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Strong long-wavelength laser pulses enable direct manipulation of atomic lattices for engineering novel quantum
states in complex materials. Nonlinear coupling between two infrared-active phonon modes (TO; and TO,), induced
by intense terahertz light fields, significantly enhances the amplitude of the TO; mode and facilitates ultrafast control of
transient structural distortions. This light-induced distortion reduces the lattice thermal conductivity from 8.1 W-m~1.K~!
to 3.0 W-m~!.K~!. The reduction originates from the nonlinear coupling, which enhances anharmonic interactions in the
lattice potential energy and substantially shortens the phonon lifetime (7). This work demonstrates a strategy applicable to
other perovskite materials and provides a framework for investigating light-induced electrical, optical, and thermodynamic

phase transitions.
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1. Introduction

KTaOs3 crystallizes in a simple cubic perovskite struc-
ture with space group Pm3m (No. 221) at room tempera-
ture. KTaO3 and its derived materials (e.g., solid solutions,
nanocomposites) exhibit diverse properties, including piezo-
electricity, ferroelectricity, optical properties, superconductiv-
ity. These properties drive extensive research for applica-
tions in telecommunications,[!! fuel cells,[?! and luminescent
capacitors. %!

Ultrafast laser excitation enables non-equilibrium ma-

transient
7]

terial control, inducing phenomena such as

461 high-order harmonic generation,|

superconductivity, |
magnetic interaction modulation,®! and structural/electronic
manipulation,>!%! revealing novel quantum states.!'!! These
effects are rooted in nonlinear phononic interactions, 12141
as demonstrated by THz-driven carrier mobility enhancement
in K3Cgp (metastable superconductivity!>~!71), topological
phase transitions in WTe,,!'81 ZrTes,['”! and graphene,?"!
insulator—metal switching in VO,,[?! and ferroelectric polar-
ization reversal.[?>-2*] Notably, nonlinear phononics enables
hidden-phase induction (e.g., ferroelectricity in SrTiQ32>-26])
and structural transitions,27-281 advancing ultrafast materials
engineering.

Selective excitation of infrared-active phonons enables
quantum material control through nonlinear phononics, a low-
dissipation approach for manipulating lattice dynamics. Forst
et al. proposed a mode-selective mechanism via ionic Raman

scattering, 211 where infrared mode excitation drives anhar-
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monic lattice displacements.*?) Chemical doping introduces
foreign atoms via substitution, permanently altering chemi-
cal composition to modify electronic structure through added
charge carriers or defects. This equilibrium state is irre-
versible by external fields. In contrast, nonlinear phononics
uses intense THz pulses to resonantly excite specific infrared-
active modes (TO»), inducing transient displacements in target
modes (TOp) via anharmonic coupling. Energy transfer oc-
curs through coherent lattice vibrations without charge carriers
or compositional changes, thus enabling dynamic, reversible
control of phonon amplitudes on fs-to-ps timescales. Light’s
tunable temporal profiles, spectral bandwidths, and polariza-
tion states>3! further enhance its precision in ultrafast material
engineering.

KTaO3 exhibits high sensitivity to external stimuli such as
electromagnetic radiation and strain while maintaining struc-
tural stability without any phase transitions from sub-room
temperature down to the millikelvin range,**! making it an
ideal platform for investigating nonlinear phonon dynamics
and ultrafast optical control. In this work, we modify the lat-
tice structure by driving the lowest-frequency optical phonon
mode in incipient ferroelectric KTaOs3 into the strongly non-
linear regime via phonon—phonon coupling under intense ter-
ahertz excitation. Ultrafast structural control originates from
nonlinear coupling between infrared-active phonon modes O
and Q. External pumping of the > mode induces nonlinear
distortion along the Q; coordinate,!”®! leading to symmetry
breaking and transient lattice distortion.
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Combining first-principles calculations with nonlinear
phonon theory, this study systematically probes the light-
induced evolution of electronic structure, optical properties,
and thermodynamic characteristics in KTaO3. The results re-
veal that TO; and TO, phonon modes, driven by light-induced
dynamical instability, enable synergistic regulation of optical
response and thermal transport. This approach exhibits su-
perior tunability and dynamic adaptability, facilitating rapid
switching of photothermal properties while preserving struc-
tural integrity. Specifically, this work demonstrates three key
advances in light-controlled KTaO3: (i) a 62.9% suppression
of lattice thermal conductivity via photoinduced structural dis-
tortion, superior to chemical doping;**! (ii) on-demand cre-
ation of optical anisotropy through laser-induced symmetry
breaking, absent in pristine KTaOj3; and (iii) unified control
of electronic, optical, and thermal properties via the Q1 modu-
lation mechanism. Collectively, these findings establish a new
paradigm for nonlinear phononic control based on transient
lattice distortion, with significant implications for photother-
mal conversion devices and thermoelectric optimization. The
developed methodology provides a theoretical foundation for
quantitatively predicting light-matter coupling effects and ra-
tionally designing novel functional materials.

2. Computational method

The unit cell of KTaO3 was calculated using density func-
tional theory (DFT) with the projector augmented wave (PAW)
method,*! as implemented in the Vienna ab initio simula-
tion package (VASP).’7-3°1 Our computational study encom-
passed structural relaxation, phonon dispersion, and calcula-
tions of electronic, optical, and thermodynamic properties.
For structural optimization, the exchange—correlation func-
tional was treated with the generalized gradient approximation
(GGA) using the Perdew—Burke-Ernzerhof (PBE)“Y func-

tional, augmented by DFT-D3 van der Waals corrections. [}

A plane-wave cutoff energy of 520 eV was employed, with
the energy convergence threshold set to 10~ eV, and the Bril-
louin zone sampled using a 12 x 12 x 12 Monkhorst—Pack k-
point grid. Phonon calculations were performed within density
functional perturbation theory (DFPT) using a 3 x 3 x 3 super-
cell model via the PHONOPY code,*?! incorporating spin-
orbit coupling. Electronic properties were evaluated using
the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional. [+3]
Optical properties were calculated using the GW approxima-
tion for the Green’s function and screened Coulomb interac-
tion, coupled with the solution of the Bethe—Salpeter equation
(BSE) as implemented in VASP.[***] The GW+BSE calcu-
lations utilized a 12 x 12 x 12 k-point grid and a GW cutoff
energy of 600 eV. Thermodynamic properties were computed
using the phono3py program!“®! in conjunction with VASP.

3. Results and discussion
3.1. Nonlinear phonon dynamics

The lowest-energy cubic structure of KTaO3 (lattice con-
stant a = b = ¢ = 4.02 A) was optimized using DFT as shown
in Fig. 1(a). Phonon frequencies and eigenvectors were com-
puted via density functional perturbation theory (DFPT), in-
cluding spin—orbit coupling. Due to significant LO-TO split-
ting, dielectric constants and Born effective charges were in-
corporated. Since light only excites phonons near the I" point
of the Brillouin zone (g = 0, 0, 0), we restricted our analysis
to modes belonging to the irreducible representations of the
Pm3m space group. The calculated phonon modes are listed
in Table 1. KTaOs3 has four triply degenerate optical phonon
modes at the center of the Brillouin zone, and we label these
four modes as TO;, TO,, TO3, and TO4 respectively. TO,
TO,, and TOj3 are infrared-active (77,), while TO4 is opti-
cally inactive (T3,). The nonlinear coupling between TO; and

TO, modes (atomic displacements and vibrational patterns in
Fig. 1(b)) is central to this study.

Fig. 1. Structure and polarization configurations in KTaO3. (a) The cubic lattice structure of KTaO3. (b) Schematic representation of atomic
displacements corresponding to infrared active modes TO; and TO; at I". The arrow indicates the direction of the phonon displacement.

Table 1. Frequencies of phonon branches at the center of the Brillouin zone for KTaO3.

Phonon branch Symmetry Frequency (ecm™") Ref. [34] (cm™ 1) Ref. [47] (cm™ 1)
TO, T 31.06 62.7 25
TO, T 182.93 181.8 196
TO3 Tou 263.39 216.4 282
TO4 Tiu 516.61 556.6 547
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To determine the nature and strength of the coupling
between phonons, we performed energy surface calculations
based on the amplitudes of these modes. The following ex-
pression is provided:

of 5, 05 4 4
V(0) S A+5Ahtadi+ho,
+ @00+ 5208 +a30f +b303 +¢10102
+¢20703 +¢30103 + 40103
+d10103 + 0102 +d30{03
+diQ103 + 10705 + 20103
+e30103+ 40703, ()
where Q4 (o = 1,2) represents the real-space eigen displace-
ments of the infrared-active modes TO; and TO,, and @y
represents the corresponding eigenfrequency of the phonon
modes. The atomic displacements due to an amplitude Qy

J-th atom, m; is the mass of this atom, and a)j‘-x represents the
corresponding component of the TO; and TO, mode vectors,
which is normalized and dimensionless. We use the units of
eV for energies, amu for masses, and amu!/2 . A for the nor-
mal mode amplitudes Q.

Phonon coupling can lead to atomic displacements that
deviate from the harmonic potential equilibrium due to an-
harmonic effects. The calculated energy surface is shown in
Fig. 2(a), and the values of the anharmonic constants are listed
in Table 2. As depicted in Fig. 2(a), the energy landscape ex-
hibits a unique minimum as a function of the amplitude of
the TO; mode for a given amplitude value of TO,. Further-
more, once the amplitude of the TO, mode becomes non-zero,
TO; mode shifts from its equilibrium position. These results
demonstrate strong coupling between the TO; and TO, modes.
Such coupling implies that exciting one mode induces a signif-

is given by U; = 73’%1 (uj‘?‘; where Uj is the displacement of the  jcant response in the other.
3.5] ' ' ' T — -
3.0 )= 82:(1) 6 _82283 400} (®) — g lo.06 59 (c) —g 1.0
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Fig. 2. (a) Total energy as a function of the TO; mode amplitude (Q;) for fixed TO, mode amplitudes (Q,). Q; varies from —1 amu!/2- A to
1 amu!/2- A. For visual clarity, we plot V(Q1,02)-V(0,05) so that all curves coincide at Q; = 0. Panels (b), (c), (¢) and (f) show the time-
dependent dynamics of Q at Ey = 350 mV/A, 500 mV/A, 1000 mV/A, and 1500 mV/A, respectively. (d) Maximum displacement amplitude

of Oy as a function of field intensity Ey.

Table 2. The coefficients of the anharmonic, and nonlinear coupling terms
of the polynomial used to fit the calculated total-energy surface V(Q1,Q0>)

of KTaO3. The unit of the 0" Q" term is meV - amu~ ("+7)/2 ATl

Coefficient ~ Order Cubic Coefficient  Order Cubic
w? 03 3.110 a 0}03 6446
»? 03 123715 cs Qj03  128.174
a ot 955.573 d 0103 -356.705
by o3 718.916 d> 030, -271.632
a o —61.909 ds 0i03  -19.827
by 05 -1050.727 ds 0j03 3343
a3 o8 200.712 el Ql0F 224578
b3 08 524.747 e Q103 -517.482
1 010, 27.437 e3 0305 86.281
o Q303 1300.121 es 0503 237912

In order to manipulate the symmetry breaking of KTaO3

via optical excitation and investigate the evolution of anhar-
monic systems, we further explored the dynamics of non-
linearly coupled modes when the TO, mode is externally
pumped. In this process, both the TO; and TO, modes are
influenced by the calculated energy surface and an external
driving term F'(¢). Based on these considerations, we derived
the dynamical equations describing the motion of the system

0+70+Vo[V(Q)—F(1)02] =0,

2
I

@

F (1) = Egsin(or)e"/2(0/2V2In2) 3

where Q describes the displacements of Q1 and O, 7 is the
damping constant of each mode. F(¢) denotes the specific in-
tense THz excitation pulse. where Ey, ¢, and @ are the ampli-
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tude, full width at half maximum (FWHM), and frequency of
the light pulse, respectively. @ = @, 0 =2 ps.

Numerical integration of Eq. (2) reveals that the TO;
phonon mode can be excited in KTaO3 via laser pumping at a
central frequency of 5.48 THz. Figure 2 presents the evolution
of the infrared-active mode Q under different field strengths:
under weak excitation (low pump intensity), O develops a
non-equilibrium displacement, stabilizing the metastable sys-
tem and asymptotically converging towards the steady-state
value. As shown in Fig. 2(b) (field strength set to 350 mV/A),
Q0 stabilizes at 0.023 amu'/2- A, indicating a small displace-
ment amplitude. When the field strength exceeds 400 mV/A,
0 exhibits oscillation-like behavior (Figs. 2(c), 2(e), 2(f)),
with the amplitude decaying to zero following resonant ex-
citation under strong pumping.

To clarify the relationship between max(Q;) and the ap-
plied THz optical field intensity Ey in the theoretical calcu-
lations, we sampled the range 0 mV/A-3000 mV/A in steps
of 50 mV/A (Fig. 2(d)). The results indicate that Q| shows
almost no oscillation for Ey < 400 mV/A. Stronger fields trig-
ger enhancement of the TO; mode, while max(Q;) gradu-
ally saturates under high pumping. This nonlinear relation-
ship likely stems from the periodic oscillation of the driving
force and phonon damping effects. Figure 2(d) shows that
over the range 700 mV/A-3000 mV/A, Max(Q;) converges
to 1.45 (£0.05) amu'/2 - A, demonstrating a field-induced sta-
bilization effect.

Although the theory covers extreme field strengths up
to 3000 mV/A, achieving the intensities shown in Fig. 2(d)
presents significant challenges experimentally. Current THz
source power output is limited by dielectric breakdown thresh-
olds and energy conversion efficiency. The stable operating
range for most experimental systems is concentrated around
Ey = 100 mV/A-1500 mV/A, 3] showing a considerable gap
compared to the upper limit of the theoretical calculations.
Therefore, the core focus of experimental validation should
lie within the currently achievable range of strong-field THz
technology. The pronounced response of KTaO3 within this
range provides a basis for verifying the relationship between
max(Q;) and Ey. At Ey = 400 mV/A, a displacement of
max(Q;) ~ 1 amu'/?- A can be induced, which falls within
the experimentally accessible range, suggesting that theoreti-
cal verification can proceed in stages. Experiments must ac-
count for nonlinear absorption, lattice distortions, and irre-
versible damage under strong fields, necessitating the use of
cryogenic conditions to suppress thermal effects. Utilizing
advanced structural probing techniques offers the potential to
clearly confirm the theoretical model experimentally and pos-
sibly extend the exploration moderately beyond the current
stable field strength limits of experimental technology. Ex-
ploration of physics at even higher field strengths will rely on
future breakthrough advancements in THz source technology.

3.2. Electronic properties

To investigate material performance in photovoltaic and
optoelectronic applications, understanding their electrical
properties is crucial. A comprehensive analysis of the light-
induced structural transformations in KTaO3 was performed,
coupled with first-principles calculations of the pump excited
electronic band structure (Fig. 3). The band gap defines the
energy range available for electrons in a solid material and
serves as a critical parameter for understanding the material’s

(491 The band structure provides essen-

electrical conductivity.
tial insights into the energy levels of occupied and unoccupied
electronic states, as well as the electronic transitions between
the valence and conduction bands in solids. Analysis of the
electronic band structure is a fundamental approach in first-
principles calculations for elucidating the properties of solid
materials.

The valence band maximum (VBM) occurs at the R point,
and the conduction band minimum (CBM) at the I" point of
the Brillouin zone. This result demonstrates that KTaO3 ex-
hibits characteristic insulating behavior with an indirect band
gap. According to solid-state theory, electron excitation pro-
cesses are more complex in indirect bandgap materials than
in direct bandgap ones. The calculated bandgap of KTaO3
using HSEO06 hybrid functional with spin—orbit coupling cor-
rection yields 3.91 eV, which shows reasonable agreement
with existing theoretical and experimental reports. While this
value is slightly higher than the experimental measurement of
3.6 eV,1°% it demonstrates significant improvement over stan-
dard PBE functional results (2.1 eV)! and aligns well with
other advanced computational approaches, including HSE06
(3.44 eV)132 and TB-mBJ (3.33 eV)3! methods reported in
literature.

Pump excitation induces significant degeneracy lifting in
the band structure of KTaO3, manifested as the splitting of the
conduction band at the I" point and the valence band at the
R point. At Q1 = 0 (Fig. 3(a)), bands near high-symmetry
points I and R exhibit high degeneracy. With increasing Q;
(Figs. 3(b)-3(f)), coherent phonon oscillations directly break
the crystal potential symmetry. This causes degenerate energy
levels at I' and R to split into multiple subbands according
to the irreducible representations of the new symmetry group.
Further analysis reveals that increasing Q; enhances the con-
tribution of anharmonic terms in the lattice potential, intensi-
fies phonon—phonon scattering, and shortens phonon lifetimes.
Shorter-lived phonons exhibit increased scattering probability
with electrons, reducing electron coherence. This ultimately
leads to band broadening, reduced band curvature (e.g., flat-
tened slope of the I'-point conduction band), and enhanced
electron effective mass. These symmetry breaking effects sig-
nificantly alter carrier effective mass and transition dipole mo-
ments, thereby modulating the material’s electronic and opti-
cal properties.
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Fig. 3. The band structure of KTaOj3 calculated using the HSEO6 functional, where panels (a), (b), (c), (d), (¢), and (f) correspond to Q; values
of 0,0.3,0.6,0.9, 1.2, and 1.5 amu'/2 - A, respectively.
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Fig. 4. The densities of states (TDOS and PDOS) of KTaO3 calculated using the HSE06 functional, where panels (a), (b), (c), (d), (e), and (f)
correspond to Q; values of 0, 0.3, 0.6, 0.9, 1.2, and 1.5 amu!/2. A, respectively.
To examine elemental/orbital contributions and band evo-  lence band is dominated by Ta-s/d and O-p orbitals, while the
lution, we computed the total and partial densities of states  conduction band comprises Ta-d and O-p states, which is con-
(DOS/PDOS). Figure 4 shows the DOS of KTaO3 under vary- sistent with the findings of Akter et al.l>3! O-p orbitals persis-

ing Q; displacements. In pristine KTaO3 (Fig. 4(a)), the va-  tently govern the Fermi-level region across all configurations,
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a hallmark of oxide perovskites.>*

Notably, pristine KTaO3z exhibits prominent interband
transitions between O-p and Ta-d states. With increasing Q1,
lattice distortion disrupts the local coordination environment.
This distortion alters the orbital hybridization between Ta-
d and O-p states. Consequently, the density of states (DOS)
for both Ta-s/d and O-p orbitals shows progressively reduced
peak intensities and increased peak broadening, evolving from
sharp features to a broadened distribution.

Specifically, regarding hybridization: At Q; =0 amu'/2.
A, significant DOS overlap between Ta-d and O-p orbitals oc-
curs within the range of E ~ 4 eV-8 eV, indicative of strong
hybridization. As Q; increases, however, distortions in Ta—O
bonds (e.g., altered bond lengths, symmetry breaking) com-
promise the geometric criteria essential for efficient d—p hy-
bridization. This leads to a marked reduction in hybridization
strength, manifested as a diminished DOS overlap region and
increased peak dispersion.

3.3. Optical properties

The optical properties of materials, critical for under-
standing and designing novel materials, are primarily gov-
erned by electronic dynamics (e.g., transition probabilities).
Using the GW+BSE approach, we analyzed light-induced
structural phase transitions in KTaO3 and their impact on key
optical parameters: dielectric function (&), absorption coeffi-
cient (@), energy loss function (L), refractive index (n), re-
flectivity (R), and extinction coefficient (k) (Fig. 5). Pristine
KTaOj3 exhibits optical trends consistent with prior studies, [°3!
while pump excitation induces marked alterations in these
properties, revealing dynamic light-matter interactions.

The dielectric function € (w) = € (®) + i& (®) quanti-
fies a material’s response to electric fields, where the real part
€1 () governs polarization and the imaginary part & (@) re-
flects absorption. Key features in & () (e.g., spectral peaks
and lineshapes) directly correlate with interband electronic
transitions. These parameters reveal the material’s optical and
electronic behavior, governing their performance in applica-
tions. For KTaOs, the static & (@) peaks at 9.38 (2.18 eV),
while €] (@) peaks at 6.68 (4.23 eV), revealing its light-matter
interaction thresholds.

The absorption coefficient & (®) quantifies a material’s
photon absorption efficiency. This absorption process is deter-
mined by multiple factors, such as the material’s band struc-
ture and atomic arrangement. Specifically, optical absorption
arises when the photon energy equals the energy difference be-
tween electronic states in the material. The optical absorption
coefficient a (@) can be calculated from the imaginary part of
the dielectric function & (@)

12
oc(w):\/fw[\/slz—i—szz—el} ) 4)

Here, @ represents the photon frequency and ¢ denotes the
speed of light in vacuum. A higher absorption coefficient in-
dicates stronger absorption. The absorption coefficient o (@)
of KTaOs, calculated from the dielectric function (Figs. 5(a)
and 5(d)), reveals distinct photon energy dependence: pristine
KTaOs3 exhibits isotropic absorption onset at 3.5 eV with the
first absorption peak appears at 3.88 eV.

Nonlinear phononic coupling induces atomic displace-
ments (Q1) along the z-axis, breaking structural symmetry and
thereby inducing anisotropy in the optical response. Along
the [001] direction, the calculated absorption spectra show a
clear blueshift of the absorption edge with increasing char-
acteristic displacement Q; (Fig. 5(i)). The excitonic absorp-
tion peaks at Q; = 0 amu'/2- A and Q; = 0.6 amu'/2- A
are marked in Figs. 5(a). Figures 5(i) and 5(1) present the
k-space weight distributions of the first excitonic states at
Q1 =0 amu'/2- A and Q; = 0.6 amu'/2- A, respectively.
Dot radii represent the contribution strength of valence-to-
conduction electron-hole (EH) pairs to the excitonic wave-
function at each k-point. At Q; =0 amu!/2 . A, the exciton
state is dominated by VBM to CBM EH pairs near the Gamma
point. At Q1 =0.6 amu'/2. A, the primary e-h pairs forming
the exciton shift from the Gamma point vicinity toward Bril-
louin zone regions exhibiting larger band gaps. This shift to
higher band gap regions increases the transition energy of the
EH pairs, directly resulting in the blueshift of both the exci-
tonic peak and absorption edge. In contrast, the [100] direc-
tion shows no significant absorption edge shift, consistent with
minimal band gap changes.

The energy loss function L (®) is a fundamental tool for
studying light-matter interactions. It quantifies electron en-
ergy dissipation in electromagnetic fields, representing the
probability distribution of energy loss when incident electrons
or photons interact with the material. The expression is given
as follows:

L(a))Im< -l ) & 5)

e()) e +¢e’

The energy loss function L (@) of KTaO3 (Figs. 5(b) and 5(e))
highlights plasmonic resonances, with pristine samples show-
ing a prominent bulk plasmon peak at 7.4 eV. As Q; dis-
placement changes, along [001] (Fig. 5(b)), the loss thresh-
old blueshifts systematically with suppressed intensity, while
along [100] (Fig. 5(e)), loss intensity decreases without spec-
tral shifts. These modifications collectively reduce energy dis-
sipation, indicating enhanced energy transfer efficiency under
optical excitation, driven by symmetry-breaking atomic rear-
rangements

The extinction coefficient k (@), a fundamental optical
parameter, describes light attenuation in materials through op-
tical amplitude decay. It relates to the absorption coefficient

026301-6



Chin. Phys. B 35, 026301 (2026)
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Figures 5(c) and 5(f) show the energy dependence of the ex-

hibits an onset at 3.5 eV, reaching a pronounced peak value
of 1.76 at 4.5 eV where maximal photon absorption occurs at
the material surface. This spectral evolution mirrors the imagi-
nary component (Im(¢)) of the dielectric function, confirming

k() as a critical parameter for optoelectronic device engi-

tinction coefficient. The extinction coefficient of KTaO3 ex-  neering.
1.5 2.5
— Q=15 (a) 1.5 (b) 2.0 (c)
_ — Q=12
©001) | LOF_1q=09 £ 1.0 15 n\f\,f\
g Q| =06 2 1.0 \
S 0.5} Q=03 S 05 | o 0.5 /
=] _ .
O E P
~ 0 z 0 s %3 1 6 s
= 0 2 4 6 8 gz 0 4 6 8 ¢
2 25 N j
e} Sy e
£ 20| Tl@i=12 ()] ¥15 -
E 15l "laicos 2
1 2 Lop —1@i=09 1.
(100) 2 1.0] Q=06 = 10
’ [@:]=0.3 0.5
0.5F —jQil=0
0 0
0 2 4 6 8
Energy (eV)
4
3
(001) 2
> 1
g E
5 50
9] ®
= & 4
2 x
= 3
(100) >
1 T
H
0 2 4 6 8 00 4 6 8 r X M r R

Energy (eV)

Energy (eV)

Fig. 5. The calculated panels (a) and (d) absorption coefficient, (b) and (e) energy loss function, (c) and (f) extinction, (g) and (j) reflectivity,
and (h) and (k) refractive index for KTaOs3. (i) and (1) The band structure near the I" point (marked by black lines). The radius of the red circle
represents the contribution of the EH pair to the exciton wavefunction at that point.

The reflectivity (R (®)), defined as the ratio of reflected
to incident light intensity at a material’s surface, represents a
fundamental parameter characterizing the light-reflecting ca-
pability of materials. It can be expressed as

R(w)i(nfl)%kt Ve(o)—1
C(m+ D4R | Ve(o)+1

Figures 5(g) and 5(j) show the energy-dependent reflec-

2

)

tivity spectra of light excited KTaOs; within the range of
0.0 eV-9.0 eV. For pristine KTaO3, the maximum reflec-
tivity reaches 0.41 at 6.88 eV, which is significantly lower
than the corresponding absorption value of 0.734 reported for
KZnOj3.15! For light-induced KTaO3, the reflectivity along the
[001] direction shows a significant decrease with increasing
0, displacement, The static reflectance R (0) decreased from
0.11 to 0.03, representing a 73% reduction. This light-induced
reduction in reflectivity suggests potential applications in solar
cell designs and optical coatings. The systematic modulation
of reflectivity via light-induced highlights the tunable optical

properties of KTaOj3 for photonic applications.
The refractive index n (@) characterizes the propagation
behavior of light in a material medium, defined mathemati-

2 2
\VEIHE T &

2

cally as

1/2

®

n(w) =

Figures 5(h) and 5(k) depict the energy dependence of the
refractive index n(w) for KTaO3 along two crystallographic
directions. At 3.82 eV, the refractive index reaches its max-
imum value of 3.35. The material exhibits a static refrac-
tive index 7 (0) = 2.02 at zero energy, close to the 2.31 value
calculated by Sarfraz et al.l>®! n(0) characterizes electron
cloud polarization strength under electrostatic fields and di-
rectly measures material polarizability. Notably, light-excited
reduces n(0) from 2.02 to 1.44 (29% decrease), resulting
from light-induced structural modifications that alter atomic
arrangements and reduce electronic polarizability. These opti-
cally modulated properties link structural dynamics to optical
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responses, providing critical guidance for KTaO3-based opto-
electronic device engineering.

3.4. Thermodynamic properties

In solids, thermal energy is transported by electrons
and phonons. Electronic conduction dominates in met-
als/semiconductors via free carrier movement, while phonons
(lattice vibrations) govern heat transfer in insulators. Phonon-
mediated thermal conductivity, reflecting lattice vibration effi-
ciency, critically determines material thermal properties and
is pivotal for applications like thermoelectric, thermal bar-
rier coatings, and solid-state refrigeration.’”! At elevated tem-
peratures, phonon contributions intensify. Recent advance-
ments focus on engineering low-thermal-conductivity materi-
als to optimize thermoelectric performance and thermal man-
agement systems.

To calculate the lattice thermal conductivity (ki ), this
study employs the framework of the phonon Boltzmann trans-
port equation (BTE) and solves it under the relaxation time

approximation (RTA):

1
KL==Y Ca@nty,
VT

Here, A represents the phonon mode, C; is the mode-
dependent specific heat capacity, v, is the group velocity, and
T), is the phonon lifetime.

The phonon dispersion relations and eigenvectors were
determined by using the PHONOPY software to process force
constants calculated by VASP, yielding phonon frequencies
; and group velocities v, . Third-order force constants were
computed based on the 2 x 2 x 2 supercell. The anharmonic
interactions were processed using the phono3py software!>%!
to characterize the phonon—phonon scattering strength. The
phonon lifetime 7, is primarily governed by three-phonon
scattering processes. The scattering rate was calculated us-
ing the phono3py software combined with the third-order an-
harmonic force constants obtained via the finite displacement
method.

The temperature dependence of lattice thermal conduc-
tivity is shown in Fig. 6(a), exhibiting characteristic decrease
with increasing temperature. Remarkably, modulating the
phonon eigenvector Q; (from 0 to 0.9 amu!/2 . A) induces
a 62.9% ki reduction at 300 K (from 8.11 W-m~"-K~! to
3.01 W-m~!.K~!, Fig. 6(b)), surpassing the 54% reduction via
chemical doping in KTaz_,S.*> This demonstrates nonlinear

Ci =k hoy, 2 exp (hwy /(ksT)) phonon coupling as a superior strategy for thermal conductiv-
AR keT ] [exp(hw, /(ksT)) — 1]2 ' ity engineering compared to atomic substitution.
(a) b
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Fig. 6. Calculated thermodynamic properties. (a) The temperature dependence of the lattice thermal conductivity in KTaO3. (b) The calculated
lattice thermal conductivity at 300 K. (c) When @} = 0 amu!/2. A the thermodynamic properties of KTaO3 change with temperature. (d) Heat

capacity of KTaOs. (e) Free energy of KTaOs3. (f) Entropy of KTaOs.

To investigate the microscopic mechanism behind the
reduction of lattice thermal conductivity, we calculated the
lifetimes of phonons across different frequencies. Research
indicates that low-frequency phonons (particularly acoustic
phonons) contribute most significantly to thermal conductiv-
ity due to their higher group velocities and longer lifetimes,
serving as the primary carriers for heat transport. Conse-
quently, changes in the lifetimes of low-frequency phonons

exert a dominant influence on thermal conductivity. As shown

in Fig. 7, phonon lifetimes decrease markedly with increasing
characteristic displacement Q. This phenomenon arises from
positional disorder induced by light-driven structural distor-
tions, which enhances phonon scattering intensity. According
to the lattice thermal conductivity formula, the reduction in
phonon lifetime directly correlates with the decline in thermal
conductivity, establishing it as the dominant factor. The reduc-
tion in thermal conductivity indicates diminished heat conduc-
tion capability in the material, significantly affecting its ther-
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mal management performance and potential applications.
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Fig. 7. Calculated phonon lifetime 7, where panels (a), (b), (c), (d), corre-
spond to Q; values of 0, 0.3, 0.6, 0.9 amu!/2 ~A, respectively.

We calculated the Gibbs free energy (G), entropy (), and
heat capacity (Cy), as shown in the following equations:

G(T) = E0+/°° Vlg’ +kpTIn(1 — e/ (ksT))
0

x g(w)do, 9)
S(T) — _kB /-Ooo |:1n(1 _ efhw/(kBT))
ho/(kgT
- (eha%éﬁ _)1)2} g(w)do, (10)

o /b \2  eho/keT)
k/ ) g(e)de, (1
s/ (kBT) o@D

where E| denotes the ground state energy, g(®) represents the

Cv(T) =

phonon density of states, 7 is the reduced Planck constant, kg
is the Boltzmann constant, and 7 is the temperature. Fig-
ure 6(c) displays the temperature dependence of the free en-
ergy, entropy, and heat capacity in the primitive unit cell. Heat
capacity, a key determinant of lattice thermal conductivity, ex-
hibits an inverse correlation with Q; displacement at 300 K
(Fig. 6(d)): larger Q; values reduce heat capacity, enhancing
sensitivity to thermal perturbations. Free energy universally
decreases with rising temperature (Fig. 6(e)), confirming ther-
modynamic stability. Entropy peaks at |Q;]| = 0.9 amu'/?- A
and minimizes at | Q| = 1.5 amu'/2- A (Fig. 6(f)), demonstrat-
ing displacement-dependent disorder modulation. These co-
ordinated responses highlight how nonlinear phonon coupling
governs both thermal transport and thermodynamic stability in
engineered KTaOs3.

Reducing ki, suppresses heat diffusion, significantly de-
creasing thermal loss in devices and thereby improving energy
conversion efficiency and extending lifetime. Conventional
thermoelectric optimization faces challenges: nanostructuring
suppresses ki, via enhanced phonon scattering but degrades
carrier mobility through interface scattering; chemical doping

optimizes carrier concentration yet often sacrifices the power
factor due to ionized impurity scattering or band distortion.
In this study, light-induced nonlinear phonon coupling mod-
ulates ki by enhancing lattice anharmonicity to selectively
shorten phonon lifetime without introducing defects or impu-
rities, thus preserving electronic transport. Given KTaO3’s in-
trinsically high Seebeck coefficient (|S| > 150 pV/KB8) and
photo-induced low ki (~ 3.0 W-m~!.K™1), its thermoelec-
tric figure of merit may surpass conventional limits via light-
phonon synergy, enabling optically controlled dynamic ther-
moelectric conversion. In practical application, within a ther-
moelectric generator, utilizing pulsed lasers to dynamically
modulate the material’s thermal conductivity in real-time al-
lows for the optimization of the temperature difference be-
tween the hot and cold ends. Unlike static traditional methods
(alloying/nanocomposites), this light-control mechanism pro-
vides a dynamic, non-contact pathway for thermoelectric op-
timization.

4. Conclusions

This study explores nonlinear coupling between the
infrared-active phonon modes TO; and TO, in KTaO3. Spe-
cific pump pulses induced symmetry breaking, exciting the
TO; mode significantly. Modulating its characteristic dis-
placement coordinate (Q1) effectively induced structural mod-
ifications, regulating the material’s optical and thermodynamic
properties.

When Qg increased from 0 to 1.5 amu!/2 -A, band degen-
eracy lifting occurred at both the I" and R points. Meanwhile,
the [001] direction absorption edge exhibited a blue shift, with
reduced energy loss, reflectivity, and refractive index. As QO
rose from 0 to 0.9 amu!/2- A, the lattice thermal conductiv-
ity decreased from 8.11 W-m~"-K~! to 3.01 W-m~".K~! (a
62.9% reduction).

This work investigates the mechanism for modulating
nonlinear phonon coupling and structural distortions via op-
tical field intensity. It suggests a light-driven approach for dy-
namically modifying KTaO3’s structure, electronic bands, op-
tical response, and thermal transport. The regulation involves
light-enhanced lattice potential anharmonicity through nonlin-
ear phonon coupling, selectively shortening phonon lifetime
(7). This enables thermal conductivity modulation without
chemical impurities or static defects, and maintains electronic
transport stability. The achieved low thermal conductivity may
facilitate larger temperature gradients in thermoelectric de-
vices, potentially improving energy conversion efficiency. The
non-contact, real-time tunable optical field could enable dy-
namic optimization of thermal transport. These findings offer
insights for studying photo-thermal coupling and other prop-
erties in KTaO3. The light-driven strategy may also inform
the design of material platforms for dielectric, optoelectronic,
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and sensing applications, particularly for optical devices and

controlled modulation of multifunctional materials.
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