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Probing precise interatomic potentials by nonadiabatic nonlinear phonons 
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A B S T R A C T   

Accurately probing the interatomic potential (IP) in crystals is essential for understanding the dynamic mechanisms in phase transitions and chemical reactions. Here, 
by interrogating laser-induced coherent phonon dynamics, we propose a new kind of optical microscopy for determining effective interatomic potentials beyond the 
harmonic and adiabatic approximation. This technique is tested against available experimental and first-principles data, by which the interatomic potential of 
graphene and a few other materials are successfully reconstructed in a large configuration space and beyond the ground state. A significant nonadiabatic effect 
emerges in nonlinear phonon dynamics and the IP reconstruction, which corrects the anharmonic part of IP much stronger (up to 50%) than the harmonic part. The 
nonadiabaticity-modulated potentials can lead to ~10% correction on thermal expansion coefficients and ~0.3 eV on phase transition barriers. This work offers a 
new strategy for probing complex interactions in quantum materials and exemplifies the universality of nonadiabaticity, which deserves a full consideration for 
precisely determining physical properties of quantum many-body systems.   

The interatomic potential (IP) describes the internal interactions and 
creates a smooth energy “landscape” for atomic motions, where the 
dynamic process can be viewed from a topology perspective. Therefore, 
accurate and complete determination of the interaction potential plays a 
central role in many dynamic processes including the phase transitions 
among ferroelectricity, superconductivity or charge density waves 
(CDW) phase [1–6], and the proton-coupled electron transfer which 
governs biological reactions such as vision [7]. 

One of the standard ways to characterize the IP is the potential en
ergy surface (PES), which describes the potential energy of a system, i.e., 
a collection of atoms, in terms of certain geometric parameters, typically 
the positions of the atoms [8,9]. However, the PES concept is usually 
based on the adiabatic Born-Oppenheimer (ABO) approximation [10, 
11]. When the energy gap between electronic states is close to the en
ergy scale of the nuclear motions, the feedback between electronic 
transitions and atomic motions become significant. This feedback 
modulates the effective IP to be the combination of potential configu
rations in the ground state and various excited states. Therefore, the PES 
within ABO approximation fails for an accurate description of IP and 
atomic dynamics [12]. A broad range of previous studies have revealed 
the effects of nonadiabaticity on the phonon frequency by renormalizing 
the phonon self-energy [13,14]. The results imply that the IP in 
electron-phonon interaction dominated materials has significant 
nonadiabatic (NA) effects [15,16], where the ground-state PES is 
inadequate. 

These studies are mainly based on the harmonic potential approxi
mation of IP, whereas the higher-order nonlinear contributions are 
usually ignored. This approximation works well for the thermal equi
librium phonons (TEPs), which originate from the thermal excitation 
and vibrate with a small amplitude [17,18]. Nevertheless, the harmonic 
assumption limits the accurate description of IP in a small geometry 
space near the equilibrium atomic positions. With the rapid develop
ment of nonlinear optics especially the terahertz technologies [19], 
probing and controlling the atomic dynamic far from equilibrium, such 
as the generation of strong nonlinear coherent phonons (SNCPs), have 
been routinely achieved nowadays [20–22]. For the SNCPs which are 
excited by laser pulse, the atomic displacements spread a very large 
space scale and introduce a strong phonon nonlinearity, so that the 
harmonic approximation is insufficient. Indeed, many previous studies 
have shown the breakdown of harmonic IP in describing interatomic 
interactions, as exhibited in the thermal conductivity [23–25] and ul
trafast lattice relaxtion [22,26–28]. In order to understand and control 
the dynamics out of equilibrium reliably, as well as the related material 
properties, clarifying the NA effects on nonlinear contributions of IP is 
urgently needed. Unfortunately, such efforts remain elusive. 

In this article, we explore the excited-state coherent phonon dy
namics and based on that an all-optical IP probing is developed. The 
technique enables us to reconstruct an effective IP without harmonic 
and adiabatic approximation and beyond the ground-state PES, with the 
phonon oscillation spectra (POS) for both symmetry-maintaining and 
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symmetry-breaking phonons, which can be obtained by the pump-probe 
measurements [29–35] as the only input. We note that von Hoegen et al. 
achieved probing the total IP of symmetry-breaking phonon with the 
strong-field nonlinear phononics [36], based on the second-harmonic 
spectra. A significant NA effect has been revealed in nonlinear phonon 
dynamics and the IP probing, which can strongly affect the nonlinear 
(anharmonic) parts of IP (up to 50%) in graphene and a few other 
quantum materials. As the physical consequences, the probing of 
phonon-mode-resolved Young’s modulus, thermal expansion coefficient 
(TEC) and phase transition barriers are also corrected by NA effects, esp. 
for systems out of equilibrium. Since the above properties are vital for 
phase transition and reaction process such as the emergence of CDWs 
[37–40] and single-atom catalysts [41–46], fully considering the NA 
effects on nonlinear interaction and dynamics are essential for both 
fundamental science and real applications including photoelectronic 
devices and renewable energy applications. 

The investigations are performed with the state-of-the-art first- 
principles calculations. The phonon dynamics are introduced by an 
initial stretch of the bond between atoms along the phonon eigenmode 
displacement. (For TEPs the atom displacement u0 is ~0.5% of the 
equilibrium bond length aC-C, corresponding to the phonon amplitude 
under ~30 K temperature. While for SNCPs the stretch is u0 ~ 2% of aC- 

C.). The adiabatic phonon dynamics are simulated by the ground state 
molecular dynamics (MD). While the NA dynamics are realized by 
considering the interaction between the electrons and atoms and 
evolving both of them simultaneously, based on real-time time-depen
dent density-functional theory molecular dynamics (rt-TDDFT-MD) 
[47–49]. To quantify the phonon dynamics nonlinearity and to recon
struct the effective IP, the POS are obtained by the Fourier transform of 
the phonon vibration as a function of time, from simulations and 
available experiments. The structures and IP energies are obtained from 
the adiabatic and NA MD simulations, respectively. The potential dif
ference between them is defined as the NA correction. The IP with NA 
corrections can be understood by the dominant Coulomb interaction 

ZR
∫ n′

(r)
|r− R| dr between atoms (ions) and nonequilibrium distributed elec

trons due to the NA effects, where the nonequilibrium electron distri
bution n′

(r) is obtained by self-consistently solving the time-dependent 
Kohn-Sham equation within the coherent phonon bath, based on the 
TDDFT. More details about the method can be found in the supple
mentary materials [50]. 

1. The nonlinear phonon dynamics and IP probing 

Similar to the picoscopy of valence electrons in solids [51], the 
phonon dynamics can be understood within the framework of scattering 
theory [52,53]. As shown in Fig. 1(a), here we consider only the lowest 
order nonlinear term of IP (as shown in Fig. S6 [50], in the phonon 
amplitude range of our study, the lowest order term is sufficient to 
describe the anharmonic feather of IP), and thus the global effective IP 
(represented by U) has the form: 

U=mω2r2/2 − αr3/3 (1)  

which is composed by the harmonic part UH = mω2r2/2 and anharmonic 
component UAH = αr3/3 (Fig. 1(b)). ω is the phonon frequency in UH and 
α is the anharmonic coefficient in UAH. The atoms oscillate at frequency 
ω in the lattice potential and form the collective mode, i.e., the phonons. 
During the oscillation, the atoms are scattered by the IP, which in turn 
modulates the phonon motions and the POS structure (Fig. 1(c–d)). The 
scattering process means that the atom motions are determined by the IP 
through the Newton equation: ∂2r(t)/∂t2 = − ∂U/∂r(t), where r(t) is the 
atom displacement of coherent phonons oscillating with time and U =
mω2r2/2 − αr3/3 is the IP corresponding to the phonons. Since the IP 
includes both the harmonic part UH = mω2r2/2 and anharmonic 
component UAH = αr3/3, r(t) is mainly contributed by two parts: r(t) =
rh(t) + rV(t), rh(t) = r0cos (ωt) is the dominant oscillation with phonon 
frequency ω, whose driving force comes from the UH. While rV(t) is the 
nonlinear oscillation resulting from the driving force contributed by the 
anharmonic IP part UAH [50]. For TEPs, the atom displacement is near 
the equilibrium position and thus the harmonic potential scattering is 
dominant. While for SNCPs, the atoms go into the anharmonic region, 
the scatterings by the anharmonic potential become significant. The 
anharmonic scatterings can yield the high order phonon peaks in POS. 

The phonon peak intensity in POS can be derived from the series 
expansion of Eq. (1). The fundamental (first-order) phonon peak is 
contributed by the harmonic scattering: 

I1 ∼ ω2|2lω2
∑

( − 1)nJ1(nπr0/l)/(nπ)|2, (2)  

while the second-order phonon peak is mainly contributed by anhar
monic scattering: 

Fig. 1. (a) The interatomic potential U as a function of phonon amplitude Δr. 
The grey and yellow regions schematic the harmonic and anharmonic ranges of 
U. The blue circles and arrows describe the atom and its oscillation in the 
interatomic potential. The black arrows label the atom motions of thermal 
equilibrium phonons (TEPs, open circle) and strong nonlinear coherent pho
nons (SNCPs, solid circle), respectively. (b) The harmonic (UH, grey line) and 
anharmonic (UAH, yellow line) part of U as a function of phonon amplitude Δr. 
(c) The phonon amplitude Δr as a function of time. (d) The phonon oscillation 
spectra (POS) obtained by the Fourier transform of (c). The grey and yellow 
regions label the harmonic (I1) and anharmonic (I2) phonon peaks originating 
from the atom scattering by UH and UAH of (b). 
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I2 ∼ 4ω2|2αl2
∑

( − 1)n+1( n2π2 − 6
)
J2(nπr0/l)/

(
3n2π2)|

2
. (3) 

Here l is the lattice constant and r0 is the phonon amplitude. J1 and J2 
are the first kind Bessel function of order 1 and 2, respectively. The 
relationship between phonon peak intensity and potential coefficients 
can be written as: 

I1/I2 = γ
(
α/mω2)2

, (4)  

where γ = |lω2Σ(− 1)nJ1 (nπr0/l)/(nπ)|2/|2l2Σ(− 1)n+1 (n2π2− 6)J2 (nπr0/ 
l)/(3n2π2)|2. 

The framework of scattering enables us to reconstruct the effective IP 
only from the phonon peaks in POS. The harmonic UH is described by the 
phonon frequency ω, which can be read directly from the POS. The 
anharmonic UAH is quantified by the coefficient α, which is obtained 
from the phonon peak intensity ratio by Eq. (4). By fitting the peak in
tensity changing with the r0, our method can also be extended to probe 
the IP containing higher order nonlinear terms [50]. 

The validity of the approach under different field is guaranteed by 
the parameter γ in Eq. (4), which is also field dependent and thus cancels 
the field-dependence of I1/I2. As shown in Fig. S10, as the I1/I2 changing, 
the parameter γ also changes accordingly with the strength of field [50]. 
The ratio between I1/I2 and γ is almost constant, guaranteeing the 
reconstructed α/mω2 is stable and field-independent. Since the POS can 
be detected within a short time scale, the decay of coherent phonon is 
expected to not affect the IP reconstruction and thus we ignore these 
processes here. 

We first investigate the nonlinear phonon dynamics and IP recon
struction for the dominant E2g phonon@Γ [13,14] in graphene. Fig. 2(a) 
plots the POS of TEPs and SNCPs, for both of them, the fundamental 
phonon peak with frequency ħω ≈ 0.2 eV, plays a dominant role in POS. 
This fundamental phonon peak comes from the linear process of E2g 
phonon@Γ which is contributed by the scattering of harmonic potential 
part UH. In contrast, for SNCPs there is an additional second-order 
phonon peak with the frequency ħω ≈ 0.4 eV, which originates from 
the anharmonic scattering by UAH since atoms have larger vibration 
amplitudes as mentioned before. 

Using Eq. (4) we reconstruct the effective IP from the POS of TEPs 
and SNCPs under ABO approximation and with NA corrections, 
respectively. As shown in Fig. 2(b) and (c), for TEPs only UH is probed 
due to the lack of anharmonic scatterings. For SNCPs, both the harmonic 
UH and anharmonic UAH are reconstructed and the IP shows an obvious 
difference from the parabola, indicating the breakdown of harmonic 
potential approximation for a large space scale. The phonon frequency ω 
in harmonic UH is obtained as ħω ~0.2 eV, which is consistent with the 
experimental value [54–57]. The coefficient α in anharmonic UAH is 
~93.7 eV/Å3 reconstructed from POS under ABO approximation and 
~99.1 eV/Å3 with NA effects included. For comparison, we fit the co
efficient α directly from the interatomic potential curves with the form 
U = mω2r2/2 − αr3/3 (Fig. S1 [50]). The potential curves describe the 
energy as a function of different structure configurations, and the 
different structures and corresponding energies are obtained from the 
adiabatic and NA MD simulations. The α fitted from the 
potential-structure curves by adiabatic and NA simulations are ~93.4 
eV/Å3 and ~97.4 eV/Å3, respectively. The fitting results show good 
agreements with the reconstructed α from the POS (Fig. S1(b)), 
demonstrating the self-consistency of our approach. 

We also fit the α from experimental measurements [50], which has 
the value ~98.7 eV/Å3 from Lin et al. [56] and ~99.8 eV/Å3 from 
Efthimiopoulos et al. [57]. Since the lack of pump-probe experiment 
data in graphene blocks us to get the experimental α from I1/I2 by Eq. 
(4), the experimental α in graphene is fitted by the frequency shift as a 
function of temperature from the Raman spectra measurements [56,57]. 
We describe the phonons using the classical harmonic oscillator model 
and treat the anharmonic IP as a perturbation to the harmonic oscilla
tion frequency [50]. 

We note that the POS in Fig. 2(a) and reconstructed IP in Fig. 2(b–c) 
show a divergence between adiabatic and NA case (esp. for SNCPs). The 
results with NA corrections are more consistent with experiment. In fact, 
this difference indicates that the adiabatic PES is less effective and 
inaccurate to describe the IP and thus the phonon or phase transition 
dynamics. Indeed, we estimate that the phase transition energy barrier is 
overestimated by more than ~0.3 eV (~3000 K) when the crystal lattice 

Fig. 2. (a) The phonon oscillation spectra (POS) of 
SNCPs and TEPs obtained with ABO approximation 
(adiabatic) and NA corrections (nonadiabatic) in 
graphene. (b) The interatomic potential U recon
structed from the POS in (a) as a function of phonon 
amplitude Δr. (c) The energy difference ΔU between 
interatomic potentials reconstructed from the POS 
within adiabatic and NA framework. The grey and red 
lines label the situations of TEPs and SNCPs, respec
tively. (d) The schematics showing the atom oscilla
tions on the interatomic potential in real space and 
oscillations of Dirac cone in reciprocal space within 
adiabatic and NA framework. The solids black and 
red lines label the interatomic potential with ABO 
approximation (adiabatic) and NA corrections 
(nonadiabatic). The grey and yellow regions sche
matic the harmonic and anharmonic ranges of U. 
Regions with blue shading on Dirac cone are filled 
with electrons. The dash grey and solid black lines 
label the Dirac cones position with atom displacement 
and the black arrows show the oscillation directions. 
The inset of (d) shows the real space atomic pattern in 
the presence of E2g phonon@Γ in graphene.   
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melts based on the Lindermann criterion for lattice unstability. 
Since in the realistic systems, the interatomic interaction in different 

neighbours has very different values and may affect the phonon dy
namics. Here we estimate the neighbour effects by comparing the 
phonon dynamics obtained from the 1 × 1 unit cell and the 2 × 2 
supercell which contains the interatomic interaction between different 
neighbours. As shown in Fig. S9 [50], the phonon dynamics show very 
similar behaviours in the unit cell and supercell, indicating that the 
high-order-neighbour effect is less significant in the present case. 
Another evidence is the doping dependence of phonon energy shown in 
Fig. 3(a). The results obtained from the unit cell calculations show good 
agreement with the experimental results, which naturally include the 
interatomic interactions from different neighbours. 

2. The NA effects on nonlinear phonon dynamics and IP 

The difference on IP accuracy originates from the lacking of feedback 
between electron dynamics and atomic motions under ABO approxi
mation. As shown in Fig. 2(d), in graphene the Dirac cones oscillate in 
the reciprocal space due to the lattice distortion brought by the phonon 
motions. Within adiabatic framework, the electrons on the Dirac cone 
move together with the bands and stay in the ground state at any time. 
The ground state electronic configuration forms a fixed PES where the 
atoms oscillate in it. Therefore, only the IP within the ABO approxi
mation (the solid black line in Fig. 2(d)) can be described by the ground- 
state PES. However, considering the NA effects, atomic vibrations lead 
to transitions between electronic states. The excited electrons have no 
time to fully relax to the ground state and show a nonequilibrium 
configuration, which, in turn, alters the potential experienced by the 
atoms and forms the effective IP (the solid red line in Fig. 2(d)) beyond 
the ABO approximation. The effective IP can be seen as a combination of 
ground-state PES and various excited-state PES. Therefore, for an ac
curate description of IP and dynamics, the NA effects must be 
considered. 

In Fig. 3 we investigate phonon frequency ω, the intensity ratio be
tween fundamental and second-order phonon peaks in POS, i.e., I2/I1, 
and the anharmonic coefficient α reconstructed from I2/I1 as a function 
of doping concentrations, within adiabatic and nonadiabatic frame
work. The doping concentration is tuned by adding electrons and 
described by the Fermi energy shift Ef − ED, where Ef is the Fermi level 
and ED is the energy level of Dirac point. For the undoped case, Ef = ED. 

The nonadiabaticity in graphene affects the harmonic potential UH 
and linear dynamics by the phonon frequency renormalization [13,14, 
54,55], as shown in Fig. 3(a). The difference of electron configuration 
between adiabatic and NA framework become more significant with the 
rise of doping concentration. Due to the enhanced NA effects, the 
phonon frequency has a blueshift Δω. The Δω of TEPs shows a good 
agreement with the experiments [54,55], similar tendency can also be 
seen for SNCPs while the blueshift becomes smaller, which may result 
from the phonon nonlinearity caused by anharmonic scatterings. 

The nonadiabaticity affects the anharmonic potential UAH and 
nonlinear phonon dynamics by correcting the anharmonic coefficient α 
and modulating the nonlinear scattering rate, which is represented by 
the I2/I1. Compared to the adiabatic case, the value of I2/I1 and α with 
NA corrections shows a large enhancement. Moreover, the doping 
dependence of I2/I1 and α have a completely opposite trend: within the 
ABO approximation, the I2/I1 and α decrease with the doping concen
tration, while they show an increasing behaviour within the NA 
framework. The different behaviour of I2/I1 implies an improved 
phonon nonlinearity brought by the nonadiabaticity. The reason can be 
understood by the prompted α with NA corrections: the nonadiabaticity 
drives the effective IP away from the harmonic configuration by 
enhancing the anharmonic contributions. Consequently, there is more 
anharmonic scattering and the phonon dynamics will be nonlinear. 

It is worth to compare the NA effects on the harmonic UH and 
anharmonic UAH [50]. The nonadiabaticity is quantified by the ratio 
between the nonadiabaticity-induced coefficient change and initial co
efficient in IP terms (For UH we use the phonon frequency change Δω/ω 
while for UAH, the Δα/α is used.). Taking the doping level at Ef − ED 
~0.17 eV as an example, NA effect has a 0.06% correction on UH while a 
7.54% correction on UAH, which is more than two orders of magnitudes 
stronger. The results indicates that by connecting the feedback between 
electrons and phonon dynamics, the NA effects increase both the har
monic and anharmonic potential in graphene, and the anharmonic po
tential is more sensitive to NA modulation. 

Besides the phonon dynamics, the NA effects also show impacts on 
the mechanical and thermal properties of materials, by the modulated 
IP. In Fig. S4, we display the probing on the phonon-mode-resolved 
Young’s modulus and TEC in graphene as a function of doping, based 
on the IP reconstruction. The results show consistent magnitude with the 
experimental results [58,59] and indicate that the giant NA effects 
beyond separate electron and phonon dynamics, which can weak the 
intrinsic elasticity (by ~2%) and increase the thermal expansion coef
ficient (by ~10%). 

As a further step, we strive to (i) extend our IP microscopy to the 
excited-state case, since the probing depends only on the phonon mo
tions; (ii) reveal the NA effects on nonlinear phonon dynamics and IP in 
more general systems and phonon modes, esp. in experiments. 

For the IP probing in excited states, as shown in Fig. S3 [50], with the 
electron excitation increasing, both the harmonic ω and anharmonic α 
decrease, indicating a softening of phonon energy originating from the 
electron-phonon coupling in excited state caused by the nonequilibrium 
electron distribution. The results also show that the phase transitions 
barrier is modulated by ~0.6 eV (~7000 K) under a ~0.04 V/Å laser 
field. The modulation of Young’s modulus Y and TEC can be even more 
significant in excited graphene. As shown in Fig. S5 [50], the nonequi
librium carriers can weaken both the intrinsic elasticity and thermal 
expansion. Taking the laser field ~0.04 V/Å as an example, the Y and 
TEC are modulated by ~5% and ~27%, respectively, proving an effec
tive manipulation on material properties by photoexcitation. 

Fig. 3. (a) The evolution of the E2g phonon@Γ fre
quency shift Δω in UH with doping concentrations 
(represented by Ef− ED). The grey labels mark the 
experimental measurements from Zhao et al. [54] and 
Froehlicher et al. [55], respectively. (b) The intensity 
ratio between fundamental and second-order phonon 
peaks in POS, i.e., I2/I1, as a function of doping con
centrations. (c) The reconstructed coefficient α of the 
UAH from the I2/I1 of POS in (b) as a function of 
doping concentrations. The grey labels mark the α 
fitted from the experimental measurements by Lin 
et al. [56] and Efthimiopoulos et al. [57]. The black 
and red colors label the results obtained with ABO 
approximation (adiabatic) and NA corrections 
(nonadiabatic), respectively.   
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For NA effects in more general systems, in Fig. 4(a–c), for F2g pho
nons in diamond [33], A1g phonons in metal Bi [34] and A1g

1 phonons in 
Bi2Te3 [35], we use the coherent POS (the insets in Fig. 4(a–c)) obtained 
from pump-probe experiments (the POS is proportional to Fourier 
transforms of the time-dependent transient reflectivity [29,33,]) to 
reconstruct the effective IP and study the NA effects on it. 

More details are shown in Fig. 4(d) and (e). Both the phonon fre
quency ω in UH and coefficient α in UAH show consistence between 
theory and experiment. For graphene and metal Bi which have strong 
NA effects, the α in NA framework is in a closer agreement with the 
experimental value, indicating that the NA corrections exist ubiqui
tously for the accurate description of IP in many-body systems. 
Compared to graphene (~7.54% NA corrections on α), the NA effects on 
anharmonic potential parts in metal Bi are even more significant, which 
can correct nearly half of the value (Δα/α ~44.6%). 

The good agreements demonstrate the robustness and universality of 
our approach, which is effective both for theory and experiment. Beside 
the NA effects investigation, the direct and accurate IP probing itself 
may broaden the measurement technology to include a direct access to 
the chemical, lattice and topological properties of matters. For example, 
during the phase transitions between graphite and diamond [60,61], the 
evidence in Raman spectrum for diamondene, which is a 2D diamond 
material with outstanding properties on ferromagnetic semiconductor, 
is provided recently [62]. The spectroscopic detection of diamondene 
requires a high resolution. One of the reasons is that the energy of the 
F2g/E2g mode in diamond and graphite/graphene is very close, 
ωgraphene/ωdiamond ~1.18 as shown in Fig. 4. However, considering the 
total IP structure including the anharmonic part, the ratio of coefficient 
α between graphene and diamond is αgraphene/αdiamond ~1.6, which is 
more distinguishable. The results suggest that accurate probing of the 
effective IP may help us to detect the mixed phases more easily. 

In conclusion, based on our advanced IP probing method beyond the 
harmonic, adiabatic and equilibrium approximation, we reveal the sig
nificant NA effects on coherent phonons and effective IP. The NA effects 
strongly modulate the anharmonic potential term (up to ~50%) and 
adjust the phase transition barriers. As a consequence, the 

corresponding nonlinear phonon dynamics, phonon-mode-resolved 
Young’s modulus and TEC are impacted. Our study demonstrates the 
nonadiabaticity has more universal and important effects than we 
thought before on the various properties of many-body system. More
over, the IP probing developed in our work can be further combined 
with other technologies including the field-resolved spectroscopy [63] 
and the time-resolved techniques. All of the results are keys to dynamic 
investigations of the intrinsic elastic/thermal properties, phase tran
sitions/reactions in materials, which would facilitate rational design of 
catalysts, materials and drugs. 
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Fig. 4. The interatomic potential U as a function of 
phonon amplitude Δr reconstructed from the POS in 
the pump-probe experiments in diamond [33] (a), 
metal Bi [34] (b) and Bi2Te3 [35] (c), respectively. 
The grey circles and dash lines label the theoretical 
results of U and UA, respectively [50]. The insets 
show the POS of transient reflectivity measured by 
experiments and the atomic patterns of the different 
phonon modes. (d) The phonon frequency ω of the 
harmonic potential term UH from theoretical calcu
lations compared to experiment measured ones. (e) 
The coefficient α of the anharmonic potential term 
UAH from theoretical calculations compared to 
experiment measured ones. The open and solid circles 
label the results with ABO approximation (adiabatic) 
and NA corrections (nonadiabatic), respectively. The 
grey lines are the 1:1 ratios.   
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mtphys.2022.100790. 
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[42] S. Mitchell, J. Pérez-Ramírez, Nat. Commun. 11 (2020) 4302. 
[43] B. Dereka, Q. Yu, N.H.C. Lewis, W.B. Carpenter, J.M. Bowman, A. Tokmakoff, 

Science 371 (2021) 160. 
[44] C. Zhu, Q. Shi, S. Feng, D. Du, Y. Lin, ACS Energy Lett. 3 (2018) 1713. 
[45] J. Guan, Z. Duan, F. Zhang, S.D. Kelly, R. Si, M. Dupuis, Q. Huang, J.Q. Chen, 

C. Tang, C. Li, Nat Catal 1 (2018) 870. 
[46] J. Hulva, M. Meier, R. Bliem1, Z. Jakub, F. Kraushofer, M. Schmid, U. Diebold, 

C. Franchini, G.S. Parkinson, Science 371 (2021) 375. 
[47] S. Meng, E. Kaxiras, J. Chem. Phys. 129 (2008): 054110. 
[48] C. Lian, S. Hu, M. Guan, S. Meng, J. Chem. Phys. 149 (2018): 154104. 
[49] C. Lian, M. Guan, S. Hu, J. Zhang, S. Meng, Adv. Theory Simul. 1 (2018): 1800055. 
[50] See Supplemental Materials for the Details. 
[51] H. Lakhotia, H.Y. Kim, M. Zhan, S. Hu, S. Meng, E. Goulielmakis, Nature 583 

(2020) 55. 
[52] S. Hüller, J. Meyer-ter-Vehn, Phys. Rev. A 48 (1993) 3906. 
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