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ABSTRACT

Polar instabilities are well known to be suppressed on scaling materials down to the nanoscale, when the electrostatic energy
increase at surfaces exceeds lowering of the bulk polarization energy. Surprisingly, here we report an emergent low symmetry
polar phase arising in nanoscale powders of CaTiOs, the original mineral named perovskite discovered in 1839 and consid-
ered nominally nonpolar at any finite temperature in the bulk. Using nonlinear optics and spectroscopy, X-ray diffraction, and
microscopy studies, we discover a well-defined polar to non-polar transition at a T¢ = 350 K in these powders. The same polar
phase is also seen as a surface layer in bulk CaTiO3 single crystals, forming striking domains with in-plane polarization orien-
tations. Density functional theory reveals that oxygen octahedral distortions in the surface layer lead to the stabilization of the
observed monoclinic polar phase. These results reveal new ways of overcoming the scaling limits to polarization in perovskites.

(©) 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5078706

Ferroelectricity can be unlocked in nominally non-polar
materials such as CaTiO3 and SrTiO3 via different strategies
such as chemical doping,'> epitaxial strain,5'° and domain
engineering.!'-'¢ For example, doped Sr;-xCayTiO3 ceram-
ics® and single crystals*> show low temperature ferroelectric
transitions of Tc < 40 K, with ferroelectricity arising from

chemical strains imposed by different sized Sr?>* and Ca®" ions
in the structure. When grown as thin films, epitaxial strain can
also drive CaTiO3%19 and SrTiO3°° to become ferroelectric, as
theory suggests;'17.18 however, ferroelectricity in stoichio-
metric thin films disappears below 5-10 nm in thickness.'9-21
Non-stoichiometric defects can stabilize ferroelectricity, as
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has been shown in SrTiOz thin films.?? Interestingly, these
defect dipoles can align when scaled to smaller dimensions
giving rise to ferroelectricity in a few nanometer thick SrTiO;
films,?* an example of a reverse thickness scaling effect. Sim-
ilarly, ferroelectricity has been observed confined to ferroe-
lastic domain boundaries in single crystal CaTiOs3,'>1* arising
from an improper ferroelectric mechanism.?#?> Domain walls
in ferroelectrics are typically on the order of a few unit cells in
thickness,?6-2¢ which is the smallest possible scale on which
ferroelectrics can be manipulated.?®

With this background, we pose the following question:
can room temperature polarization be unlocked in such para-
electric materials in powder and single crystal form, rather
than as thin films? Furthermore, can it be achieved without
intentionally doping, inducing non-stoichiometry, or exter-
nal straining? Here, using complementary optical probe tech-
niques including second harmonic generation (SHG), Raman
spectroscopy, photoluminescence, and X-ray spectroscopy,
we demonstrate that a low symmetry polar phase is stabilized
in CaTiO3 nanoparticles with a T, above room temperature
(350 K). Strikingly, this phase is also discovered as a sur-
face layer in bulk single crystals of CaTiO3. Density Functional
Theory (DFT) reveals the origin of this phase as octahedral
distortions that lead to reduced symmetry from orthorhom-
bic (mmm) in bulk to monoclinic (m) in a surface layer
with dominantly in-plane polarization. This emergent phase
does not require any extrinsic defects such as doping, non-
stoichiometry, or epitaxial strain. It is an exciting discovery
for a mineral discovered 179 years ago and originally named
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Perovskite, a name that is synonymous today with a huge
family of ABO3 octahedral compounds.

To study the polar behavior of CaTiOs, nanoparticles
and bulk single crystal samples were prepared for mea-
surements as discussed in the Supplementary Material. Fig-
ure 1(a) shows a scanning electron microscope (SEM) image
of CaTiOs nanoparticles (NPs) with an average diameter of
40 nm. To study the polar response of these samples, we
employed optical second harmonic generation, where two
photons of light at frequency w are converted into one
photon of light at frequency 2w. Electric dipole quadratic
SHG occurs only in a nonlinear material which has bro-
ken inversion symmetry, a necessary condition for a polar
phase.?9-32 Figure 1(b) shows the SHG intensity (I?*) mea-
sured from the 40 nm CaTiO3 NPs during heating and cooling
scans (see experimental section for details). The SHG inten-
sity decreases sharply around 350 K, indicating a transition
from a low-temperature polar phase (SHG active) to a high-
temperature non-polar phase (SHG inactive). Hysteresis is
also observed in the SHG intensity upon heating and cool-
ing, which is commonly observed during ferroelectric phase
transitions.>*

An additional test was performed by measuring the tem-
perature evolution of the Raman spectra of the CaTiO3 NPs
shown in Fig. 1(c). Raman spectroscopy is a powerful tool
that probes the lattice dynamics in a material, yielding impor-
tant information about the structure and phase transitions*
and has been successfully applied to many bulk ferroelec-
tric perovskite systems such as BaTiO3 and PbTiO3.3540 Upon
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FIG. 1. (a) SEM image of CaTiO3 NPs with an average size of 40 nm. (b) Temperature dependence of the SHG intensity from the CaTiO3 NP sample with arrows indicating
the direction of temperature with red circles for heating and blue squares for cooling scans. The phase transition temperature is approximately T¢ = 350 K as shown by the
highlighted blue region. (c) Temperature dependent Raman spectra (150-450 K) of the CaTiO3 NPs. The spectra were vertically shifted for sake of comparison. (d) Raman
shift of the 185 cm~" active Raman mode as a function of temperature. The highlighted blue region denotes T. (e) Detailed view of the pre-edge fine structure peaks of the
Ti K-edge XANES spectrum obtained at 40 K from 40 nm CaTiO3 NPs (red line) compared with bulk CaTiO3 (solid green line) and BaTiO; (dashed black line) from Vedrinskii
et al.*? The A, B, and C peaks are shown, with A being from t,, and B and C being from eg crystals orbitals of the Ti atom. (f) Temperature dependence of integrated
emission intensity corresponding to the *F, — “l44;» electronic transition of Nd®* in CaTiO; samples with an average NP size of 40 nm (green down-pointing triangles) and
150 nm (blue up-pointing triangles). The blue shadow area indicates the ferroelectric phase transition.
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heating, the Raman modes of the CaTiO3 NPs shift to lower
frequency, which is typical of a ferroelectric-to-paraelectric
phase transition. The shift in the center of mass of the 185 cm™
Raman mode with temperature is plotted in Fig. 1(d), reveal-
ing a ferroelectric transition temperature of approximately
Tc ~ 350-370 K, which agrees very well with temperature
dependent SHG measurements.

The polarization of the CaTiOs NPs is further supported
by X-ray absorption near edge structure (XANES) analysis (see
Supplementary Material for experimental details). This tech-
nique directly probes the anisotropy of TiOg oxygen octahedra
in ATiO3 perovskites (A = Pb, Ba, Sr, Ca, Eu),*'#? where strong
qualitative differences are observed between ferroelectric and
paraelectric materials in their pre-edge fine structure of the
X-ray Ti K-absorption spectra. The pre-edge features in Ti-
based perovskites are composed of three main peaks (A, B, C),
which are caused by transitions of the Ti 3s electron to unoc-
cupied electron states near the bottom of the conduction
band formed by empty 3d orbitals. Of the three peaks, the B
peak is commonly considered to be a strong qualitative indi-
cator of ferroelectricity; it is mainly caused by the p-d mixture
effect and, since its magnitude depends on the TiOg tetrago-
nal deformation, it can be used to determine the mean-square
displacements of Ti atoms from their octahedral centers.*? As
shown in Fig. 1(e), the intensity of the B peak is much more pro-
nounced for ferroelectric crystals such as bulk BaTiO3 where
Tiis displaced from the center of the TiOg cage, and the B peak
is much weaker for paraelectric crystals such as CaTiO3 where
Ti is centered in the TiOg cage. In comparison, the XANES
spectra obtained for the 40 nm CaTiO3 NPs show a much more
intense B peak as compared to bulk and approach that of bulk
BaTi03.

To evaluate the role of the nanoparticle size on the
polar behavior in CaTiO3, we used temperature dependent
rare-earth based photoluminescence analysis on both 40 nm
and 150 nm average NP size samples (see the supplementary
material for experimental details). Photoluminescence (PL)
from rare-earth ions is a sensitive tool to analyze symmetry
breaking from a low-temperature ferroelectric phase (more
PL active) to a high-temperature paraelectric phase (less PL
active).#>%6 In particular, the f-f optical transitions of Nd3*
ion dopants can act as a sort of structural probe. The spon-
taneous emission of Nd3* ions in CaTiO3 samples is comprised
of both bulk and surface contributions, and the spectroscopic
phase-transition signatures are sensitive to the surface-to-
volume ratio, as demonstrated in Fig. 1(f). For both 40 nm
and 150 nm NP sizes, a phase transition is observed around
350 K, indicated by the abrupt intensity change in the emis-
sion area of the *F3/, — “Iy; » optical transition of Nd*" ions
in the samples. Assuming that the majority of background sig-
nal is coming from the non-polar phase, the relative change
in intensity across the transition indicates that the polar con-
tribution of the 40 nm NPs to the overall photoluminescence
spectrum is 80% while the contribution from the 150 nm-sized
NPs, which have a lower surface to volume ratio, is close to
40%. This is a strong indication that CaTiO3 NPs behave differ-
ently with respect to bulk and suggests a significant thickness
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for the polar surface layer (estimated to be at least ~ 10-20 nm
thick).

To gain microscopic insight into this unusual phase tran-
sition and to spatially isolate the role of the twin walls ver-
sus the surface layer effects, we performed polarized confocal
spectroscopic Raman and SHG imaging at the (110)¢ surface
of a CaTiOs single crystal (see the supplementary material for
sample preparation details). Raman modes strongly depend
on the input (E“°%) and output (E©%-4«) polarization states of
light, and the intensity variations of different Raman modes
can be exploited in a variety of ways to spectroscopically visu-
alize the twin domain structure of CaTiOs, which is composed
of (112)p and (110)y ferroelastic domains rotated by 90° and
180°, respectively.*” The Raman intensity distribution maps in
Fig. 2(a) were constructed by measuring Raman peaks shown
in Fig. 2(b) that centered around 230 cm™! and 485 cm™. The
Raman spectra of the CaTiOs single crystal are shown in com-
parison with the spectra for the 40 nm NP sample, which
shows all of the active Raman modes, since the NPs do not
have any specific orientation. Depending on the input/output
polarization of light, different regions of the crystal surface
light up, revealing a zigzag domain structure that is related to
the underlying twin domains in the CaTiOj3 crystal. There are
four main domains (labeled 1-4) and these are split into two
main groups, whose in-plane crystal axes are rotated by 90°
with respect to the other. A schematic of the domain struc-
ture is shown in Fig. 2(c), with the orientation of the lab axes
(x, v, z) shown with respect to the orthorhombic Pbnm axes
(a, b, c).

Having established the twin structure, polarization
dependent spatially resolved SHG microscopy scans were per-
formed at the same region, showing the four major types of
polar domains with orthogonal polarization directions, dis-
played in Fig. 2(d). The SHG microscopy images directly map to
the Raman intensity maps, establishing that there is indeed a
reduction in the symmetry at the surface of the crystal. The
four domains show pronounced polarization dependence of
the input electric field of light (E®) and direction of the mea-
sured second harmonic electric field (E*). The presence of
a significant SHG signal in all of the uniform domains indi-
cates a common absence of structural inversion symmetry
and a deviation from the non-polar bulk Pbnm structure of
CaTiOs. To further probe their local symmetry, we performed
SHG polarimetry, which yields accurate information on the
local point group symmetry of a material. Figure 2(e) shows
the measured SHG intensity (I2°) as the fundamental field is
rotated by ¢ = 360° around the z axis. The experimental SHG
data shown in Fig. 2(e) can only be modeled using a mono-
clinic mirror plane (m), indicating that the surface symmetry
of CaTiOs3 surface reduces from bulk mmm to m point group
symmetry with the mirror plane perpendicular to the c axis,
allowing for polarization in the ab plane.

To gain more information about the local structure at
the CaTiOs surface, we performed nanoscale Scanning X-ray
Diffraction Microscopy (nano-SXDM)'5164849 on the same
sample area, as shown in Fig. 3(a). The nano-SXDM experi-
ments monitored the different (220), diffraction peaks of the
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FIG. 2. (a) Raman mapping of a (110); CaTiOs bulk single crystal surface, with the white bar being 8 um. The direction of the fundamental input light (E©°) and generated
output light (E®%-A®) are shown together with the x-y lab axes on the bottom left. (b) Raman spectroscopy of the CaTiO; single crystal with vertical (red) and horizontal
(black) input/output configurations on the top. For comparison, the spectra for CaTiO3 NPs (blue) are shown at the bottom. (c) Schematic of the domain structure at the
surface of the single crystal sample. The different domain variants are shown on the right along with the a, b, and ¢ orthorhombic axes. (d) SHG microscopy images of the
same region shown in (a). The polarization directions of the fundamental (<) and second harmonic (E2“) are shown on the bottom right, with the white bar being 8 wm.
(e) SHG polar plots for the locations 1-4 shown in (d), with SHG intensity along x and y (/,% and Iyz“’) shown as purple squares and blue circles, respectively. Theory fits
to the data using a monoclinic Pc model shown as black lines. The angle ¢ is the degree between E“ and the x axis.

four different domain variants. The crystallographic domain
types each have a slightly different orientation and thus
diffraction condition of their (220)y reflection which can be
spatially resolved. The observed domain structure is in excel-
lent agreement with that obtained from Raman and SHG
domain imaging.

Nano-SXDM is extremely sensitive to local deviations
from the bulk structure, and such structural distortions will
appear as additional diffraction peaks near the nominal bulk
diffraction condition. Within the CaTiO3 domain structure,

(b) SXD imaging

(@) SXD microscopy
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such additional diffraction intensity is ubiquitous, as is illus-
trated by the representative diffraction images from each of
the four domain types in Fig. 3(b). Throughout the entire
domain structure, weaker diffraction peaks are observed in
addition to the nominal (220)¢ bulk reflection, which are
labeled as bulk and surface. We ascribe these diffraction signa-
tures to a distorted (polar) monoclinic structure present near
the CaTiOj3 surface. The observed nano-SXDM features corre-
spond to the distorted minority phase present within the first
several microns (probing depth of the X-rays) of the sample

FIG. 3. (a) SXDM microscopy of the
same crystal region shown in Fig. 2,
displaying the integrated intensity of
the diffraction peak corresponding to
domains 1 through 4. (b) Background-
subtracted 2D diffraction  images
recorded at the positions shown in
(a). The positions of the nominal bulk
and anomalous surface diffraction are
indicated by white lines.
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surface and therefore necessarily correspond to the surface
polar structure observed in the SHG experiments.

After having experimentally shown that a polar phase
is locally confined to a surface layer of CaTiO3 well above
room temperature, we used density functional theory (DFT)
to obtain a complete picture of the CaTiO3 surface struc-
ture. To compare with the above single-crystal experiments,
we chose the same surface orientation, but note that for a
nanoparticle, (110) surfaces of different orientations may be
present. Figure 4(a) displays a relaxed structure for several lay-
ers of CaTiOs, with the central unit cell layer having frozen-in
bulk structure parameters of CaTiOs. The surface coordinates
(x, y, z) and the orthorhombic Pbnm axes (a, b, c) are shown
next to the atomic structure. Layer-resolved polarization
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FIG. 4. (a) Structural model of CaTiO3 with the middle section frozen to the bulk
lattice parameter values and the structure relaxed along the z direction. The lab
axes are shown above, and the orthorhombic lattice parameter orientation are
shown below. The Ca atoms are green, and the TiOg octahedra are blue. (b) Layer-
resolved polarization computed using nominal ionic charges. (c) Layer-averaged
displacements along the in-plane directions, and (d) angle changes, with the center
of the frozen layer being 0.
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values were calculated from the atomic structure and are
plotted in Fig. 4(b). In the frozen layer, the polarization is
zero in all directions as expected for bulk CaTiOs. In the
relaxed layers, an in-plane polarization emerges along the
y direction (Py), which oscillates between approximately
Py = 0.4 uC/cm? in the CaO layers and Py = 0.8 uC/cm?
in the TiO; layers. The out-of-plane polarization (P;) at the
surface is a result of the inward relaxation of the outer-
most layers. No polarization is seen along the x direction (Py),
which is in excellent agreement with the monoclinic mir-
ror plane symmetry of the polar phase determined by SHG
polarimetry analysis. Figure 4(c) shows the layer-averaged
displacements along the in-plane directions (Ax, Ay), which
are nearly zero in the frozen layer and within the adja-
cent relaxed layers. Displacements along the y direction are
seen, with larger average displacements in the TiO, layers
(Ay ~ 6 pm) compared to the CaO layer (Ay ~ 3 pm). The
layer-averaged rotation angle changes are plotted in Fig. 4(d),
revealing that only the rotations around the x axis (Aa) are
changed, resulting in ionic displacements along the y and z
directions. The averaging over layers puts in evidence that
the unbalanced octahedral rotations are due to the presence
of the surface, as the rotations would be perfectly balanced
when averaging over the layers in bulk. The DFT calcula-
tions suggest that an unbalanced unwinding of the octahe-
dral rotations around the x axis results in ionic displacements
along the y direction, proportional to the angle changes and
additive for the layers as one moves from the bulk frozen
layer toward the relaxed surface layers. The net displace-
ments in the y direction in each layer lead to the emergence
of the polarization along the y direction, while it is absent
along the perpendicular x direction where no unbalanced
octahedral rotations are present. Based on these findings, a
potential explanation for the above-mentioned phase tran-
sition at 350 K is that thermal vibrations undo the atomic
displacements leading to polarization.

Our results reveal an emergent polar monoclinic phase
arising from a surface layer polar reconstruction involving
oxygen octahedral distortions, providing a route to induce
polar order in bulk quantum paraelectric powders and crystal
surface layers. This naturally occurring layer is at least 10’s of
nanometers thick (approximately on the order of the particle
size probed where this polar layer dominates bulk response)
and perhaps up to several micrometers thick (upper limit set
by the probing depth of X-rays). Furthermore, these layers are
naturally epitaxial to the bulk of the particles or the crystals
on which they form, thus providing an alternative to the epi-
taxial thin film growth route. Moreover, as the distortion of
the octahedral units is intimately related to the stability of the
perovskite phase, stabilizing a wide range of other emergent
properties in the surface layer, including multiferroicity and
metal-insulator transitions, could be envisaged.

See supplementary material for a detailed experimental
description.
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