The strain-mediated Vg induced lattice expansion relieved
the elastic energy caused by the misfit strain, resulting in the
accommodation of the epitaxial strain without relaxation.
We would like to emphasize that the polarization of the SMO
film can be controlled and enhanced by adjusting the
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Figure 6. a) XRD profiles near (110),, reflection of the PMN-PT substrate and b) film region with fitted curves of SMO film, when the amplitude of electric
field applied to the substrate is varied from —8 to 0kV cm ™. The electric field was applied along the out-of-plane [110],, direction of PMN-PT substrate.
The inset in (b) is the enlarged profiles of fitted SMO curves. The calculated d-spacing along the out-of-plane [110],. direction of c) PMN-PT substrate and
d) SMO film. The measured strain of the PMN-PT substrate (black squares), LSMO bottom electrode (blue triangles), and SMO film (red circles)
e) parallel and f) perpendicular to applied electric field to the PMN-PT substrate.

piezoelectric strain of the PMN-PT substrate because of the
strong lattice-charge coupling predicted from DFT calcula-
tions.®®®! To measure the variation in the piezoelectric response
of the SMO film with changes in the biaxial direction, we
attempted to measure the changes in diq-spacing of the
SMO film by applying an electric field to the SMO thin film
and PMN-PT substrate simultaneously using an advanced X-
ray scattering technique (Figure S7, Supporting Information).
Although the observed shifts in the diffraction peak of the
SMO film were notably small owing to unexpected hindrances
that occurred during the measurement, such as substantial leak-
age current, we anticipate that the piezoelectric response of the
PMN-PT substrate can control the ferroelectric polarization of
the SMO film.1*®l

3. Conclusion

SMO thin films were successfully grown on a (110),-oriented
piezoelectric PMN-PT substrate with a LSMO bottom electrode
layer. The SMO thin film showed a tensile strain along the
in-plane c-lattice as large as 2.02%, which was sufficient to
induce a ferroelectric phase. The high concentration of oxygen
vacancies produced by the high elastic energy mediated the
overall expansion of the volume of the unit cell. PFM revealed
the coexistence of ferroelectric domains with in-plane and
out-of-plane polarizations in the SMO thin film on the PMN-
PT substrate. Using the piezoelectric response of the PMN-PT
substrate, the application of an electric field to the PMN-PT
substrate enabled the manipulation of the biaxial strain of the
SMO film. The crystalline quality of the (110)-oriented SMO

Phys. Status Solidi RRL 2024, 18, 2400025 2400025 (7 of 9)

films should be significantly enhanced to gain deeper insights
into the formation of the ferroelectric phases and in situ strain
engineering. This study underscores the potential for electric
field manipulation to control the strain in thin films, opening
avenues for further exploration and application in the field of
ferroelectric materials.

4. Experimental Section

Sample Preparation: SMO/LSMO heterostructures were grown on a
(110)-oriented PMN-PT (x = 0.3) substrate using PLD. The SRO capping
layer was grown on the SMO film to improve the postannealing effect.!"”!
The substrate temperature was maintained at 700°C for LSMO, and
670°C for SMO and SRO. The incident angle of the KrF excimer laser
(248 nm) on the target was 45°. The distance between the target and
the substrate was fixed at 5 cm. The growth conditions were optimized
with a laser fluence of 0.8 | cm ™2 and a frequency of 4 Hz. The laser fluence
was set to minimize the formation of off-stoichiometry since the different
cation stoichiometry can induce the lattice distortion. The oxygen partial
pressure was varied from 1 to 100 mTorr. The film thickness was
controlled by varying the number of laser pulses. The thicknesses of
LSMO and SRO were fixed at 30 and 20 nm, respectively. To minimize
leakage current and oxygen vacancies, the SMO films were annealed
at 350 °C under the dynamic O, pressure of 760 Torr for 1 h. The SRO
capping layer was removed after annealing.

Structural Characterization: The orientation, crystallinity, and strain state
were investigated using XRD with 10 keV photon energy at the 9C beam-
line of the Pohang Accelerator Laboratory (PAL). RSMs near the (110) and
(321) reflections were obtained by collecting the diffracted X-ray beams
using a gated pixel array detector (Pilatus 100 K, Dectris). XPS (NEXSA
G2, Thermo Fisher Scientific) and cross-sectional transmission electron
microscopy (TEM)-EELS (Tecnai G2 F30 S-Twin, FEI) were used to analyze
the oxygen stoichiometry of the SMO film. The samples for TEM were pre-
pared by focused ion beam (NX5000, Hitachi) milling. The SRO capping
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layer was preserved to avoid air degradation during sampling for XPS and
EELS measurements. For the XPS analysis, the core-level spectra were fit-
ted using a Gaussian function after subtracting the Shirley background.
The measured EEL spectra were Gaussian fitted after subtracting the back-
ground using a power-law fit. The Mn-L spectra were additionally scaled
using a Hartree—Slater cross-section function before fitting to remove the
continuum contribution.

Piezoelectric Response Hysteresis Loop Measurement: The piezoelectric
response of the SMO film was measured by DART-PFM using a commer-
cial scanning probe microscope (MFP-Infinity, Asylum Research).
The PFM hysteresis loops were measured using conductive Cr/Pt-coated
cantilevers (Multi75E-G, BudgetSensors) with a resonant frequency of
approximately 68 kHz and a spring constant of approximately 3N m™",
while applying triangle-square waveforms sweeping the voltage pulses
with a pulse width of 5 ms from 0, 8, 0, —8 to 0V over 20 s, accompanied
by an AC bias voltage of 2V to the tip around the contact resonant fre-
quency of approximately 337 kHz. The amplitude and phase were mea-
sured when no DC bias voltage pulse was applied (off-field mode or
pulsed DC mode) to exclude the electrostatic force between the tip and
the sample. The amplitude was calibrated using the inverse optical lever
sensitivity calculated from the force—-distance curve and adjusted by the
quality factor based on the simple harmonic oscillator model because
the amplitude was amplified by the resonance of the cantilever.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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