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Colossal Cryogenic Electro-Optic Response Through
Metastability in Strained BaTiO3 Thin Films

Albert Suceava, Sankalpa Hazra, Aiden Ross, Ian Reed Philippi, Dylan Sotir,
Brynn Brower, Lei Ding, Yingxin Zhu, Zhiyu Zhang, Himirkanti Sarkar, Saugata Sarker,
Yang Yang, Suchismita Sarker, Vladimir A. Stoica, Darrell G. Schlom, Long-Qing Chen,
and Venkatraman Gopalan*

The search for thin film electro-optic materials that can retain superior
performance under cryogenic conditions has become critical for quantum
computing. Barium titanate thin films show large linear electro-optic
coefficients in the tetragonal phase at room temperature, which is severely
degraded down to ≈200 pm V−1 in the rhombohedral phase at cryogenic
temperatures. There is immense interest in manipulating these phase
transformations and retaining superior electro-optic properties down to liquid
helium temperature. Utilizing the thermodynamic theory of optical properties,
a large low-temperature electro-optic response is designed by engineering
the energetic competition between different ferroelectric phases, leading to
a low-symmetry monoclinic phase with a massive electro-optic response. The
existence of this phase is demonstrated in a strain-tuned BaTiO3 thin film that
exhibits a linear electro-optic coefficient of 2516 ± 100 pm V−1 at 5 K, which
is an order of magnitude higher than the best reported performance thus far.
Importantly, the electro-optic coefficient increases by 100 × during cooling,
unlike the conventional films, where it degrades. Further, at the lowest
temperature, significant higher order electro-optic responses also emerge.
These results represent a new framework for designing materials with property
enhancements by stabilizing highly tunable metastable phases with strain.
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1. Introduction

The electro-optic (EO) effect in lithium nio-
bate crystals enables our internet by en-
coding electrical to optical signals.[1–3] The
EO effect describes the change in refrac-
tive index, n, of a material due to an ap-
plied electric field, Ek, given by Δ ( 1

n2
)
ij
=

rijk Ek + sijklEkEl in nonmagnetic materials,
where rijk is the Pockel tensor represent-
ing the linear effect, sijkl is the Kerr tensor
representing the quadratic effect, and the
dummy subscripts indicate crystal physics
axes. This allows for the phase, amplitude,
or polarization of light to be modulated by a
driving electrical signal. Electro-optic mate-
rials have recently re-emerged as a key tech-
nology in the field of quantum computing,
where the EO effect can be leveraged to per-
formmicrowave-to-optical transduction.[4,5]

Qubits based on Josephson junctions and
trapped ions utilize microwave frequen-
cies to write and read quantum states
at cryogenic temperatures.[6–9] Electro-optic
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materials are required for the transduction of these microwave
signals (operating at millikelvin temperature) to communicate
with infrared light that is the standard for optical networks
(operating at room temperature). Cryogenic electro-optics is
also important for on-chip quantum photonic circuits, trapped
ion quantum computing schemes, and developments in low-
temperature science.[5,10–14] Nonetheless, a materials gap exists,
namely EO materials operating at cryogenic temperatures with
low thermal budget and a small footprint directly integrated on
a chip and with electro-optic coefficients of reff > 1000 pm V−1.
No such materials currently exist. Barium titanate (BaTiO3)
appears promising because of its large r51 ≈ 1640 pm V−1 at
room temperature; however the best literature reported value
for films of BaTiO3 is reff ≈ 200 pm V−1 at 4 K.[14,15] In these
prior studies, the temperature-dependent performance of the
device revealed a nearly 3 × reduction in reff following cooling
from room to cryogenic temperature, owing to the occurrence
of multiple ferroelectric–ferroelectric phase transitions. At-
tempts to suppress or overcome these transitions have not
yielded significant improvements thus far. With regards to
its electrical properties, the microwave dielectric properties
of BaTiO3 ceramics prepared under various methods have
been extensively characterized, with the dielectric function
generally rolling off above 10 GHz with an accompanying
increase in loss.[16–23] Regardless, existing examples of electro-
optic modulators based on thin film BaTiO3 have promisingly
demonstrated a consistent response at cryogenic temperatures
under modulation frequencies up to 30 GHz, leaving the low-
temperature functional optical properties as a significant area for
improvement.[14]

Many high-performance piezoelectric materials are discovered
at morphotropic phase boundaries, namely regions where com-
positional tuning forces a competition between distinct structural
phases, yielding an intermediate low symmetry phase with supe-
rior properties relative to the parents.[24–28] Similarly, across ther-
motropic phase boundaries in BaTiO3 and KNbO3 single crystals,
low symmetry monoclinic phases are stabilized by local strain
and fields generated within frustrated domain microstructures
created by cycling across thermal phase transitions.[29] In par-
ticular, the optical second harmonic generation coefficients in
BaTiO3 single crystals were enhanced by up to 4.4 × relative to
the bulk values, and by 2.3 × in KNbO3 in metastable monoclinic
phases stabilized by inhomogeneous strain and fields. One strat-
egy to engineer large nonlinear optical property enhancements is
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thus to stabilize metastable phases, but homogeneously over the
entire sample.
We demonstrate this in BaTiO3 thin films, a material recog-

nized for having one of the largest electro-optic coefficients in
its tetragonal (T) phase at room temperature in its bulk form
and thus being at the forefront of the search for cryogenic
electro-optic materials.[15,30–32] Using phase-field simulations,
we design the optimal epitaxial strain conditions to promote
the competition between ferroelectric phases near liquid he-
lium temperatures, resulting in a cryogenic monoclinic (M)
phase. The films demonstrate a 10 × improvement in the
electro-optic effect over the best demonstrated values in the liter-
ature at 10 K.[14] Our findings demonstrate a new paradigm
for engineering electro-optic materials under cryogenic
conditions.

2. Temperature-Strain Phase Diagram of BaTiO3

Bulk BaTiO3 undergoes a series of phase transitions from cu-
bic to tetragonal at 130 °C, tetragonal to orthorhombic at 5 °C,
and orthorhombic to rhombohedral at −90 °C.[33,34] Figure 1a
depicts the predicted temperature-dependent phase diagram
of BaTiO3 as a function of biaxial epitaxial strain, ɛ = (a||
– ao)/ao, where ao is the equivalent cubic lattice parameter
extrapolated from the high temperature BaTiO3 cubic phase
(4.008 Å) and a|| is the in-plane lattice parameter of the biax-
ially strained BaTiO3. Under a biaxial compressive strain, the
tetragonal c (space group P4mm) phase becomes more stable
by minimizing its elastic energy as compared to the other fer-
roelectric phases. As the biaxial compressive strain decreases,
an energetic competition between the chemical energy, which
determines the intrinsic stability of the ferroelectric phases (fa-
voring the rhombohedral phase at low temperatures), and the
elastic energy (favoring the tetragonal c phase) emerges. Un-
der certain strain conditions at cryogenic temperatures, this
competition results in a compromise between the two ener-
getic components resulting in the monoclinic a (Ma) phase
(space group Cm), which is a bridging phase between the
tetragonal and rhombohedral phase.[35] In addition to the
thermodynamically stable phases, after applying an electric
field and retracting we find that there exists a field-induced
metastable monoclinic phase that extends beyond the equilib-
rium monoclinic phase boundary, forming a monoclinic c phase
(Mc) (space group Pm), which acts as a bridging phase be-
tween the tetragonal and orthorhombic phase, as depicted in
Figure 1b.
As the temperature decreases further, the system approaches

the tetragonal (T) to monoclinic (M) phase boundary, where
these competing phases are nearly degenerate in energy. In this
regime, a small electric field can shift the thermodynamic sta-
bility between states inducing a polarization rotation and en-
abling a large electro-optic response, as depicted in Figure 1c.
By integrating the thermodynamic theory of optical properties
in ferroelectrics with phase-field simulations, we compute the
temperature-dependent electro-optic response at 1550 nm.[36]

Our results predict a large enhancement of the linear electro-
optic coefficient, driven by the highly susceptible ferroelectric po-
larization of the monoclinic phase near the phase boundary. The
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Figure 1. a) Temperature-strain phase diagram for compressively strained
BaTiO3 from phase-field simulations. The blue region indicates a
metastable monoclinic phase that may be created by applying an electric
field perpendicular to the tetragonal axis and removing it subsequently.
b) Representation of polarization directions in tetragonal, orthorhombic,
and intermediate monoclinic phases. c) Comparison between experimen-
tally measured (blue) and phase-field simulation (purple) curves of the ef-
fective electro-optic coefficient responsible for the index change observed
under the experimental geometry of Figure 2a. Comparison to the leading
cryogenic coefficient found in literature is provided in (green).[14] (inset)
Schematic of epitaxial BaTiO3 under a compressive biaxial strain. d) Com-
parison between the maximum electro-optic response obtained in this
work and several other benchmark materials.

general behavior may be understood using the thermodynamic
theory of the electro-optic effect:

r131 =
(
𝜕B13

𝜕E1

)
≅

(
𝜕B13

𝜕PL
1

) (
𝜕PL

1

𝜕E1

)
= f L131 𝜒

L
11 (1)

where rijk is the electro-optic coefficient, Bij = ( 1
n2
)
ij
is the optical

dielectric stiffness defined in terms of the refractive index n, PL
i

is the lattice polarization (the ionic and electronic components of
ferroelectric polarization, which arises due to the displacement of
the lattice), and Ei is the electric field. We decompose the electro-
optic coefficient into a linear polar-optic effect (f L131) and the di-
electric susceptibility of the lattice polarization (𝜒L

11). The linear
polar-optic effect is proportional to the spontaneous polarization
and remains roughly constant down to low temperature in the
compressively strained films. Therefore, the enhancement of the
electro-optic effect is primarily driven by the increase of 𝜒L

11 near
the tetragonal-to-monoclinic phase boundary, where the lattice
polarization is highly susceptible to rotation within the mono-
clinic mirror plane m.

3. The Electro-Optic Effect in Strained BaTiO3

3.1. Cryogenic Electro-Optic Response

To validate this design approach, we characterize the magnitude
of the Pockels effect in BaTiO3 grown on (110)o GdScO3 (sub-
script “o” for orthorhombic), where lattice mismatch results in
a compressive strain of −1.0%. Epitaxial growth of a ≈37 nm
film was achieved by using molecular-beam epitaxy with in-situ
reflection high-energy electron diffraction (RHEED) to moni-
tor surface quality. As shown in Figures S1 and S2 (Support-
ing Information), asymmetric reciprocal space maps taken at the
GdScO3 332o peak reveal alignment with the BaTiO3 103t (sub-
cript “t” for tetragonal) peak in Qx, confirming epitaxial growth.
𝜃-2𝜃 X-ray diffraction scans confirm c-axis out-of-plane orienta-
tion of the films in the room temperature T phase, with rock-
ing curve measurements demonstrating film peaks with full-
width half-max measures of 119 arcsec as shown in Figure S3
(Supporting Information). Post growth atomic force microscope
scans reveal a root-mean-squared surface roughness of 392 pm
as shown in Figure S4 (Supporting Information), confirming a
smooth film morphology. Piezoelectric force microscopy scans
shown in Figure S5 (Supporting Information) failed to provide
evidence for antipolar domain structures. High-resolution scan-
ning transmission electronmicroscopy images confirm coherent
epitaxial growth and high interfacial quality, as shown in Figure
S6 (Supporting Information). Additional experimental details
on film growth and structural characterization are provided in
Section 5.
Due to the compressive strain enforced by the substrate, at

room temperature, the BaTiO3 films are entirely tetragonal with
the polar [001] axis in the out-of-plane direction. 500 nm square
electrodes of 80 nm Pt/5 nm Ti were lithographically deposited
onto the film surface with a separation gap of 200 μm to ap-
ply a field in the in-plane direction, corresponding to the [100]
crystallographic direction, with a schematic of this shown in
Figures S7 and S8 (Supporting Information). In the T phase
of BaTiO3, the crystal physics 1, 2, and 3 directions are conve-
niently aligned with the crystallographic [100], [010], and [001]
directions.
Electro-opticmeasurementswere performedusing a polarizer-

sample-compensator-analyzer (PSCA) based measurement
setup, as shown in Figure 2a.[37–52] In this method, the change

Adv. Mater. 2026, 38, e07564 e07564 (3 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

 15214095, 2026, 3, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202507564 by V
enkatram

an G
opalan - Pennsylvania State U

niversity , W
iley O

nline L
ibrary on [14/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. a) Schematic of experimental PCSA setup for measuring the electro-optic coefficient. b) Experimental unmodulated and modulated intensity
curves, displaying the expected 𝜋/2 relative phase shift. c) Δn versus applied electric field taken at the analyzer angle which maximizes the modulated
intensity at different temperatures. d) The derivative ofΔn versus applied electric field curves, showing the offset bias required for maximummodulation
efficiency. e) Refractive index and extinction coefficient of strained BaTiO3 film versus wavelength, at room temperature and at 5 K, as determined by
variable angle ellipsometry. f) Relative refractive index and extinction coefficient changes between room temperature and 5 K, Δ nT = n295K − n5K, Δk =
k295K − k5K.

in transmission of light through a pair of crossed polarizers
as a function of applied electric field is detected to quantify
the change in the refractive indices of the sample. Further
details on the operating principle are provided in Section 4 and
within ref. [37–52]. A knife-edge characterization of the probe
beam is provided in Figure S9 (Supporting Information). Other
measurement methods, such as the Teng–Man approach, were
considered, but the PSCA method ultimately pursued due to
the restrictions the epitaxial strain condition imposes on the
electrode geometry. Confidence in the measurement procedure
was established by determining the electro-optic coefficient of a
well-known LiNbO3 reference sample, whose data are included
in Figure S10 (Supporting Information).
For characterization of the BaTiO3 on GdScO3 sample of in-

terest, the incident polarization is set to lie between two princi-
pal optic axes of the sample, which in this study are the [100]
and [010] in-plane crystallographic axes of the BaTiO3 film. The
BaTiO3 thin film refractive indiceswere characterized using spec-
troscopic ellipsometry at room temperature and at 5 K. The ex-
tracted dispersion curves are shown in Figure 2e, and a detailed

description of the optical modeling procedure and additional re-
flection and transmittance measurements performed is provided
in Note S3, Figures S11 and S12 (Supporting Information). The
ellipsometry measurements also served to refine the film thick-
ness to a value of 36.53 nm, which was used in the subsequent
analysis. With an in-plane electric field E1, the index ellipsoid of
the tetragonal phase distorts following Equation (2), taking the
original 1, 2, and 3 principal axes to a new set of axes: 1′, 2′ = 2,
3′:

x2

n21
+

y2

n22
+ z2

n23
+ 2xz r51 E1 = 1 (2)

In the absence of the field E1, x ≡ 1, y ≡ 2, z ≡ 3 are the prin-
cipal (Eigen) crystal physics axes, and n1, n2, n3 are the principal
refractive indices along those directions with n1 = n2 = no and
n3 = ne for the T phase of BaTiO3, a negative uniaxial material.[1]

The action of r51 (the last term in Equation (2)) would lead to new
Eigen coordinates in the x-z plane, leading to x′ ≡ 1′ and z′ ≡ 3′

axes. The y′ ≡ 2′ = y ≡ 2 would remain unchanged under this
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field. This point is illustrated in detail in Note S4 and Figure S15
(Supporting Information).
To detect the electro-optic effect under this geometry, where

the z ≡ 3 axis is pointed normal to the film surface, the sam-
ple was tilted 45° away from the incident probe as depicted in
Figure 2a. This results in the probe beam now experiencing two
orthogonal refractive indices no and ne(𝜃) without any external
voltage applied to the sample, and no

′ = no and ne(𝜃)
′ with the

voltage applied. The birefringence induced by the sample results
in a change in the probe polarization from a linear to an elliptical
state, resulting in a non-zero transmission through an analyzer
oriented orthogonally to the initial polarization state when a volt-
age is applied.
The unmodulated transmission function, I, of this system

without an applied electric field is described I = I0 cos
2(𝜙 + 𝛿),

where, ϕ represents the angle through which the analyzer is ro-
tated and 𝛿 represents an overall phase angle accumulated during
beam transmission through the sample and other optical com-
ponents before the analyzer, as shown in Figure 2a. When an
applied electric field is applied across the sample, the resulting
modulation to the transmission function, ΔI, can be expressed
with respect to the first order in Δ𝛿 as follows:

ΔI = I0 Δ𝛿 sin 2 (𝜙 + 𝛿) (3)

Figure 2b shows the experimentally measured I and ΔI curves
at 10 K for the BaTiO3 onGdScO3 sample fitted to the above equa-
tions. The derived Δ𝛿 can be converted into the electric-field in-
duced birefringence,Δn = Δ𝛿𝜆

2𝜋L
, where, 𝜆 = 1550 nm is thewave-

length of light used for measurements, and L is the distance light
travelled through the BaTiO3 film given by L = t/cos 𝜃film, where
t is the film thickness and 𝜃film is the angle describing the direc-
tion of propagation of light inside the film layer, considering the
45° probe angle of incidence and Snell’s law and assuming a sin-
gle pass. The effective electro-optic coefficient, reff = 2Δn

ne(𝜃film)
3
E
is

then calculated, where E is the amplitude of the AC bias applied
to the sample to measure the modulated transmission function,
ΔI and ne(𝜃film) is the refractive index seen by p-polarized light,
described at length in Note S4 (Supporting Information). Follow-
ing Equation (3), the experimentally measured maximum value
for the modulated transmission function, ΔI, is obtained at the
analyzer angle that results in the halfway point of the unmodu-
lated transmission function, I, which is where the slope is max-
imized resulting in a 𝜋

2
phase shift between the two curves. A

linear dependence in the maximum modulated intensity plotted
against the applied electric field above 50 K (Figure 2c), confirms
the origin of the response as the Pockels effect. The nonlinear
behavior that emerges below 50 K is discussed in the following
sections. Thismeasurement is performed at several discrete tem-
peratures to characterize the low-temperature properties of the
sample, with the compensator position, 𝜓 , optimized to cancel
out the native birefringence of the sample at every temperature.
The effective electro-optic coefficient observed, reff, is converted
into the tensor coefficient r51 through a geometrical analysis of
the modulated index ellipsoid, as described in Note S4 (Support-
ing Information).
The unmodulated refractive index was directly measured at

room temperature and at 5 K. For the analysis described in the

preceding section, the refractive index measured at 5 K was used
to analyze electro-optic data collected below 50 K, while the room
temperature index was used to interpret data collected above 50
K. The separation between data sets at 50 K is chosen to reflect
the phase transition that occurs at that temperature, as seen in
the electro-opticmeasurements and second harmonic generation
data to follow. An analysis of the electro-optic response using a
linear interpolation of these refractive index values as opposed to
a step function is presented in Figure S14 (Supporting Informa-
tion). With the effective electro-optic coefficient expressed in full
as reff = 2

ne(𝜃film)
3E

( ΔI ⋅ 𝜆
I0 ⋅ 2𝜋L

), the collective error can be expressed

as the sum of the errors of all terms in the products weighed

by their exponents:
dreff
reff

= 3( dno
no
) + dE

E
+ dΔI

ΔI
+ dI0

I0
+ dL

L
. In other

words, every percent error in the unmodulated refractive index
will propagate a three times larger percent error in the extracted
electro-optic coefficient. Assuming that the refractive index in the
temperature range between 5 and 295 K lies between the two end-
points measured, this results in a maximum error in the index
equal to the difference between the two values, which is an er-
ror of 3.4%. Thus, the maximum error in the determination of
the electro-optic coefficients due to inaccuracy in the index in-
terpolation becomes 10.2%. An increase in the extinction coeffi-
cient of the film at low temperature may arise from the transi-
tion from a unipolar tetragonal structure to a multidomain mon-
oclinic structure with potentially four domain variants, which
might promote additional scattering of light from the domain
walls.[53,54]

As shown in Figure 1c, the measured effective electro-optic co-
efficient reaches a peak value of 2735 ± 100 pm V−1 at a tem-
perature of 15 K, representing over a 100 × enhancement from
the room temperature value of 25 ± 2 pm V−1. This is in direct
contrast with previous results in the literature, where the electro-
optic coefficients of relaxed BaTiO3 films are reduced to nearly a
third of their room temperature value at similar temperatures.[14]

It is important to acknowledge that the room temperature electro-
optic coefficient of the strained BaTiO3 is lower than that of re-
laxed films grown on Si found in literature.[31] Phase-field simu-
lations provide support for this trade-off being an intrinsic effect
of the strained condition. There also exists the possibility of the
grown film possessing oppositely oriented tetragonal c domains
resulting in a reduction in the observed electro-optic effect. Piezo-
electric force microscopy was performed to image such potential
antipolar domains, but no such domains were revealed, Figure
S5 (Supporting Information). Nevertheless, the strained condi-
tion leads to superior performance at low temperatures. The re-
producibility of this response is discussed in Note S5, Figure
S17, and Table S3 (Supporting Information) with regards to both
thermal and electrical cycling. While the sample appears to be
remarkably robust and consistent with regards to electrical cy-
cling, some variation in the nonlinear response is observed in
every instance the sample is cooled. Most noteworthy is a reduc-
tion in the largest observed reff after the sample had undergone
several cooling-heating cycles, suggesting that thermal hystere-
sis and the initial configuration of the domain microstructure at
low temperature carries significant implications for the nonlin-
ear electro-optic response. The large enhancement at cryogenic
temperatures arises from the emergence of the Mc phase as dis-
cussed next.
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Figure 3. a) Various interpretations of the effective electro-optic response reff, depending on which part of the nonlinear response is of interest.
b) r(1),max, r(1),hf, and r(1),lf as a function of temperature. c) Observed electro-optic response recorded at double the modulation frequency, 2Ω, as a
function of temperature, indicating a nonlinear response d) Higher order electro-optic coefficients r(2) and r(3) extracted from polynomial fits of the
nonlinear 2 Ω and Ω frequency responses, respectively.

3.2. Nonlinearity in the Cryogenic Electro-Optic Response

The field dependence of the electro-optic response exhibits a
striking difference below 50 K from that above (Figure 2c), where
a field-dependent nonlinearity is observed. Below 50 K, a knee
in the curves becomes apparent, separating a linear regime at
high fields from a much stronger linear response at low fields.
Below 25 K, a second knee emerges at very low fields roughly
below 0.5 kV cm−1, resulting in an S-curve-like shape as shown
in Figure 3a. Response curves of the predicted monoclinic phase
can thus be discussed in terms of three different regimes: the low-
field limit, where the index change appears strictly nonlinear, a
mid-range high-slope linear regime containing the point of in-
flection for the curve, and a lower-slope high-field linear regime.
An examination of the derivative ofΔn as a function ofE curves

(Figure 2d) reveals that the slope of the high-field regime con-
verges to a common value, which corresponds to an reff = r(1),hf ≈

200 pm V−1, the temperature dependence of which is displayed
in Figure 3b. The derivative of Δn as a function of E also reveals
the exact point of inflection of the response curves located in the
intermediate voltage range, where the magnitude of the linear
electro-optic response is maximized. By taking the linear slope
at the inflection point, one can define a second value for reff =
r(1),max , depicted in Figure 3a. It is this value of reff that is pre-
sented in Figure 1c. From an engineering perspective, r(1),max can
be accessed by applying a small DC bias offset alongside ACmod-
ulation to maximize the sensitivity of the electro-optic response.
This DC bias would be equivalent to the point where the deriva-
tive ofΔn as a function of E is maximized, as shown in Figure 2d.
For response curves below 35 K, the low field regime can be fit
by a higher-order polynomial function in odd powers.

The choice to only attempt a fit with odd-order polynomial
terms can be understood by considering the higher-order ex-

pansion of the electro-optic effect under an AC field: Δ ( 1
n(t)
)
2
=∑

n r(n)E(t)
n where (n) denotes the nth order electro-optic effect (r(n)

is not to be confused with rij the linear electro-optic tensor coeffi-
cient). For a sinusoidal field the electro-optic response becomes:
−Δn(t) 2

n3
=
∑

n r(n)E0
ncosn(Ωt), where cos n(Ωt) can be expanded

as:

cosn (Ωt) = 1
2n−1

∑n
k= n

2
+1

(
n
k

)
cos [(2k − n)Ωt] + 1

2n

(
n
n∕2

)
for even n (4)

cosn (Ωt) = 1
2n−1

∑n
k= n

2
+1

(
n
k

)
cos [(2k − n)Ωt] for odd n (5)

It follows then that:

−Δn (t) 2
n3

=
(
1
2
r(2)E0

2 + 3
8
r(4)E0

4 + 5
16
r(6)E0

6 + ⋅ ⋅ ⋅
)

+
(
r(1)E0 +

3
4
r(3)E0

3 + 5
8
r(5)E0

5 + ⋅ ⋅ ⋅
)
cos (Ωt)

+
(
1
2
r(2)E0

2 + 1
2
r(4)E0

4 + 15
32
r(6)E0

6 + ⋅ ⋅ ⋅
)
cos (2Ωt)

+
(
1
4
r(3)E0

3 + 5
16
r(5)E0

5 + ⋅ ⋅ ⋅
)
cos (3Ωt)

+
(
1
8
r(4)E0

4 + 3
16
r(6)E0

6 + ⋅ ⋅ ⋅
)
cos (4Ωt)

(6)

It can be seen then that when detecting an electro-optic re-
sponse at the same frequency as the driving field, only odd-
powered higher order terms should manifest in the observed sig-
nal as experimentally detected by a lock-in amplifier.
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A fit of up to third-order terms is sufficient for the low field
regime of the electro-optic response recorded at the first har-
monic of the driving electric field, with the resultant third-order
electro-optic coefficients r(3) shown as a function of temperature
in Figure 3d. Equation (6) also reveals that an intrinsically non-
linear material response is expected to yield a signal at detec-
tion frequencies that are higher harmonics of the driving elec-
tric field. Specifically, the presence of a quadratic electro-optic
effect should be detected when locking on to twice the modu-
lation frequency and integer multiples thereof. In order to con-
firm the nonlinear nature of the material response at cryogenic
temperatures, Δn versus E curves were also measured at sev-
eral discrete temperatures while locking on to double the fre-
quency of the modulation field, 2Ω, with a representative result
shown in Figure 3c and curves obtained at other temperatures
shown in Figure S18b (Supporting Information). A fit of up to
6th order terms yields very good agreement with the data at low
fields. We note that to fit the response curve for the full range
of voltages applied, yet even higher order terms are required.
The extracted quadratic electro-optic coefficients r(2) are provided
in Figure 3d, while the temperature dependence of the higher
order terms r(4) and r(6) is provided in Figure S18a (Supporting
Information). A phenomenological model based on the Avrami
equation is also capable of providing an approximate fit to the
nonlinear response, as shown in Figure S19 (Supporting Infor-
mation). This model is further discussed in Note S6 (Supporting
Information).
Comparing different methods of defining the linear reff as

r(1),max, r(1),hf, and r(1),lf reveals a convergence above 50 K when
the nonlinearity in the response curves vanishes. The r(1),lf con-
verges to r(1),max with increasing temperature, while at low tem-
peratures it approaches r(1),hf, suggesting that as the S-curve char-
acter grows more prominent, the low-field regime may mirror
the high-field regime. The relationship between the Pockels reff
and individual tensor elements are discussed in detail in Note
S4 (Supporting Information), which includes a discussion on all
possible tensor element contributions to the observed response
and experiments conducted in an attempt to isolate the domi-
nant coefficients. Following these considerations and supported
by phase field simulations shown in Figure S16 (Supporting In-
formation), the reff is found to primarily reflect the intrinsic r51
Pockels coefficient reduced by a factor of ≈1.7 ×, yielding a max-
imum value of r51 = 4649 ± 170 pm V−1 at 15 K, as shown in
Figure 1c.
The quadratic response observed at 2 Ω is found to maxi-

mize ≈50 K where the nonlinear response initially sets in. The
fitted response is found to be within the same order of mag-
nitude as s11 − s12 = r(2),11 − r(2),12 measures of the observed
quadratic electro-optic effect in bulk BaTiO3 (sij being the more
common notation for the quadratic electro-optic effect as op-
posed to r(2),ij), and several orders of magnitude higher than
the response of other classical nonlinear optical materials like
KH2PO4 (KDP).

[1,55] We note that while the observed Δn2Ω con-
tinues to increase with decreasing temperature, this does not
manifest as an increase in the extracted r(2), but rather in the
higher order r(4) and r(6) terms required to yield a good fit of the
complex response (Figure S18, Supporting Information). Further
exploration of the full extent of this nonlinearity with regards
to even higher harmonic responses and extraction of higher or-

der electro-optic coefficients will be investigated in subsequent
works.
The nonlinearity, which is primarily responsible for the cryo-

genic property enhancement as defined through r(1),max appears
to be correlated to the emergence of the metastable mono-
clinic structure. For applied fields below the saturation regime,
a continuous monoclinic distortion can be produced through
a “swaying” of the ferroelectric polarization vector away from
the tetragonal out-of-plane c-axis, with an in-plane component
developing in the direction of the applied field. This results
in a large lattice dielectric susceptibility and large electro-optic
response. Nonetheless, polarization rotation eventually satu-
rates near 21° (as predicted by phase-field simulation) and
the lattice susceptibility is reduced leading to the high-field
regime.[56]

3.3. Understanding the Mc Phase Through Optical
Second-Harmonic Generation

To confirm the presence of a new monoclinic phase below 50 K,
complementary second-harmonic generation (SHG) polarime-
try measurements were performed (see Section 5: Experimental
Section). The SHG process describes the generation of light at
frequency 2𝜔 when light of frequency 𝜔 passes through a non-
centrosymmetric medium following the third-rank tensor equa-
tion: P2𝜔i = 𝜀o dijkE

𝜔

j E
𝜔

k , where E
𝜔

j and E
𝜔

k are optical electric fields

at frequency 𝜔 and polarization directions j and k, P2𝜔i is the ra-
diating nonlinear polarization generated in the material at fre-
quency 2𝜔 and polarization direction i, with efficiency described
by the SHG tensor coefficient dijk of the material, and 𝜖o the per-
mittivity of vacuum.[2] Owing to its nature as a third-rank tensor
property similar to the Pockels effect, polar phases and transi-
tions can be observed with extreme sensitivity.[57] At normal inci-
dence, no SHG was observed at room temperature as expected
for the tetragonal 4mm phase. The observation of a non-zero
SHG signal in this geometry would explicitly confirm a reduc-
tion in symmetry of the film structure. Indeed, the normal inci-
dence SHG (Figure 4b) is zero until 50 K, confirming a transi-
tion to a lower symmetry structure. This is consistent with the
prediction of the in-plane ferroelectric polarization component,
Px, as a function of temperature (Figure 4a). SHG polarimetry
performed at 𝜃 = 45° incidence (Figure 4c) and its modeling (see
Note S7 and Table S4, Supporting Information) indicate a tetrag-
onal 4mm phase until 50 K followed by a monoclinicm structure
with four domain variants arising from the positive and nega-
tive shear in each of the two mirror planes perpendicular to x
and to y.[58] To further support the interpretation of the r(1)max
response as due to a monoclinic distortion under an external
electric field, the electric-field-dependent SHG response is also
measured and shown in Figure S20b–e (Supporting Informa-
tion). Under an external field consistent with that applied dur-
ing electro-optic experiments, the polarimetry curves continue to
evolve in a way that requires a monoclinic m model to fit, sug-
gesting that additional monoclinic distortions occur in the soft-
ened, low-temperature lattice. Hysteresis in the samples was ob-
served by performing both electro-optic measurements under a
DC bias and SHGmeasurements under DC bias. Both yieldmin-
imal discernible hysteretic behavior, with the results shown in

Adv. Mater. 2026, 38, e07564 e07564 (7 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. a) Phase-field simulated values of the in-plane polarization, Px, as a function of temperature, reflecting the degree of monoclinic distortion.
(inset) Phase field simulated polarization vectors under applied field at 1 K, showcasing the susceptibility of the lattice. b) SHG signal versus temperature
at 𝜃 = 0° and 𝜃 = 45° incidence angle measurement conditions, for an input fundamental polarization, 𝜑, along 0°. c) SHG polarimetry taken at 𝜃 = 45°

incidence angle and at 300, 50, and 8 K, indicating tetragonal 4mm symmetry at and above 50 K and a monoclinic m symmetry below 50 K. The solid
lines are theory fits as described in Note S7 (Supporting Information).

Figure S21 (Supporting Information). These findings suggest
that the metastable monoclinic phase enables a continuous, re-
peatable transformation of the polarization vector.
Additional low-temperature X-ray characterization could serve

as explicit confirmation of the suspected cryogenic monoclinic
phase and will be investigated in future work. Both SHG and X-
ray characterization confirmed an analogousmetastable phase in
strained KNbO3 thin films, thus strengthening the SHG-based
claims presented for BaTiO3.

[58]

4. Conclusion

Through theory and experiments, we demonstrate that strain
can be used to engineer intermediate low-symmetry phases in
BaTiO3 thin films, where a cryogenic metastable monoclinic
phase exhibits a large linear electro-optic response, as well as a
large nonlinear EO response. Due to the competition between
multiple ferroelectric phases with similar thermodynamic sta-
bility, an emergent low-symmetry phase can be stabilized. This
“bridging phase” manifests as a monoclinic structure, which is
noteworthy for the ability of its lattice to deform in the presence
of an applied electric field. The freedom for the polar axes to sway
away from the tetragonal [001] c-axis with an in-plane component
in the (001) plane results in a large dielectric susceptibility and a
large effective electro-optic effect, the highest reported thus far.
Future work is required to measure this EO response at GHz fre-
quencies where it is of technological importance. Nonetheless,
this work illustrates the power of symmetry breaking and stabi-
lizing newmetastable states in thin films toward achieving supe-
rior properties that are otherwise not available in the equilibrium
phases.

5. Experimental Section
Growth of BaTiO3 on GdScO3 Thin Films: The sample was grown

in a Veeco GEN10 MBE system equipped with an epiray GmbH THER-
MALAS laser substrate heater, a 1 kW CO2 laser with a wavelength of
10.6 μm that irradiates the backside of the substrate over a circular area
with a diameter of ≈14 mm. Barium (Sigma–Aldrich, 99.99% purity) was
supplied using a conventional differentially pumped effusion cell, and ti-
tanium using a Veeco Ti-Ball source. One monolayer of BaO was de-
posited first, after which the sources were simply co-deposited. The bar-
ium flux was ≈5 × 1013 atoms (cm2 × s)−1 and the titanium flux was
≈1 × 1013 atoms (cm2 × s)−1, i.e., a Ba:Ti flux ratio of 5:1. The bar-
ium flux was determined by a quartz crystal microbalance, and the tita-
nium flux by X-ray reflectivity of a calibration film of BaTiO3 grown on an
SrTiO3 (001) substrate at Tsub = 1200 °C, with an oxidant pressure of 1
× 10−6 Torr of O2 + 10% O3 and a Ba:Ti ratio of 5:1. The BaTiO3 film
was grown on a GdScO3 (110)o substrate (CrysTec GmbH), to a thickness
of ≈36 nm.

Ozonewas used as the oxidant at a background pressure of 1×10−6 Torr
of O2 + 10% O3. The film was cooled in the same oxidant and pressure in
which it was grown to Tsub < 200 °C before the oxidant was turned off. The
substrate temperature, measured by a pyrometer operating at 7.5 μm on
the backside of the substrate during growth, was 1160 °C. Due to the high
substrate temperature, the vapor pressure of barium-containing species
over BaTiO3, chiefly BaO, was significantly higher than that of titanium-
containing species over BaTiO3, so excess barium will desorb from the
surface leaving behind a single-phase BaTiO3 film within an adsorption-
controlled growth window. As GdScO3 absorbs well at 10.6 μm, the back-
side of the substrate was not coated.

X-ray diffraction (XRD) and reciprocal space mapping (RSM) analysis
were done with a Panalytical Empyrean X-ray diffractometer using Cu K𝛼1
radiation. Atomic force microscopy (AFM) was performed using an Asy-
lum Cypher ES Environmental AFM. RHEED images were taken during
growth using a Staib electron source operating at 14 kV.

High Resolution Scanning Transmission Electron Microscopy: A sample
of the BaTiO3 on GdScO3 film was prepared for high-resolution scanning
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transmission electron microscopy (HR-STEM) using focused ion beam
(FIB) lift-out, followed by sequential milling at 30, 16, 5 kV, and a final
cleaning at 2 kV to progressively reduce surface damage. Scanning trans-
mission electron microscopy (STEM) and energy-dispersive X-ray spec-
troscopy (EDX) analysis were performed using a ThermoFisher Scientific
Titan TEM operated at 300 kV, spot size of 6, camera length of 115 mm,
C2 aperture of 70 μm, convergence angle of 25.2 mrad. HR-STEM was
collected with a beam current of 0.07 nA and improved by performing
drift correction on sequentially acquired STEM images, followed by im-
age averaging. The resulting images were denoised using a LASSO-like
soft-thresholding filter to suppress high-frequency noise while preserving
structural features. The EDX results show the mass percent distribution
maps of individual elements.

Polarization-Based Electro-Optic Measurement: Electro-optic measure-
ments were performed using a homebuilt PSCA setup with a 1550 nm HP
81689A continuous-wave laser source and a Nirvana 2017 balanced de-
tector. For absolute intensity measurements, a mechanical chopper was
placed in the laser path and modulated at 1.54 kHz for detection with
a Stanford SR830 lock-in amplifier. For measuring the modulated trans-
mission intensity, an Agilent 33220A signal generator amplified by a Trek
610C high voltage amplifier was used to apply a 555 Hz sine wave to
the sample, with the lock-in amplifier reference signal changed to the
function generator reference. The nonlinear electro-optic response was
verified by also collecting electro-optic modulation signal at double the
frequency of the driving voltage, i.e., at 1110 Hz. Samples were cooled
to liquid He temperatures using a Janis 30 continuous flow cryostat
system.

The polarization of the probe was set to lie between the ordinary
and extraordinary refractive indices, as depicted in Figure 2a. An an-
alyzer placed at the end of the setup was oriented orthogonal to the
initial probe polarization state, resulting in no transmission of light
through the setup when the sample and compensator were not included.
With the sample introduced, the transmission becomes nonzero on ac-
count of the birefringence-induced ellipticity. A quarter-wave compen-
sator was then added immediately after the sample to cancel out the
native material birefringence with no voltage applied. This returns the
transmission of the setup to zero until a voltage is applied to mod-
ulate the sample refractive indices and reintroduce ellipticity to the
probe.

Second-Harmonic Generation Polarimetry: Second-harmonic genera-
tion polarimetry experiments were performed using a fundamental wave-
length of 800 nm generated by a Spectra-Physics Solstice Ace amplified
Ti:Sapphire laser with a 1 kHz repetition rate and 100 fs pulse width. Light
was focused onto the sample using a 10 cm focal length lens, producing
a 50 μm diameter spot size as determined by knife-edge measurements.
Samples were cooled to liquid He temperatures using a Janis 30 continu-
ous flow cryostat system. A bare GdScO3 substrate of the same type pro-
duces no appreciable SHG signal under the same incident power, and thus
the SHG signal measured was interpreted as originating entirely from the
strained BaTiO3 film.

Phase-Field Simulations: Based on the thermodynamic theory of opti-
cal properties, a phase-field model might formulated, where the thermo-
dynamics of the ferroelectric system was described by its free energy func-
tional,

F = ∫

[
f L

(
T, PLi

)
+ f e

(
T, Pei

)
+ f L−e

(
PLi , P

e
i

)
+ f grad

(
∇iP

L
j

)

+ f elas
(
PLi , P

e
i , 𝜀ij

)
+ f elec

(
PLi , P

e
i , Ei

)]
dx3 (7)

where PLi (xi, t) is the lattice polarization, P
e
i (xi, t) is the electrical polariza-

tion, and 𝜎ij(x,t) is the stress.
[36]

The evolution of the lattice polarization and electronic polarization is
solved separately. The lattice polarization is computed following the relax-
ational approximation, where relaxational kinetics for the lattice polariza-
tion was assumed, and the mechanical displacement, electrical potential,

and electrical polarization instantaneously reach equilibrium, leading to
the time-dependent Ginzburg–Landau equation

𝛾Lij

𝜕PLj
𝜕t

= − 𝛿F
𝛿PLi

(8)

where− 𝛿F
𝛿PL

i
is the thermodynamic driving force for the temporal evolution

of the lattice polarization. The local stress and lattice polarization distri-
bution was used as inputs to the electronic polarization dynamic equation

𝜇eij

𝜕2Pej
𝜕t2

+ 𝛾eij
𝜕Pej
𝜕t

= − 𝛿F
𝛿Pei

(9)

where − 𝛿F
𝛿Pe

i
is the thermodynamic driving force for the temporal evolution

of the electronic polarization. To compute the local electronic dielectric
susceptibility, Equation (7) was solved assuming a small periodic electric
field is applied, which yields an analytical solution

𝜒
e,1
ij

(xi, 𝜔) =
[
Beij (xi) − 𝜀0

(
i𝜔𝛾eij + 𝜔

2𝜇eij

)]−1
(10)

which is related to the curvature of the free-energy landscape with re-

spect to the electronic polarization by, Beij (xi) = 𝜀0 (
𝜕2 f

𝜕Pe
i
𝜕Pe

j
). Solving Equa-

tion (14) (assuming 𝜆 = 1550 nm) the local refractive indices might
be computed, from the local lattice polarization and stress distribution,
thereby naturally including the electro-optic effect and potential piezo-
optic effects. As the lattice polarization distribution evolves in response
to an applied electric field, the corresponding change to the electronic di-
electric susceptibility and the refractive index was computed.

Here f L(PLi ) describes the intrinsic stability of the lattice polarization
compared to the high symmetry phase (m3̄m) as a Taylor expansion of
the polarization about the high symmetry phase, this was equivalent to
the Landau free energy density:

f L
(
T, PLi

)
= fo + aij (T)P

L
i P

L
j + aijklP

L
i P

L
j P

L
kP

L
l + aijklmnP

L
i P

L
j P

L
kP

L
l P

L
mP

L
n +

aijklmnopP
L
i P

L
j P

L
kP

L
l P

L
mP

L
nP

L
oP

L
p (11)

where aij, aijkl, aijklmn, and aijklmnop are the dielectric stiffness coefficients
measured under constant stress conditions. For BaTiO3, an 8th order ex-
pansion was used to describe the stability of the lattice polarization. The
thermodynamic coefficients are adapted from ref. [59] to describe the ef-
fects of quantum fluctuations at cryogenic temperatures. ref. [60]

The intrinsic free energy density of the electronic polarization, in the
absence of the lattice polarization, is described by

f e
(
T, Pei

)
= 1

2𝜖0
Be,refij

(T) Pei P
e
j (12)

where Brefij (T) is related to the refractive index of the equivalent high sym-

metry phase. The coupling energy density between the lattice and elec-
tronic polarization, which determines the electro-optic effect, is given by

f L−e
(
PLi , P

e
i

)
= gLLijkl P

L
l P

L
kP

e
i P

e
j (13)

where gLL
ijkl

relates the lattice polarization to the refractive index.

The gradient energy density is represented by

fgrad =
1
2
Gijkl

𝜕PLi
𝜕xj

𝜕PL
k

𝜕xl
(14)
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where Gijkl is the gradient energy tensor where the non-zero coefficients
are chosen to be G11 = 0.6, G22 = − 0.6, and G44 = 0.6, and the units
are normalized by 𝛼1l

2
o where 𝛼1 is the first Landau expansion coefficient

and lo is chosen as 1 nm per grid.
The elastic energy is given by

f elas
(
PLi , P

e
i , 𝜎ij

)
= Cijkl

(
𝜀ij − 𝜀oij

)
(15)

where Cijkl is the elastic stiffness, 𝜖ij is the total strain, and 𝜀oij=

Qijkl𝜎ijP
L
k
PL
l
+ 1

2𝜖0
𝜋ijkl𝜎ijP

e
k
Pe
l
is the eigenstrain, where Qijkl is the elec-

trostrictive coefficient and 𝜋ijkl is the piezo-optic tensor for the high-
symmetry phase. The total strain was solved for a thin film boundary condi-
tion assuming that the strain relaxes to its equilibrium value at each time
step; for simplicity the contribution of the electronic polarization to the
eigenstrain was ignored. Further details on solving the elasticity may be
found in ref. [61]

The electrostatic energy is given by

f elec = −EiPLi − EiP
e
i −

1
2
𝜖0𝜅

b
ij EiEj (16)

where 𝜖0 is the vacuum permittivity and 𝜅bij is the background dielectric

constant. For simplicity, to compute the evolution of the lattice polariza-
tion, only the linear contribution to the electronic polarization was in-
cluded and added to the background dielectric constant yielding f elec =
−EiPLi −

1
2
𝜖0𝜅

b
ij EiEj, where 𝜅

b
ij = 10 and is isotropic. Here 𝜅bij contains con-

tributions from the electronic contribution and the vacuum and other hard
modes. Appendix A and Table S5 (Supporting Information) contain all co-
efficients used in the phase-field simulations.

For the simulations, a system size of 128 Δx1 × 128 Δx2 × 56 Δx3 was
used. There were 12 Δx3 grid points for the substrates where the elastic
constants were assumed to be the same as the ferroelectric film, and there
are 4 Δx3 grid points acting as an air layer above the film. The thickness
of BaTiO3 was set to be 40∆x3. Periodic boundary conditions were used
along the in-plane lateral directions, and natural boundary conditions were
used along the film-substrate and film-air interfaces. The interface between
the film and the substrate was assumed to be coherent, and hence the
misfit strain was calculated using the equivalent cubic lattice parameters
for BaTiO3 and the pseudocubic lattice parameters for GdScO3.

[62]

𝜀11 =
a
[110]o
GdScO3

− aeqBaTiO3
aeqBaTiO3

, 𝜀22 =
a
[001]o
GdScO3

− aeqBaTiO3
aeqBaTiO3

, 𝜀12 = 𝜀21 = 0 (17)

where the lattice parameters for BaTiO3 are aeqBaTiO3 =
4.01∀ (1 + 1.15 × 10−5(T − 300 K)) and GdScO3 are

a[110]o
GdScO3

= 3.970∀ (1 + 1.09 × 10−5(T − 300 K)) and a[001]o
GdScO3

=
3.966 ∀ (1 + 1.09 × 10−5(T − 300 K)).

The simulations begin with an initial condition of PLi (xi, t = 0) =
[0.0 0.0 0.1 C m−2] + ΔPnoise(xi, t = 0), where |Pnoise| = 0.1 C m−2. To
simulate the evolution of the polarization under an applied electric field
and the corresponding electro-optic effect, a uniform electric field was ap-
plied along the [100] direction ranging from −70 to 70 kV cm−1. The elec-
tric field was incremented by 0.7 kV cm−1 every 100 timesteps. The linear
electro-optic effect and quadratic electro-optic effect were found by tak-
ing the average of the refractive index over the ferroelectric material as a
function of an applied electric field and fitting to a polynomial expansion
centered around zero. The simulations for the evolution of the lattice po-
larization were completed using the mu-Pro software.

Synchrotron-Based Reciprocal Space Mapping: Synchrotron X-ray
diffraction experiments were performed at the ID4B (QM2) beamline at
the Cornell high energy synchrotron source (CHESS). The incident X-ray
energy was 20 keV. An area detector array (Pilatus 6M) was used to collect
the scattering intensities in a grazing incidence reflection geometry (8°

incidence angle). The sample was rotated through 360° rotations, sliced

into 0.1° frames. Geometric parameters of the Pilatus 6M detector, such
as detector distance, tilting, rotation, and direct beam position, were
extracted using a standard CeO2 powder reference.
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