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Nonresonant Raman Control of Ferroelectric Polarization
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Important advances is recently made in the search for materials with complex
multi-phase landscapes that host photoinduced metastable collective states
with exotic functionalities. In almost all cases so far, the desired phases are
accessed by exploiting light–matter interactions via the imaginary part of the
dielectric function through above-bandgap or resonant mode excitation.
Nonresonant Raman excitation of coherent modes is experimentally observed
and proposed for dynamic material control, but the resulting atomic excursion
is limited to perturbative levels. Here, this challenge is overcome by
employing nonresonant ultrashort pulses with low photon energies well
below the bandgap. Using mid-infrared pulses, ferroelectric reversal is
induced in lithium niobate, and the large-amplitude mode displacements are
characterized through femtosecond stimulated Raman scattering and second
harmonic generation. This approach, validated by first-principle calculations,
defines a novel method for synthesizing hidden phases with unique functional
properties and manipulating complex energy landscapes at reduced energy
consumption and ultrafast speeds.

J. Shi, Y. Shen, A. Mangu, A. M. Lindenberg
Department of Materials Science and Engineering
Stanford University
Stanford, CA 94305, USA
E-mail: jiaojian@stanford.edu; aaronl@stanford.edu
J. Shi,M. Trigo,D. A. Reis, A.M. Lindenberg
Stanford Institute forMaterials andEnergy Sciences
SLACNational Accelerator Laboratory
MenloPark, CA94025,USA
J. Shi, I. Sedwick
Department of Chemistry
University ofWashington
Seattle,WA98195,USA
C.Heide
Department of AppliedPhysics
StanfordUniversity
Stanford, CA94305,USA
C.Heide,M. Trigo, T. F.Heinz, S.Ghimire,D. A. Reis, A.M. Lindenberg
StanfordPULSE Institute
SLACNational Accelerator Laboratory
MenloPark, CA94025,USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202510524

DOI: 10.1002/adma.202510524

1. Introduction

In the last decades, there have been enor-
mous efforts investigating light-induced
phase transitions by resonantly exciting
one degree of freedom or its coupled mo-
tions, mediated by the imaginary part of
the dielectric function.[1–4] This approach
typically involves excitation of phonons,[5–9]

charge,[10–18] and spin.[19] An alternative
method is impulsive stimulated Raman
scattering (ISRS), in which a nonresonant
short pulse excites coherent modes.[20–25]

Following its success as a spectroscopic
tool,[26,27] proposals to use ISRS to drive
phase transitions were put forward, us-
ing single pulses or timed shaped pulse
trains[28–30] in condensed matter[31] and
molecular systems,[32] but have never been
experimentally demonstrated. This Raman
force perspective can be envisioned as a
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Figure 1. Nonresonant Raman control of the ferroelectric potential and experimental setup. a) The equilibrium double-well potential, which characterizes
ferroelectric phase transitions in LiNbO3, can be modified by applying nonresonant Raman pulses. These pulses interact with a displacement(Q)-
dependent polarizability 𝜀. For the case when the dielectric constant is a maximum at the saddle point between Q1 andQ2, this interaction gives a force
toward the saddle point when subjected to an electric field pulse, thereby altering the potential energy landscape. b) Theoretical calculation of potential
energy and static dielectric constant of LiNbO3 as a function of displacement along the driven phonon coordinate dominated by the soft mode. c) Setup
schematic of MIR-pump FSRS-probe, SHG-probe, and phase-sensitive SHG-probe measurements in LiNbO3. The FSRS probe uses a white light pulse
and a narrow-band pulse to spectrally monitor Raman fingerprints. In the MIR-pump phase-sensitive SHG-probe measurements, time-dependent SHG
from the MIR-excited sample interferes with a reference SHG from an unexcited sample and is measured with a camera.

dynamic shift in the potential energy landscape, where a laser
field alters the energy profile through its interaction with
displacement-dependent polarizability, allowing for energy trans-
fer mediated by the real part of the dielectric function. As a proto-
typical example, this could represent a means for ultrafast recon-
figuration of the ferroelectric polarization in a double well poten-
tial, as shown in Figure 1a. In an 1D approximation, the Raman
force scales as (𝜕𝜀∕𝜕Q)E2, where 𝜀 is the real part of the dielec-
tric function, Q is the phonon coordinate, and E represents the
incident laser field. For typical differential polarizabilities[33] and
incident fields of a few V nm−1, the resulting forces range from
1 to 10 nN, theoretically inducing displacements on the order of
angstroms within 100 fs.
Despite the great potential the Raman force holds for manip-

ulating material structures, it has not been achieved. The atomic
excursion driven by this approach via near-infrared or visible
laser excitation has been perturbative, and these prospects have
been hindered by the concomitant excitation of carriers and sub-
sequent heating-induced sample damage.[34] Here, we demon-
strate that it is possible to overcome this challenge by employing
nonresonant ultrashort pulses with low photon energies signifi-
cantly below the bandgap. We achieve this in a prototypical fer-
roelectric, lithium niobate (LiNbO3), using mid-infrared (MIR)
pulse excitation and concurrently monitoring the lattice dynam-
ics using femtosecond stimulated Raman scattering and second
harmonic generation (SHG). Large-amplitude displacements of
the ferroelectric soft mode, driven by nonresonant Raman ex-
citation, reverse both the sign of the Raman tensor coefficients
and the second harmonic phase, indicating ferroelectric switch-
ing and excitation of angstrom-level displacements.
LiNbO3, with its large 3.8 eV bandgap, was chosen as a

model ferroelectric for demonstrating fully reversible ferro-
electric switching via Raman excitation and capturing ultra-
fast reversal dynamics beyond prior laser-writing studies.[35–37]

Figure S3 (Supporting Information) shows Fourier-transform
infrared transmission measurements confirming high trans-
parency within the excitation frequency range. Figure 1b shows
theoretical calculations of potential energy and dielectric constant

as functions of atomic displacement along the driven phonon
motions dominated by the soft mode. The potential energy sur-
face reveals two local minima corresponding to the ferroelectric
phases. The potential asymmetry arises from the misalignment
between the driven motion and the spontaneous ferroelectric po-
larization (discussed in Figure 4c). In the case where the dielec-
tric function peaks at the saddle point between a double-well po-
tential, an applied electric field can trigger a Raman force toward
the other well. The experimental setup, illustrated in Figure 1c,
employs MIR fields centered at 5 𝜇m to initiate phonon coher-
ence through nonresonant Raman excitation. Two probe pulses
are utilized for FSRS detection:[38] a white-light continuum pulse
with a 50-fs FWHM and a spectral bandwidth of approximately
100 THz centered at 800 nm, as well as a second pulse with a nar-
row spectral bandwidth (< 1 THz) centered at 800 nm and a du-
ration of approximately 3 ps. Nonlinear interaction between the
pulses and a Raman-active mode in the material induces oscilla-
tion and generates Raman sidebands, which interfere with white-
light pulse and are detected by a spectrometer. FSRS has the
merit of allowing for the detection of all Ramanmodes in a single
probing event and the observation of rapid changes in the Raman
tensor.[39] SHG and phase-sensitive SHGwere also used to detect
symmetry changes and identify the transient polarization.[40]

2. Large Ferroelectric Displacements in
Transmission Measurements

We first verified that nonresonant Raman scattering with MIR
pulses can induce large displacements. Figure 2a presents MIR-
pump transient transmission changes in LiNbO3. The oscillatory
features at positive time delays have frequencies of approximately
0.9, 8, and 15 THz, corresponding to the phonon polariton and
A1 modes[39] (detailed mode assignments and walk-off estima-
tion are provided in Note S1, Supporting Information). The ob-
servation of multiple mode excitation confirms that nonresonant
Raman can simultaneously excite various modes, but here with
large amplitude, associated with significant changes in the trans-
mitted white-light probe intensity at the level of ten’s of percent.
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Figure 2. Large-amplitude MIR-driven phonon oscillations in LiNbO3. The changes in white-light transmission over time resulting from MIR excitation
reveal the presence of coherent phonon oscillations at approximately 0.9, 8, and 15 THz, as illustrated in the inset. b) The amplitudes of the three
phonon modes are derived from the Fourier transform of responses after the delay of about 400 fs. They show quadratic dependence on the MIR field
strength, which supports their ISRS origin. c) Theoretical simulation of time-dependent atomic displacement under MIR pulse excitation at increasing
field strengths.

These phonon oscillation amplitudes scale quadratically with the
incident MIR field strength, as shown in Figure 2b, which sup-
ports their nonresonant Raman origin. The response shows no
saturation behavior up to applied fields of the order of 5 V nm−1,
above which abrupt sample damage occurs. This contrasts with
the saturation observed with 800-nm excitation, as reported in
the literature[34] and confirmed in our experiments shown in
Figure S5 (Supporting Information). We note that the extracted
phonon oscillation, obtained from the Fourier transform of os-
cillations after the ∼ 400 fs delay time in Figure 2b, should ex-
hibit minimal nonlinearity. Nonlinearity primarily arises during
the initial oscillation cycle related to ferroelectric reversal and is
not captured in this averaged analysis at later time delays. The
substantial transmission drop of 80% at time zero, as shown in
Figure 2b, is primarily due to MIR-induced band edge shifts[41]

(see Note S2, Supporting Information, for details). Simulations
with similar field strengths shown in Figure 2c (details are in-
cluded in Note S3, Supporting Information) predict displace-
ments up to 0.8 Å, corresponding to a transient transition across
the saddle point toward another ferroelectric phase.

3. Ferroelectric Reversal in FSRS Measurements

To explore the direct linkage between these effects and the ferro-
electric phase transition, we employed FSRS, SHG, and phase-
sensitive SHG as diagnostic tools. The FSRS spectrum of LiNbO3
at equilibrium is depicted in Figure 3a with mode assignments
included in Figure S4 (Supporting Information). Figure 3b shows
the evolution of the FSRS spectrum as the delay between theMIR
and the FSRS pulse pair is varied. The time-resolved FSRS spec-
trum reveals several key features: (1) wiggles before time zero,
(2) peak shifts between delay zero and ∼ 150 fs, (3) a decrease
in peak intensity and sign flip at delay around 250 − 350 fs, and
(4) periodic peak shifts at later delays corresponding to phonon
oscillation cycles. Detailed explanations of features (1), (2), and
(4) connected to the nonlinear wave mixing effect are described
in Note S4 (Supporting Information). We focus here on the fea-

ture (3), where distinct responses at a ∼ 300 fs delay include
a notable decrease in FSRS peak intensity, peak disappearance,
and a transient sign flip around 250 − 350 fs delay. This sign flip
is further illustrated in the line-cut plot Figure 3c,d, where the
FSRS spectrum and peak intensity versus delay time exhibit be-
havior similar to resonant phonon excitation,[39] suggesting that
nonresonant Raman excitation induces a comparable level of dis-
tortion toward ferroelectric switching as the resonant excitation
approach.[39,40] Additional calculations inNote S5 (Supporting In-
formation) reproduce key FSRS spectrum features by incorpo-
rating Raman tensor changes, nonlinear wave mixing processes,
and phonon-polariton oscillations in the model, supporting the
observed reversal in Raman tensor coefficients and associated fer-
roelectric reversal.

4. Ferroelectric Reversal in SHG Measurements

Figure 4a presents results from the MIR-pump SHG-intensity-
probe experiment at varying excitation fluences. MIR excitation
at a fluence of ∼ 440 mJ cm−2 reduces the SHG by approximately
93% at the delay time of 200 fs, followed by transient recovery at
∼ 280 fs and relaxation at ∼ 500 fs. At the delay of about 1.1 ps,
the SHG is transiently enhanced, corresponding to the excitation
of the 0.9 THz phonon-polariton mode, before fully returning
to its equilibrium value. Detailed fluence-dependent scans are
included in Figure S10 (Supporting Information), along with an
extended averaged trace in Figure S12 (Supporting Information).
We note that although the initial SHG suppression is influenced
by the attenuation of the probe beam as shown in Figure 2a,
the longer time dynamics shown in Figure S10 (Supporting
Information) and the partial recovery cannot be explained by
this. The longer-lasting transient SHG suppression at higher
fluences further indicates that the SHG responses are not solely
dependent on pulse duration but reflect a genuine structural re-
sponse encoded in these curves. To clarify this further, Figure 4b
shows the results of phase-sensitive SHG measurements taken
at an excitation fluence of approximately 400 mJ cm−2, where
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Figure 3. MIR-driven ferroelectric reversal in FSRS. a) The FSRS spectrum for LiNbO3 at equilibrium shows two peaks corresponding to the A1 (TO1) and
A1 (TO4) modes. b) The evolution of FSRS peaks as a function of MIR-FSRS delays. Besides the periodic modulation of FSRS peak positions occurring
after the delay ∼ 350 fs, the intensity of the FSRS peaks is dramatically suppressed and exhibits a sign reversal at a MIR-FSRS delay of approximately
300 fs. c) The horizontal line cut of b shows the FSRS spectrum at various MIR-FSRS delay. d) The vertical line cut of b at ∼ 600 and -600 cm−1 shows the
time-dependent FSRS peak intensities as a function of MIR-FSRS delay. A transient sign reversal followed by intensity modulation by phonon coherence
is evident.

the time-dependent SHG field interferes with a reference SHG
pulse generated in a non-excited crystal. Shifts in the interfer-
ence fringes indicate changes in the phase of the SHG signal
from the driven LiNbO3 crystal.

[40,42] Initially, the SHG shifts due
to the electro-optic effect near delay zero. Near 200 fs time delay,
the SHG interference fringe transiently vanishes and is followed
by a sudden sign change, indicating a 180◦ phase flip of the SHG
field. The reversed phase remains constant for approximately
50 fs before disappearing and then switching back to the initial
value. These observations indicate a transient reversal of ferro-

electric polarization shortly after zero delay, closely resembling
the phase flip from resonant nonlinear phononic approaches.[40]

5. Mechanistic Discussion and Technological
Significance

We further conducted comparative experiments on lithium
iodate (𝛼-LiIO3), a non-centrosymmetric but non-ferroelectric
material,[43] to isolate signals beyond the nonlinear wave mixing
effect. The absence of FSRS peak sign change and observation of
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Figure 4. MIR-driven ferroelectric reversal in SHG and explanation of its transient nature. a) Time-resolved SHG intensity in LiNbO3 normalized to
its value before excitation at varying excitation fluences. Following MIR excitation at a fluence of ∼ 440 mJ cm−2 close to its damage threshold, the
SHG intensity reduces substantially, followed by transient recovery before relaxing back. The SHG response is not solely dependent on pulse duration,
as evidenced by the significant broadening of transient suppression with increasing fluences. Full fluence-dependent data can be found in Figure S10
(Supporting Information). b) Time-resolved measurement of the SHG interference fringes with MIR excitation at a fluence of ∼ 400 mJ cm−2. Besides
the dynamic shifting in the fringe positions linked to the phonon coherence, the data shows a transient 𝜋 phase change (sign reversal of the SHG fringe)
at about delay 200 fs. c) 2D potential energy plot as a function of normalized displacements along two phonon coordinates in LiNbO3. The displacement
between two ferroelectric phases (bottom plots) can approximate the phonon normal modes at the local minimum and the saddle point, marked by
the arrow. They represent different modes and do not align with the displacement vector connecting the two ferroelectric phases, which leads to the
asymetric potential in Figure 1b.

minor SHG change starkly contrasts with the LiNbO3 case, which
can be rationalized by the non-ferroelectric nature of 𝛼-LiIO3 (see
Figures 8 and 11, and Note S8, Supporting Information).We note
that the Raman force model provides a simple explanation for
the transient nature of the ferroelectric reversal, in contrast to
a permanent switching associated with an irreversible displace-
ment across the saddle point of a symmetric double-well poten-

tial. Figure 4c illustrates the multi-dimensional potential energy
surface, showing two local minima corresponding to the two fer-
roelectric phases. The vectors connecting these minima are not
aligned with the soft mode but rather represent a superposition
of multiple modes, with the soft mode being dominant (details
are included in Note S9 and S10, Supporting Information). This
results in an asymmetric potential along the driven phonon co-
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ordinate dominated by the soft mode, as shown in Figure 1b.
Resonant excitation methods.[39,40] which rely on nonlinear cou-
pling to the soft mode, do not offer this capability, whereas in
our case, the excitation wavelength was not optimized for pre-
cise phase control between different modes. Selecting an optimal
wavelength or polarization could align the nonresonant Raman
force between the two phases, facilitating a metastable transition
to the other ferroelectric phase.
To evaluate its technological significance, we analyzed the

switched sample thickness and energy consumption in the non-
resonant Raman excitation regime and compared it with other
established or emerging phase switchingmethods based on reso-
nant phononic or above-bandgap excitation.We gauged the trans-
mission of MIR energy through the sample used during the
condition where the ferroelectric switching can be measured,
providing an upper limit of absorption as reflection is not ac-
counted for in this case. By combining this data with the thick-
ness of the sample and the switched volume estimated from the
laser spot size, we estimate the switching heat load shown in
Table S1 (Supporting Information), i.e., energy applied divided
by the volume of the material switched, to be ∼ 5×10−2 aJ nm−3

for LiNbO3, which are among the lowest values for lattice-based
phase switches.[6–8,15–17,39,44] Importantly, our switching depth ex-
ceeds hundreds of microns, among the longest reported, in stark
contrast to the nm-𝜇m penetration depth of other resonant pho-
toexcitation methods.

6. Conclusion

In summary, we have demonstrated that nonresonant Raman ex-
citation of multiple coherent phonons can drive large-amplitude
distortions, with their relative directions tuned, when using ultra-
short pulses with low photon energy. We achieved nonresonant
controls by inducing nonequilibrium ferroelectric switching dy-
namics in LiNbO3 using MIR pulses well below the bandgap. By
probing MIR-excited LiNbO3 with FSRS and SHG with phase
sensitivity, we observed compelling evidence of ultrafast fer-
roelectric switching comparable to that realized by resonant
phonon excitation. That is evident by observing the flip in the
FSRS peak sign, significant SHG suppression, and 𝜋-phase shift
in SHG. Further comparative analysis reveals the merits of non-
resonant Raman control ofmaterial phases with ultra-low switch-
ing energy consumption. Extending Raman from spectroscopic
tools[26] to harness Raman force for material phase control has
been a long-pursued goal.[22,31] This effort offers a pathway to
amplify Raman displacements overmultiplemodes and synchro-
nize Raman mode displacements across the complex potential
surface to modify the equilibrium positions on demand. The fu-
ture implementation of long excitation pulses offers an extended
time period of potential modification, including the possibility
for thermodynamic forces to facilitate the theoretically predicted
optomechanical-driven phase transitions.[45,46] We also envision
that there may be a way to optimize switching efficiency with tai-
lored pulse shape beyond simply duration and amplitude to in-
clude time-varying polarization, carrier frequency, and/or multi-
ple colors. This hitherto unexplored strategy unlocks the poten-
tial for comprehensive manipulation of intricate phase diagrams
with reduced energy consumption and surpasses traditional car-
rier or resonant excitation approaches.

7. Experimental Section
Sample Details: The x-cut single-domain LiNbO3 crystal with a thick-

ness of 500 𝜇m was purchased from MTI Corp. The LiIO3 single crystal in
the 𝛼 phase with a thickness of 500 𝜇mwas obtained fromUnited Crystals.

Ultrafast MIR Pulse Generation: MIR pulses were produced using a
0.5 mm thick GaSe crystal by performing difference-frequency mixing on
the signal and idler outputs of a high-energy optical parametric amplifier
(OPA) from Light Conversion. The OPA was powered by 35 fs pulses from
a commercial Ti:Sapphire regenerative amplifier (Coherent Legend Elite
Duo) with a central wavelength of 800 nm and a power output of 6 mJ at
1-kHz repetition rate. The signal and idler outputs of the OPA were mea-
sured at 1.2 and 1 mJ, respectively. The MIR pulses produced by the GaSe
crystal were initially filtered using MIR filters (Edmund Optics #62-643).
These pulses with a pulse energy of 25 𝜇J were then collected and magni-
fied using a pair of 2-inch diameter parabolic mirrors before being tightly
focused onto the sample by a third parabolic mirror with a 2-inch diam-
eter and a 2-inch effective focal length. The strength of the MIR field was
adjusted using a half-wave plate and polarizer (Thorlabs WP25H-K).

FSRS Probe: The FSRS setup schematic is shown in Figure S1 (Sup-
porting Information). The narrowband pulse with a center wavelength of
approximately 800 nm was generated through spectral filtering using a
grating. To generate the femtosecond continuum probe pulse, the signal
beam at about 1.35 𝜇m from the OPA was focused on a sapphire crystal.
When these two pulses interacted simultaneously on the sample, it re-
sulted in sharp vibrational gain features appearing on top of the probe en-
velope. The white light pulse transmitted through the sample was directed
toward a fast spectrometer (Ocean Insight, OCEAN-FX-VIS-NIR), capable
of taking the spectrum at the same speed as the laser repetition rate of 1
kHz. To suppress intensity fluctuations in theMIR pulse, two synchronized
differential choppers were used, operating at one-half and one-quarter of
the laser repetition rate. The pulse sequence produced simultaneous re-
sults, including the probe background, ground- and excited-state FSRS,
transient absorption spectra, and their differential FSRS spectrum.[47,48]

SHG Probe with Phase Sensitivity: The schematic illustration of the
phase-sensitive SHG setup is provided in Figure S2 (Supporting Informa-
tion), and a near-collinear pump-probe geometry used in the experiments
is adopted. For the phase-sensitive SHG measurements, the phase of the
emitted SHG electric field wasmeasured from the sample at all time delays
by interfering it with the SHG light generated in a second LiNbO3 crystal.
The interference pattern was imaged on a CCD camera (Andor Luca). De-
tailed data analysis of phase-sensitive SHG measurements is included in
Note S7 (Supporting Information).

FSRS Simulation Details of LiNbO3: First discuss the stimulated Ra-
man scattering case in the absence of the MIR pump followed by the case
with MIR-driven Raman excitation. For FSRS, first solve the damped oscil-
lator equation to obtain the Ramanmode driven by FSRS pump and probe
fields

Q̈(z, t) + 2𝛾Q̇(z, t) + 𝜔2
0Q(z, t) =

𝛼′0En(z, t)Ec(z, t)

m
(1)

where Q is the coordinate of the phonon mode, 𝛾 is the damping coeffi-
cient, 𝜔0 is the inherent oscillation frequency of the molecule,m is the re-
duced mass of the oscillator, 𝛼′0 is the first order derivative of polarizability
𝛼0 with respect to the coordinate Q, En is the electric field of the narrow-
band Raman pump pulse, and Ec is the electric field of the white-light con-
tinuum pulse. Then, substitute the nonlinear polarization PNL(z, t) given
below into the wave equation.

PNL(z, t) = N
𝜕𝛼0

𝜕Q
Q(z, t)[En(z, t) + Ec(z, t)]

≈ N𝛼′0Q(z, t)En(z, t)

(2)
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After approximations (see Note S6, Supporting Information), we integrate
over the z component in the wave equation and obtain the corresponding
electric field in the frequency domain:

E(𝜔) =
i𝜔lN𝛼′0
2c𝜖0n

FT{Q(t)En(t)} (3)

where l is the sample thickness, n is the sample refractive index, FT{} refers
to taking Fourier transform on the function in the bracket. The FSRS trans-
mission is given by

FSRS transmission =
|Ec(𝜔) + E(𝜔)|2

|Ec(𝜔)|2
(4)

where Ec(𝜔) = FT{Ec(t)}. Upon excitation with the MIR pulse, additional
contributions to the FSRS process arise from parasitic nonlinear mixing
processes. Here, the MIR-excited phonon modes are not modulating the
phonon modes excited by the FSRS process. Here, the MIR pulse irradi-
ates the material and excites a given phonon mode QMIR(t). Due to the
presence of QMIR(t), when the Raman pump pulse En and Raman probe
pulse Ec arrive, the fields E

′
n and E′c are induced:

E′n =
𝜕PNLn (t)

𝜕t
= 𝜕(N𝛼′0,MIREn(t)QMIR(t))∕𝜕t

E′c =
𝜕PNLc (t)

𝜕t
= 𝜕(N𝛼′0,MIREc(t)QMIR(t))∕𝜕t

(5)

where 𝛼′0,MIR is the polarizability of the vibrational modeQMIR. The field E
′
n

generates a six-wave mixing term in the nonlinear polarization via mixing
with the mode Q excited in Equation (1), and the field E′c imparts a delay-
dependent frequency shift on the FSRS peak corresponding to mode Q.
The modeling process used to calculate these effects on the time-resolved
FSRS spectra is described in Note S6 (Supporting Information).

In our simulations, we model the time-dependent response of 𝛼′0 as

𝛼′0(t) = (1 − A 1

2
√
2𝜋

e
−(t+2𝜏)2

4𝜏2 (1 + erf (𝛼 t + 𝜏√
2𝜏

)

+ B( 1
2
erf ( t

𝜏
) + 1

2
)e−

t
5𝜏 cos(2𝜋f1t + 𝜙1)

+ C( 1
2
erf ( t

𝜏
) + 1

2
)e−

t
5𝜏 cos(2𝜋f2t + 𝜙2))𝛼

′
0(+∞)

(6)

Here t = 0 corresponds to the time when the MIR pulse irradiates the
sample. We choose A = 5, B = 0.03, C = 0.5, 𝛼 = 1 A2s4kg−1, f1 = 8 ×
1012 Hz, f2 = 1 × 1012 Hz, 𝜙1 = 0, 𝜙2 = − 2𝜋

3
, 𝜏 = 1 × 10−13 s.

Ab Initio Calculations: The first-principles calculations in this work
are based on the density functional theory (DFT)[49,50] as implemented
in the Vienna ab initio simulation package (VASP).[51,52] The exchange-
correlation interactions among electrons are treated by the generalized
gradient approximation (GGA) in the form of Perdew–Burke–Ernzerhof
(PBE).[53] Core electrons are incorporated by the projector augmented
wave (PAW) method,[54] while valence electrons wavefunctions are ex-
panded in plane-waves basis. The phonon calculations are performed by
the finite-difference method as implemented in the phonopy package.[55]

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