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Despite extensive research interests in perovskite oxides, low-energy consumption, nondestructive, and
manoeuverable methods for phase transition in perovskite oxides are still under exploration, and the
underlying mechanisms remain ambiguous. Here, optical susceptibility, including electron and anhar-
monic phonon contributions, is used to evaluate Gibbs free-energy variations of PbTiO3 and BaTiO3

under terahertz irradiation. This corresponds to an off-resonant light-controlled phase transition, rather
than the resonant approaches that excites hot carriers over electronic band or infrared-active vibrations
in the phonon band. We show that intermediate terahertz light can trigger polarization change between
ferroelectric orientation variants of PbTiO3 at room temperature. Similarly, the phase transformation from
low-symmetric ferroelectric phase to high-symmetric paraelectric structure in PbTiO3 can be driven by
changing the polarization and intensity of the incident light. Analogous results are obtained in BaTiO3. In
detail, the phonon spectrum and optical susceptibility exhibit strong temperature dependence, in which we
show significant effects of anharmonic vibration. In order to explicitly show its nonlinear optical nature,
we perform an alternating electric field dressed ab initio molecular dynamics simulation, which maps onto
the Raman-active phonon excitation under off-resonant terahertz irradiation.

DOI: 10.1103/PhysRevApplied.20.024020

I. INTRODUCTION

Since the discovery of ferroelectric (FE) materials over a
century ago, they have possessed exotic applications, such
as nonvolatile electronics with fast switching speed [1],
light-electrical-mechanical energy conversion [2], nonde-
structive readout, capability of high-density integration,
ultrafast data read and write kinetics [3], etc. Until now,
the most widely studied ferroelectric material type is per-
ovskite oxides, which exhibit polymorphic lattice struc-
tures under different environmental conditions, and could
show ultrafast displacive phase transitions among them.
Numerous studies have demonstrated that phase transition
in perovskite oxides can be triggered via mechanical [4–
6], thermal [7–9], and electrical approaches [10], while
recent experimental advances have witnessed such phase
transitions in titanates below band-gap light illumination
[11,12]. Note that the atomic diffusionless motion in per-
ovskites during collective phase transitions corresponds to
the �-mode vibrations in the momentum space, in accor-
dance with the long-wavelength feature of the optical
field, which may largely reduce energy consumption and
enhance its efficiency during phase transition. Theoretical
computations have shown that electron excitation between
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the valence and conduction bands could induce phase
transformations in perovskite oxides, via strong coupling
between phonon vibration and light-excited carriers [13].
In spite of these efforts, fundamental mechanisms of pho-
toinduced structural change still await further exploration
and understanding.

In this work, we use first-principles density-functional-
theory (DFT) calculations, including anharmonic vibra-
tional effects to show that controllable phase transi-
tions in perovskite oxides could occur under off-resonant
THz light irradiation. The THz optics has been con-
sidered as an advanced technique owing to its non-
contacting, transparency, nondestructive, and athermic
nature [14–17]. Hence, it holds great potential for various
promising applications, including nondestructive check
[18], food quality scan [19], security check [20], long-
distance communication [21], and modern electronic
devices [22,23]. We use two prototypical perovskite
oxides, namely, lead titanate and barium titanate, to illus-
trate phase transitions under THz irradiation. The opti-
cal responses are evaluated through both electron and
phonon contributions. We include anharmonic vibrational
effects in the phonon dispersion, which could incorpo-
rate the thermal effects that have been largely ignored in
conventional density-functional perturbation approaches.
Through thermodynamic evaluations, we suggest two

2331-7019/23/20(2)/024020(11) 024020-1 © 2023 American Physical Society

https://orcid.org/0000-0002-2606-4833
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.024020&domain=pdf&date_stamp=2023-08-08
http://dx.doi.org/10.1103/PhysRevApplied.20.024020


ZHOU and ZHOU PHYS. REV. APPLIED 20, 024020 (2023)

possible phase-transition paths under intermediate THz
illumination. One is between two FE orientation variants
(the Nambu-Goldstone mode in a Mexican-hat potential
profile), and the other is between the low-symmetric FE
phase and high-symmetric paraelectric (PE) structure (the
Higgs mode). They would occur depending upon the THz
polarization and intensity. Here, THz frequency is chosen
to be away from the infrared (IR) active phonon mode
at � in the first Brillouin zone (BZ). It corresponds to
an off-resonant light-matter interaction, rather than gener-
ating electron-hole pairs or IR-active mode, ensuring its
athermic nature. Hence, we predict an alternative approach
from the previously discussed schemes [24–26] that an
IR-active vibration generates the phase-transition respon-
sible Raman modes, involving multiple (three or four)
phonon scattering. We also perform an alternating elec-
tric field dressed ab initio molecular dynamics (AIMD)
simulation to explicitly show that the Raman-active mode
can be excited through this off-resonant light irradia-
tion. This is consistent with the nonlinear optical process
nature.

II. METHODS

Our DFT calculations are performed in the Vienna
ab initio simulation package (VASP) [27] that treats the
exchange-correlation functional using the generalized gra-
dient approximation (GGA) method in the solid-state
Perdew-Burke-Ernzerhof (PBEsol) form [28]. Projector
augmented-wave (PAW) method is used to treat the core
electrons, yielding an accuracy compared with all-electron
approaches [29,30]. The valence electrons (Ti: 4s23d2, O:
2s22p4, Pb: 5d106s26p2, and Ba: 5s25p66s2) are described
by a plane-wave basis set with a kinetic cutoff energy
of 500 and 550 eV for PbTiO3 and BaTiO3, respec-
tively. The first BZ is represented by Monkhorst-Pack
k-mesh grids of (12 × 12 × 12) [31]. The total energy
and force convergence criteria are set as 1 × 10−8 eV
and 1 × 10−8 eV Å−1, respectively. The convergence of
these computational parameters has been carefully tested.
To include the anharmonic effect in the phonon dis-
persion, we adopt the self-consistent approach (SCPH
scheme [32]) with microscopic anharmonic force con-
stants extracted from density-functional calculations using
the least absolute shrinkage and selection operator tech-
nique [33]. This method has been successful in repro-
ducing the finite-temperature phonon dispersion of var-
ious polar solids, which exhibits well-consistent results
with experimental observations. The simulation super-
cell is composed of (2 × 2 × 2) unit cells containing 40
atoms, which are used to generate force constants from
randomly selected structures during AIMD simulations
[34]. Nonanalytic correction is included by the Ewald
method and the Born effective charge components are
evaluated according to the density-functional perturbation

theory (DFPT). The Brillouin-zone sampling of vibra-
tional free energy from the SCPH approach, F (SCPH)

vib (V, T),
is computed based on (20 × 20 × 20) q-mesh grids in
the first BZ. The trajectory of atomic motion under an
alternating electric field is simulated by combining elec-
tric fields in the AIMD method. The temperature of
300 K and the microcanonical ensemble were selected as
the simulation conditions. The zero-temperature equilib-
rium structure is used as the initial structure to ensure
that no phonons are activated before simulation. DFPT
calculation results are used as the reference basis for
the projection of molecular dynamics trajectories into
phonon modes.

III. RESULTS

A. Geometric, electronic, and phonon properties of
PbTiO3

We start our calculations with lead titanate (PbTiO3),
which exhibits two typical phases [Figs. 1(a) and 1(b)].
The high-symmetric PE phase shows a cubic structure
(space group of Pm3̄m, no. 221), which usually appears
under high temperature (above 766 K) in the conven-
tional phase diagram. Our DFT calculations give its lattice
parameters to be a = b = c = 3.92 Å. Below the critical
temperature, PbTiO3 undergoes an inversion symmetry
breaking phase transition, resulting in a FE tetragonal
structure (space group of P4mm, no. 99). The polar is par-
allel to the principal axes, namely, 〈100〉 directions of the
cubic phase (all together six equivalent directions). The lat-
tice constant is slightly elongated along the polar direction
(relaxed to be 4.09 Å), and the other two lattice parame-
ters are equally to be 3.89 Å. These results agree well with
the experimental measurements [35]. Note that the polar-
ization direction could distinguish different FE phases with
symmetrically equivalent states (e.g., orthogonal FE1 and
FE2 orientational variants), separated by an energy barrier.
Figure 1(c) schematically plots the potential energy sur-
face as a function of electric polarization Pz and Px. Due
to the C4 rotation, there are four minima in the potential
energy surface. The potential energy landscape of phase
transitions between FE and PE is associated with longitu-
dinal changes of polarization, similar to a Higgs mode [36].
The energy biasing between two different FE orientational
variants (FE1 and FE2) corresponds to transverse changes
of polarization, which belongs to a Nambu-Goldstone
mode [36].

We plot the DFT-calculated electronic band dispersions
of the FE and PE in Fig. 2(a). Here, we assume the electric
polarization P in the FE phase along z (FE1, nonzero Pz).
One sees that both phases are semiconductors with their
band gaps being 1.45 (PE) and 1.42 eV (FE), consistent
with their ionic compound nature. The valence-band max-
imum (VBM) of PE locates at the equivalent X, Y, and Z
points. In the FE phase, the valley band energy at Z reduces
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(a)

(b)

(c)

FIG. 1. Schematic illustration of geometric phase transition in PbTiO3. (a) Crystal structures of the cubic paraelectric and tetragonal
ferroelectric unit cells. The polar displacement is along the z axis. (b) The atomic structures of PbTiO3 in FE1, PE, and FE2 states. (c)
Schematic plot of the lattice potential energy surface (PES) with respect to polarizations Px and Pz .

under the depolarization field, leaving the VBM only at X
and Y. As for the lowest conduction band, one observes
almost flat band dispersions along the �-X (or �-Y, �-Z)
path in the PE phase, which survives only along the �-Z in
the FE1 phase.

The phonon dispersions for both PE and FE phases are
plotted in Figs. 2(b) and 2(c). One sees that for the PE
structure, the standard second-harmonic vibration results
in imaginary modes (dashed curves) in the most part of the
first BZ. In order to correct this and include thermal effects,
we perform self-consistent phonon calculations. One
clearly observes that the imaginary branches are totally
suppressed by including the fourth-order anharmonic

coupling effects. Even at 0 K, it is evident that all
vibration frequencies become real, showing significant
renormalization effects from anharmonic corrections. As
the temperature increases, the frequency on each branch
enhances to higher frequency. The zone-center phonon fre-
quencies and their irreducible representation and optical
activity of PbTiO3 are summarized in Table I. The irre-
ducible representations of the twelve optical branches of
PE at � can be decomposed as Γ PE

op (Oh) = 3T1u ⊕ 1T2u.
As for the FE phase, there are no imaginary branches
in the second-harmonic framework. The irreducible
representations of optical branches are Γ FE

op (C4v) = 3A1 ⊕
4E ⊕ B1. In the vicinity of the � point, one observes clear
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(c)(b)(a)

FIG. 2. DFT-calculated fundamental properties of electrons and phonons of PbTiO3. (a) Electronic band dispersion along the high-
symmetry k path, where blue and red curves denote the FE1 and PE phase, respectively. The temperature-dependent phonon spectra of
the (b) FE1 phase and (c) PE phase. The LO-TO splitting effect is included. The gray-shaded areas are the unstable imaginary phonon
frequency regime, which is denoted as negative values. The dashed curves represent the phonon dispersion according to the standard
second-harmonic approximation, while the solid curves are the finite-temperature phonon structures obtained from the SCPH method.

frequency splitting between the longitudinal optical (LO)
and transverse optical (TO) branches, ensuring the large
electric dipole effects [37,38].

B. Optical responses of PbTiO3 at the THz regime

Next, we calculate the frequency-dependent optical sus-
ceptibility tensor χ for these two phases, which are used
to estimate the Gibbs free-energy variation under linearly
polarized terahertz light (LPTL) irradiation (see below and
Refs. [39,40]).

The optical susceptibility originates from two sources,
namely, electronic and ionic contributions. The large elec-
tronic bandgap (>1 eV) guarantees that the electronic
contributed susceptibility almost keeps a constant in the
THz regime (usually � 0.4 eV). In the independent particle
approximation, it can be evaluated by [41]

χ el
ii (ω) = e2

ε0

∫
BZ

d3k
(2π)3

∑
c,v

〈uvk| ∇ki |uck〉 〈uck| ∇ki |uvk〉
�(ωck − ωvk − ω − i0+)

,

(1)

where |unk〉 and �ωnk represent the periodic part of the
Bloch wave function and its corresponding eigenenergy

TABLE I. The zone-center phonon frequencies (at room tem-
perature), their corresponding irreducible representation, and the
basis functions of PbTiO3.

Phase Frequency (THz)

Irreducible
representa-

tion Basis functions

Γ PE
op (Oh) 4.6, 6.5, 16.3 T1u (x, y, z)

7.3 T2u −
Γ FE

op (C4v) 4.6, 10.1, 19.4 A1 z, x2 + y2, z2

3.2, 7.1, 8.2, 16.2 E (x, y), (xz, yz)
8.4 B1 x2−y2

for band n (c and v refer to conduction- and valence-
band indices, respectively) at k. The integral is per-
formed in the first BZ. ε0 is the permittivity in vac-
uum, and i = √−1 is the unit of imaginary number. We
apply random phase approximation to include its nonlo-
cal effects. Figure 3 plots the calculated diagonal com-
ponent χ el

ii (ω). Our calculations reveal that the suscep-
tibility constant for PE is isotropic, namely, χ el(PE) =
7.5. The electric polarization in the FE phase gives
anisotropic results, namely, χ el

‖ (FE) = 5.9 (parallel to
electric polarization) and χ el

⊥(FE) = 6.6 (normal to electric
polarization).

The ionic contribution to optical susceptibility is calcu-
lated according to [37]

χ ion
ij (ω) = 1

V

∑
m

Z∗
m,iZ∗

m,j

ω2
m − (ω + (i/τ ion ))

2 , (2)

where Z∗
m,i = ∑

κ ,i′ z∗
κ ,ii′um,κ ,i′ (z∗

κ ,ii′ is Born effective charge
component of ion κ and um,κ ,i′ is displacement mode
[42,43]) and ωm are the Born effective charge compo-
nent and eigenfrequency of vibration mode m, respectively.

FIG. 3. Real (solid curve) and imaginary (dashed curve) parts
of the electronic susceptibility components of PE and FE1 phase
in the PbTiO3.
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The results of Born effective charge of PbTiO3 are listed
in Table S1 within the Supplemental Material [42]. V is
the total volume of the unit cell, and τ ion (taken to be
0.12 THz) represents the ionic vibration lifetime. Note that
even though such a lifetime depends on phonon band index
and momentum, we follow the conventional treatment to
choose a universal value. It does not affect the real part of
susceptibility away from the resonant frequency, which is
the focus of the current study. We plot the calculated diago-
nal component χ ion

ii (ω) in Figs. 4(a) and 4(b). The peaks at
the imaginary part of susceptibility corresponds to resonant
coupling between LPTL and the IR-active modes. Accord-
ing to the Kramers-Kronig relationship, it produces a jump
in the real part of susceptibility at the resonant frequency
and a nonzero value below such a frequency. For each of
the three phases, we observe two dominant peaks at their
imaginary-part spectrum. Increasing temperature will shift
them toward higher frequencies. Figure 4(c) schematically
shows the vibration displacement modes of the first peak
in the imaginary part of susceptibility at room temperature.
All of them are IR active. At a typical low frequency (e.g.,
1 THz), the calculated ionic susceptibility values of the PE
phase are 229.5 at room temperature. For the FE phase,
the susceptibility at this low frequency ω0 is anisotropic,
namely, χ ion

‖ (FE, ω0) = 87.2 and χ ion
⊥ (FE, ω0) = 19.6 at

room temperature. All of the optical susceptibility com-
ponents (including electronic and ionic contributions) for
each phase at 1-THz frequency are listed in Table II. Note
that this frequency is away from any IR-active frequen-
cies, hence there is no direct resonant scattering between
the LPTL and the ions.

C. Optomechanics-driven phase transitions in PbTiO3

The structural phase transition under the off-resonant
LPTL irradiation can be conducted by thermody-
namic evaluations. The time-dependent alternating elec-

tric field
⇀

E (ω, t) = ⇀

E e−iωt of LPTL would reduce the
Gibbs free energy (GFE) density according to dg =
−Re

〈
⇀

P
∗
· d

⇀

E
〉
, where 〈·〉 indicates the time average. Note

TABLE II. The ionic and electronic contributions to suscep-
tibility components in PbTiO3 and BaTiO3 (incident frequency
taken to be ω0= 1 THz at room temperature).

Phase χ ion
‖ χ ion

⊥ χ el
‖ χ el

⊥
PbTiO3 PE 229.5 229.5 7.5 7.5

FE 87.2 19.6 6.6 5.9
BaTiO3 C 289.4 289.4 5.8 5.8

T 71.4 32.9 5.7 5.1
A 61.9 57.5 5.2 5.5
R 72.8 73.0 5.3 5.3

that the time-dependent electric polarization is
⇀

P(t) =
�Ps + ε0 Re ↔

χ(ω) · ⇀

E (ω, t), where �Ps is spontaneous electric
polarization. Since this �Ps is generally time independent
when the incident electric field strength is below the coer-
cive field (as in the current case), its contribution to GFE
would be zero after taking time average. Therefore, the
GFE variation under LPTL is

GLPTL

(
⇀

E , ω0

)
= − 1

4ε0V Re[χ el
ii (ω0) + χ ion

ii (ω0)]E2
i .

(3)

Here subscript i indicates the LPTL polarization direction.
Note that the integration of GLPTL over electric field gives
a 1/2 factor, and the time average of the sinusoidal elec-
tric field gives another 1/2. Hence, there is a factor of 1/4
in Eq. (3). Accordingly, the optical susceptibility compo-
nents in different phases determine their total GFE vari-
ations under LPTL. If they show large contrast between
PE, FE1, and FE2, LPTL would significantly change the
energy profile and one could expect THz light-induced
thermodynamic phase transitions.

We include the LPTL contribution into the total GFE
[44]

G
(

T,
⇀

E , ω0

)
= U − TS + pV + GLPTL

(
⇀

E , ω0

)
. (4)

Here, U is the total internal energy, and S is the entropy.
We consider only the ion contributed entropy in our dis-
cussion, as the electron contributed entropy is significantly
small for intrinsic semiconductors with band gap larger
than 1 eV. At the pressure-free condition, the third term is
safely ignored. Before the LPTL is irradiated, our numer-
ical results yield a FE to PE transition at approximately
720 K, closing to the experimental observations [45].
This also validates the computational approaches with the
anharmonic phonon effects.

Without loss of generality, we assume that the light trav-
els along the z direction, hence the light electric field is
polarized in the x-y plane (we take i = x or y here). Accord-
ing to Eq. (4), we now calculate the GFE difference for
phase transitions between the FE1/FE2 (Goldstone mode)
and FE/PE (Higgs mode), as shown in Fig. 5(a). One sees
that before light is introduced (zero electric field), the GFE
difference between FE and PE is 48.2 meV per formula unit
(f.u.) at room temperature. The two FE phases are energet-
ically degenerate. When we apply a LPTL (at frequency
ω0) with its polarization along x, the FE1/FE2 degeneracy
lifts due to anisotropic optical responses, namely, differ-
ent χ⊥ and χ‖. Hence, we would have a phase transition
from FE2 (smaller χ⊥) to FE1 (larger χ‖). The GFE dif-
ference is enhanced to be 14.3 meV/f.u. under the electric
field magnitude of 0.5 V/nm, sufficiently large to be distin-
guished (Goldstone mode). Similarly, as the susceptibility
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χ of PE is much larger than that of the FE. Above a criti-
cal electric field of 0.6–0.7 V/nm (depending on the initial
structure being FE1 or FE2), the LPTL drives the PE struc-
ture to be stable thermodynamically. This implies a FE to
PE phase transformation (Higgs mode). These phase tran-
sitions do not require any bond breaking and reformation,
and involve only collective and coherence atomic dis-
placive motions. Hence, they would occur in a fast kinetics
and do not generate significant heat as in the conventional
resonant light-absorption mechanism.

Since the 1-THz light is off resonant to excite either
an electron-hole pair in electronic band structure or an
IR-active mode in the phonon vibration, one may won-
der how the light-matter interaction occurs. According to
our previous works [39,40], we use a simple expansion on
χ to propose that it belongs to a second-order nonlinear
optical process, which stimulate a Raman-active mode. In
this work, we perform an alternating electric field dressed
AIMD simulation to illustrate it. We apply the modern
theory of polarization to evaluate the time-dependent P
in each step, and multiply it with time-dependent elec-
tric field E(ω0, t). We then project the ionic vibrational
offset into normal coordinates of each phonon calculated
by DFPT. Figure 5(b) shows that applying an x-polarized
LPTL onto the FE1 PbTiO3 (under an alternating field
with a magnitude of 0.1 V/nm) could induce a nonresonant
excitation of phonon mode at 2.3 THz (second-order har-
monic calculation). By analyzing the phonon-displacement
modes and irreducible representations, we identify that this
excited phonon mode corresponds to a Raman-active mode
(irreducible representation of E) with 3.2 THz frequency in
Table I. The different values of frequencies originate from

the anharmonic phonon contribution, which also suggests
the useful effect of vibrational anharmonicity. The elicited
Raman mode agrees well with its second-order nonlinear
optical process nature.

D. THz-induced phase transitions in BaTiO3

In order to show the ubiquity of this optomechanical
effect, we take another prototypical perovskite, barium
titanate (BaTiO3), which exhibits more isomeric phases as
depicted in Fig. 6. The BaTiO3 undergoes displacive struc-
tural phase transitions from a high-temperature centrosym-
metric phase (Pm3̄m, denoted as C) into tetragonal (P4mm,
denoted as T) at 409 K, which breaks inversion symmetry
by polar displacements of Ti and O atoms. Below 278 K,
it transits into an orthorhombic phase (Amm2, A) and then
a rhombohedral phase (R3m, R) at 183 K [46]. The lattice
constants for each phase in BaTiO3 are provided in Table
S3 within the Supplemental Material [42].

We perform DFT calculations and the self-consistent
phonon calculations to evaluate phonon spectra of these
four phases, as shown in Fig. 7. Similar as above, we
denote two orientational variants of T phase as T1 phase
(with electric dipole along x) and T2 phase (with electric
dipole along z). Note that if the standard second-harmonic
approximation is applied, only the R phase shows no imag-
inary frequencies (dashed curves). In the self-consistent
phonon calculation framework, we find all the imaginary
phonon branches disappear in all these four phases, even
at 0 K. This again suggests the significance of inclusion
the high-order anharmonic interactions.

(a) (b) (c)

FIG. 4. (a) Real and (b) imaginary parts of the ionic susceptibility components of PbTiO3. The electric dipole for FE1 is along z.
The dashed vertical lines in (b) mark the frequency of the first peak in the imaginary part of susceptibility at 300 K. (c) Schematic plot
of the ionic displacement modes of the first dominant peak along each direction at room temperature.
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(a)
(b)

FIG. 5. (a) Relative GFE of PbTiO3 as a function of LPTL electric field magnitude at room temperature. (b) Nonresonant phonon
response under alternating electric field of FE PbTiO3. Only a Raman-active mode appears here.

We then compute the optical responses of each phase in
BaTiO3, which are summarized in Table II. Similar to the
previous approach, we compute the electronic and ionic
contributions to the dielectric susceptibility of BaTiO3
using Eqs. (1) and (2), respectively. Further details can
be found within the Supplemental Material [42], which
includes the results of the Born effective charge (Table
S2 within the Supplemental Material [42]) and the illus-
tration of the diagonal components of χ el

ii (ω) and χ ion
ii (ω)

in Figs. S1 and S2 within the Supplemental Material [42],
respectively. According to Eq. (4), we estimate the changes
in GFE of different phases under 1-THz illumination (at
room temperature, with its electric field polarized along
x), which is depicted in Fig. 8. It suggests that above a
critical electric field strength of approximately 0.3 V/nm,
the T phase would transit into the C phase, which is high
symmetric and has vanished spontaneous electric polar-
ization. This thermodynamic result is counterintuitive to

(a) (b)

(c) (d)

FIG. 6. Geometric structures of BaTiO3 in (a) cubic (C), (b) tetragonal (T), (c) orthorhombic (A), and (d) rhombohedral (R) phases.
The black arrow represents the direction of polarization of the ion (Ti, O) referenced by the C phase.
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(a) (b)

(c) (d)

FIG. 7. Temperature-dependent phonon spectra of BaTiO3 in the (a) C, (b) T1, (c) A, and (d) R phase. The dashed curves represent
the phonon dispersion according to the second-harmonic approximation, while the solid curves are from the SCPH scheme.

the general physical picture that adding an electric field
induces dipole moment (as in the conventional E – P
hysteresis). The underlining reason is that our optome-
chanical approach contains second-order nonlinear optical
response, while the E – P hysteresis is only the first-order
response. In addition, one notes that the C phase usually
emerges under high temperature, but here we show that it
could appear at room temperature under THz irradiation,
being a hidden phase.

IV. DISCUSSION

In our study, we have included the LO-TO splitting
that naturally occurs in polar materials. It is worth noting
that such an effect usually elevates the frequency of the
LO mode at the long wavelength limit, while the TO
frequency remains almost unchanged [47]. The ion con-
tributed dielectric function is determined by the TO mode
near � [48], which couples with light electric field. There-
fore, the frequency of TO phonons plays a dominant role
in the ionic response functions. It can then be inferred that
the impact of LO-TO splitting effect is relatively weak in
our current study.

During the phase transition and/or a chemical reaction,
the energy barrier dominantly controls its kinetics. Unfor-
tunately, it is not straightforward to directly estimate the
energy barrier under THz irradiation. This is because the

ill definition of ion vibration contributed dielectric func-
tion along the reaction path, where the normalized force is
nonzero. Hence, we can only roughly estimate the upper
bound of the GFE barrier by the energy difference before
light is applied. For the Goldstone mode, we know that
there is a small barrier (without light) that separates the two

FIG. 8. Relative GFE of BaTiO3 as a function of the LPTL
electric field magnitude under room temperature. The symbols
T1 (T2), C, R, and A denote tetrahedral, cubic, rhombohedral, and
orthorhombic phases, respectively. Here T1 and T2 refer to that
the electric polar direction is parallel and perpendicular to the
light electric field direction, respectively.
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FE states. Under THz, since the GFE degeneracy of the
two FE states is lifted, it is expected that the energy barrier
will be reduced. As for the Higgs mode, the FE to PE trans-
formation does not encounter a barrier (without light), as
the PE locates at the peak of the energy landscape. Hence,
under THz, since the GFE difference between the PE and
FE is reduced, we roughly expect that the barrier should
be smaller than the total energy difference between the PE
and FE. These indicate a reduced barrier as THz inten-
sity is increased, which may facilitate the phase transition
under a fast kinetics. We note that this calls subsequent
experimental verifications.

One may also wonder whether this optomechanical
approach can be used under circularly polarized light
(CPL) illumination. Since the CPL carries one imaginary
part (a 90° phase difference) in its electric field component,
its impact will be related to the imaginary part of the off-
diagonal elements in the dielectric tensor [49]. For the per-
ovskites studied in the current work, the high-crystalline
symmetry and the time-reversal symmetry guarantees that
all the nondiagonal dielectric function elements are zero.
This is also verified by our DFT calculations. Nonethe-
less, in magnetic materials one may use CPL illumination
to change their GFE landscape.

Here, we mainly focus on the real part of the dielectric
function, as the imaginary part is zero. We have shown
that this off-resonant light scattering corresponds to the
second-order nonlinear Raman stimulation. We note that
it is distinct from previously proposed mechanisms [25,
50,51], where the THz light resonantly excites infrared-
active modes. In such cases, the light-absorption process
corresponds to the finite imaginary part of the dielectric
function. The infrared-active mode then simulates Raman-
active modes via three-phonon or four-phonon interac-
tions, and ultimately drives geometric phase transition. Our
optomechanical approach, in contrast, does not require this
direct light absorption, which may largely reduce thermal
generation.

V. CONCLUSION

In conclusion, we demonstrate that intermediate THz
could drive phase transitions in perovskite oxides such as
PbTiO3 and BaTiO3, controlling the emergence of ferro-
electric polarization and its direction. We show that the
anharmonic ionic interactions strongly affect the phonon
spectrum and optical susceptibility, which significantly
varies as a function of temperature. Using the electric field
dressed AIMD simulations, we explicitly show that the off-
resonant THz irradiation would evoke the Raman phonon
vibration (while it does not need to resonantly excite the
IR-active modes). The orientational variant transition pro-
vides a theoretical explanation for the recent experimen-
tal observations [12]. These optomechanics-induced phase
transitions could be easily generalized to other perovskite

systems and ferroelectric materials, serving as an appli-
cable platform for information storage and in-memory
computing devices.
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