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Abstract

®

CrossMark

Real-time time-dependent density-functional theory molecular dynamics (rt-TDDFT-MD)
reveals the nonadiabatic dynamics of the ultrafast photoinduced structural transition in a typical
phase-change material antimony (Sb) with Peierls distortion (PD). As the excitation intensity
increases from 3.54% to 5.00%, three distinct structural transition behaviors within 1 ps are
observed: no PD flipping, nonvolatile-like PD flipping, and nonstop back-and-forward PD
flipping. Analyses on electron-phonon and phonon—phonon couplings indicate that the
excitation-activated coherent A, phonon mode by electron-phonon coupling drives the
structural transition within several hundred femtoseconds. Then, the energy of coherent motions
are transformed into that of random thermal motions via phonon—phonon coupling, which
prevents the Aj,-mode-like coherent structure oscillations. The electron-phonon coupling and
coherent motions will be enhanced with increasing the excitation intensity. Therefore, a
moderate excitation intensity that can balance the coherent and decoherent thermal movements
will result in a nonvolatile-like PD flipping. These findings illustrate important roles of
nonadiabatic electron-phonon/phonon—phonon couplings in the ultrafast laser-induced structural
transitions in materials with PD, offering insights for manipulating their structures and

properties by light.

Keywords: photoinduced structural transition, electron-phonon/phonon—phonon coupling,
antimony, time-dependent density-functional theory molecular dynamics, Peierls distortion

Ultrafast laser-induced structural transition is not only a key
topic of light-matter interactions [1-3] but also plays an
important role in optoelectronic applications, such as device
fabrication [4, 5] and optical storage [6, 7]. Understanding the
mechanism of the ultrafast transition is of great significance
for both scientific research and device-performance improve-
ments. Antimony (Sb) is a phase-change material (PCM) for

* Authors to whom any correspondence should be addressed.

both optical [8] and electronic memory devices [9, 10]. As a
monoelement material, it can avoid phase separation and thus
improve the endurance of the device. By incorporating a sub-
strate, Sb can undergo a transformation from a non-metal to a
metal [11, 12]. Moreover, Sb is a semimetal with a rhombohed-
ral phase structure, exhibiting lattice distortion along the [001]
direction of crystal unit cell due to Peierls instability. Many
theoretical and experimental studies have demonstrated that
materials with Peierls distortion (PD) are typical platforms for
the studies of light-induced non-thermal structural transitions

© 2024 0P Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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[13—15]. For Sb, it has already been experimentally confirmed
that A phonon modes can be activated by ultrafast lasers [16,
17]. According to the mechanism of displacive excitation of
coherent phonons (DECP) [18], activation of A, phonon is
quite possible to induce a phase or structural transition.

Usually, time-resolved electron diffraction [19], and x-ray
diffraction [20] are powerful techniques for the study of the
ultrafast structural transition. Unfortunately, such expensive
techniques still cannot directly see atomic dynamics due to the
lack of real-time real-space atomic pictures. In contrast, first-
principles calculations and molecular dynamics have shown
great potential in revealing electronic and atomic mechan-
isms. For example, adiabatic molecular dynamic simulations
based on an analysis of laser-excited potential energy surfaces
(PESs) indicate that femtosecond laser can induce non-thermal
structural transitions in Sb from a PD structure to another
PD structure but with opposite long/short bond distribution
[21]. However, the nonadiabatic electron-phonon and phonon—
phonon couplings, which are absent in previous adiabatic sim-
ulations, should play significant roles in the ultrafast laser-
induced nonequilibrium states [22-24]. Therefore, it is worth
clarifying the influence of the nonadiabatic interactions on
the dynamics of its ultrafast laser-induced structural trans-
itions. Recently, real-time time-dependent density-functional
theory molecular dynamics (rt-TDDFT-MD) [25] has been
proven to be an effective approach to evaluating the nonadia-
batic electron-phonon/phonon—phonon interactions in laser-
induced structural transitions [26—28].

In this work, we study photoinduced structural transitions
of Sb using the rt-TDDFT-MD, which reveals the influence of
electron-phonon/phonon—phonon interaction during the pro-
cess. By gradually varying the excitation intensity, a critical
intensity range for nonvolatile-like PD flipping is identified. If
the intensity is higher, the structure will flip back and forth
in form of coherent oscillations. The analyses on nominal
and thermal temperatures indicate that the electron-phonon
coupling triggered coherent A |, phonon mode drives the struc-
tural transitions, while the random thermal motions prevent the
transition by disrupting the coherent motions through phonon—
phonon couplings. The duration of the coherent motions can
last several hundred femtoseconds or longer, depending on
the excitation intensity. The higher the excitation intens-
ity, the stronger the coherent motions. Therefore, a moder-
ate excitation intensity can lead to a balance between coher-
ent and decoherent motions and thus result in non-volatile
PD flipping in Sb. The results reveal the important roles
of electron-phonon/phonon—phonon couplings in the ultrafast
laser-induced structural transition of PD materials, which may
guide the manipulation of their structures and properties by
light.

Figure 1(a) shows the crystalline structure of rhombohedral
Sb. Each atom has five valence electrons, three of which form
bonds with adjacent atoms and two of which form a lone pair
[23]. The distance between nearest neighbor atoms (for short
bond) is 2.96 A, while the distance between the next nearest
neighbor atoms (for long bond) is 3.41 A. As a result, the
inter-layer distances along the z direction are separated into

Figure 1. (a) Primitive cell of rhombohedral Sb. The length of the
solid line (for short bond) is 2.96 A while the length of the dotted
line (for long bond) is 3.41 A.(b)A crystal supercell of Sb and the
charge density difference between after and before electron
excitation (Pexcitation—Pground) Of 5.00% valence electrons. The

isosurface is 0.0012 e/aj, where ag is the Bohr radius. yellow and
blue areas indicate the increase and decrease of charge density,
respectively. The green and red arrows represent respectively the
upward and downward force for Sb; and Sb, atoms under excitation.

two types including the short and long distances, as indic-
ated by Z; and Z, in figure 1(b). The difference between
these distances is also characterized by the so-called Peierls
parameter [21].

When the electrons are excited from the valence band to
the conduction band, the electrons are mainly removed from
lone-pair electrons to antibonding states (see figure 1(b)). Note
that a small number of electrons are also removed from bond-
ing states, though this change is too subtle to be detected in
figure 1(b). The excitation-induced charge transfer instantly
breaks the ground-state equilibrium between electrons and
atoms, producing resultant forces on atoms. The net forces
within the x-y plane in figure 1(b) are canceled out due to
the symmetric structure. In contrast, the symmetry breaking
along the z-direction results in net forces along the z-axis.
Specifically, the forces on atoms labeled Sb; are directed
upward, while the forces on atoms labeled Sb, are directed
downward (see the green and red arrows in figure 1(b)). In
fact, if the atoms move along the z-direction according to the
excitation driving force, the motion should be strongly related
to the A, phonon mode, where Sb; and Sb, move out of phase
along the z-directions.

Next, we carry out rt-TDDFT-MD to study atomic dynam-
ics of Sb under optical excitation. Indeed, the MD simula-
tions reflect the activation of Aj; mode under excitation. If
the excitation intensity is low, it can only activate the A,
mode rather than a structural transition [29]. Such a phonon
activation is the well-known DECP [18, 30, 31]. Here, we
only focus on the relatively large excitation intensities (see
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Figure 2. (a) Time evolution of structural parameters (Z; and Z,) under different excitation intensities in Sb. (b) Time evolution of average
forces along the z-axis for two types of Sb atoms (Sb; and Sb,). The parameters and atomic types have been defined in figure 1(b) .

the definition in Method section) that can induce structural
transitions. By gradually adjusting the excitation intensities,
we identified a critical intensity (3.54% of the valence elec-
trons) that triggers a structural transition involving atomic
layer flipping. Figure 2(a) shows the time evolutions of the Z;
and Z,, which can characterize the PD, under various excit-
ation intensities between 3.54% and 5.00%. For the intensity
of 3.54%, the direction of PD is reversed after 210 fs. When
the excitation intensity slightly increases to 3.75% and 3.96%,
nonvolatile-like PD flipping can be observed after 160 fs and
150 fs, respectively. If the intensity increases to 5.00%, the
back-and-forward flipping occurs without stopping during the
whole 1000 fs simulation. These coherent structural trans-
itions can be explained by the gradual change of the double-
well PES to the single-well PES as the excitation intensity
increases [21].

Figure 2(b) tracks the average atomic forces along the dir-
ection of PD (i.e. z-axis), which can help to understand the
dynamics of the coherent atomic motions along the z-axis. For
all the cases of different excitation intensities, initial forces
on atoms labeled Sb; and Sb, are upward and downward
respectively (corresponding to positive and negative values in
figure 2(b)). The initial force increases with excitation intens-
ity. When the intensity is below 4.17%, the average force is
significantly reduced at the end of the simulation. In contrast,
when the intensity is larger than 5.00%, the average force can

exist even at the end of the simulation (i.e. 1000 fs), explain-
ing its nonstop back-and-forward PD flipping by this strong
coherent driving force in this period. It is worth noting that the
ultrafast structural transition in Sb under 5.00% excitation dif-
fers from that in GeTe under the same excitation intensity [14],
despite both GeTe and Sb having A7 rhombohedral structures
with PD. In the case of GeTe, the A7 structure transformed into
a cubic structure without PD within 1 ps owing to the decay
of coherent oscillations [14]. The difference suggests that the
decoherence effect in single-element Sb is much weaker than
that in GeTe. Perhaps this is because GeTe contains two differ-
ent types of atoms, whereas Sb is composed of only one kind
of element.

Next, we try to understand the role of electron-phonon and
phonon—phonon coupling effects in the laser-induced ultra-
fast structural transition in Sb. Generally, when a mater-
ial is excited by a femtosecond laser pulse, the energy
of light will first be injected into its electronic system
and then gradually be transferred to its lattice system
via electron-phonon coupling [32, 33]. Therefore, the time
evolution of lattice temperature can reflect the electron-
phonon coupling effect. The black lines in figure 3 repres-
ent a nominal temperature, which is the average temper-
ature of all kinds of atomic motions, including excitation-
induced coherent motions and random thermal motions.
For all the intensities, the nominal temperature increases
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Figure 3. Time evolution of lattice temperatures under different
excitation intensities. The black and red lines represent the nominal
and thermal temperatures, respectively.

significantly at the beginning of 100 fs due to the activ-
ation of Aj, phonons via DECP electron-phonon coupling
[18], see the discussion later. It is clear that as the excitation
intensity increases, the electron-phonon coupling becomes
stronger.

Note that the nominal temperature also contains the contri-
bution from coherent atomic movements. To further evaluate
the dynamics of coherent movements and lattice thermaliza-
tion separately, we define a thermal temperature contributed
by pure random thermal motions. Then, the thermal temperat-
ure can be calculated by excluding the coherent atomic move-
ments from the nominal temperature (see Method section
for more details). The results are indicated by the red lines
in figure 3. The separation of the nominal and thermal tem-
peratures confirms again that the initial temperature eleva-
tion results from coherent motions rather than random thermal
motions. Then, the thermal temperature gradually increases
with time and later is close to the nominal temperature. The
coincidence of the two temperatures indicates the lattice has

reached its thermal quasi-equilibrium state and the coher-
ent motion has basically stopped. In other words, the energy
is transferred from the coherent A, phonon mode to other
phonon modes via phonon—phonon coupling. Thus, the com-
parison between thermal temperature and nominal temperat-
ure can be used to measure the time scale of phonon—phonon
coupling. The time required for the two temperatures to con-
verge, as indicated by the black arrow in figure 3, indicate
the duration of coherent motions. The duration approximately
increases with excitation intensities. For the excitation intens-
ities of 3.54%—-4.17%, it is as fast as several hundred femto-
seconds. However, if the excitation reaches 5.00%, the coher-
ent motion persists throughout the entire simulation period
(1000 fs). After the beginning 100 fs, the nominal temper-
ature only increases slightly suggesting the energy transfer
from the electronic system to the lattice system (character-
ized by electron-phonon coupling) during that stage is small.
Therefore, it can be deduced that the lattice thermalization and
the decoherence effect here are mainly realized by phonon—
phonon coupling.

To confirm the key phonon modes during the structural
transitions, the trajectories of the rt-TDDFT-MD simulations
are projected to the phonon modes of Sb at the I' point. The
projected intensity is defined as Zj e; - j, where ; is the dis-
placement vector of atom j from its original position at t = 0 fs
and ¢; is the ith phonon eigenvector at the I' point [22]. A
conventional cell of Sb with six atoms is used to calculate
the phonon eigenvectors. Figure 4(a) schematically shows the
atomic displacements of two main phonon modes (i.e. A, and
E; modes). Figure 4(c) shows the time evolution of the projec-
ted intensity of the phonon modes during the MD simulations.
Indeed, the A, mode is the most predominant phonon mode
activated by laser excitation, which is consistent with the pre-
vious analyses on the Peierls parameter and atomic forces. At
the relatively low excitation intensity of 3.54%, the in-plane-
direction E; mode (red line in figure 4(c)) is also activated in
addition to the z-direction A, mode. However, as the excit-
ation intensity increases, the A, mode gains prominence but
the E; mode gradually becomes weaker. Figure 4(b) provides
a quantitative representation of this trend. Here, the amplitude
of each phonon mode is defined as the absolute value of the
maximum of the projected intensity in figure 4(c). By com-
bining the structural transitions shown in figure 2(a) with the
coherence effect revealed in figure 3, we deduce that the A,
mode is the driving force behind the coherent structural trans-
itions, while other phonon modes may hinder the transition
by disrupting coherent motions. Therefore, suitable excitation
intensities like 3.75% and 3.96% can induce balanced states
between the A, mode and the other modes, thus leading to
the nonvolatile-like PD flipping as shown in figure 2(a). When
the excitation intensity is further larger, the balance states are
disrupted, resulting in strong, nonstop back-and-forth PD flip-
ping driven by the A, mode.

In conclusion, we have studied the structural dynamics
of Sb under ultrafast laser excitation by the non-adiabatic
rt-TDDFT-MD method. As the excitation intensity increases
from 3.54% to 5.00%, the structural transitions in Sb within
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Figure 4. (a) Vibrational eigenvectors of two dominant phonon modes. The green and red arrows indicate the atomic displacement direction
of the Ajg and E; phonon modes, respectively. (b) The phonon amplitude of the A;, and the E; modes under different excitations, extracted
from molecular dynamics. (c) Projected atom displacements (with time) onto vibrational eigenmodes of phonons. The red line, green line,
and gray lines represent the E; mode, the A, mode, and other modes, respectively.

1 ps exhibit three scenarios: no PD flipping, nonvolatile-
like PD flipping, and continuous back-and-forth PD flipping.
The structural transition is driven by coherent atomic move-
ments along the z-direction, aligning with the A, phonons.
By separating coherent motions and random thermal motions,
a thermal temperature (different from the nominal temper-
ature) is defined to evaluate the electron-phonon/phonon—
phonon couplings. The analyses indicate that the energy trans-
fers rapidly from the electronic system to the lattice system
within ~100 fs after excitation. During this stage, the coher-
ent motions are dominant. After this stage, the energy of the
coherent A, phonons gradually transfers into the ones of
other phonon modes via phonon—phonon coupling. As the
excitation intensity increases, both the duration and amp-
litude of the coherent motions increase. Therefore, a mod-
erate excitation intensity can realize a non-volatile PD flip-
ping owing to a balance between coherent motions and ran-
dom thermal motions. In contrast, a high excitation intensity
will lead to very strong A, phonon oscillations thus result-
ing in a nonstop PD flipping within 1000 fs. We expect that
the special phonon behaviors and coherent dynamics induced
by optical excitation are critical to manipulating ultrafast
structural transition of materials with PD. The current study
will also facilitate the exploration of advanced optoelectronic
devices that rely on light-induced ultrafast structural and signal
transitions.

1. Method

1.1. Computational details

In the present work, the calculations are performed using
the time-dependent ab initio package as implemented
in SIESTA [34] with norm-conserving Troullier—Martins
pseudopotentials [35] and PBE functional [36]. The plane
wave energy cutoff is 200 Ry and the local basis set with
double-( polarized orbitals is employed. In geometry optim-
ization, the energy convergence criterion was set to be 107 eV,
and the ion positions were optimized until the atomic forces
were below 102 eV A~ Lattice dynamics calculations were
performed with the Phonopy package [37]. The force constant
matrices were calculated using a 4 x 4 x 2 supercell with 192
atoms. The rt-TDDFT-MD calculations are performed with
the NVE ensemble. The coupling between atomic and elec-
tronic motions is governed by the Ehrenfest approximation
[38]. Although the Ehrenfest approximation does not include
the spontaneous phonon emission [39], the rt-TDDFT MD
based on this approximation is suitable to describe the struc-
tural transitions. And, it has been widely used in the study
of photoinduced structural transition and has successfully
explained various experimental observations [28, 40]. The
time step is 0.024 fs, and the equilibrium state of a ground-
state MD at 300 K is used as the input. In rt-TDDFT-MD, we
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use a 192-atom supercell and the I' point for Brillouin zone
integration.

We simulate the excitation of the electrons by changing
the occupation of the corresponding KS states involved in the
photo-excitation [41]. Excitation in this work is achieved by
moving electrons from the valence band to the conduction
band to achieve the effect of photoexcitation. The quantity of
excitation intensity is defined as the ratio of excited electrons
to the number of valence electrons.

1.2. Nominal and thermal temperatures

The nominal temperature is defined as T= (T, +T)/2 =

2 2
(% +7532°)/2, 1 and 2 represent the two types of atoms

labeled Sb; and Sb, in figure 1(b).

Here, v2 can be expanded to
n 2 n — 2
.2 Dimi Vi >z (1 + Avy)
1 = =
n n

o Y Ay r Ayt
:V12+ Zl—l + Zl—l .

n n

vy; represents the velocity of ith Sb; atom, ¥| represents
the average velocity of Sb;, Avy; =vj; — ¥y, n represents the
number of Sb;. The second term in the right hand of the for-
mula, 7, Avy; = Y1, (vi; —¥1) =0, so that, v;> =¥{* +

n 2
Z"Z‘%. The first term of the equation can be considered
to be caused by coherent motion, and the second term can be
considered to be the influence of disordered thermal motions.

Similarly, v,% = 5> + ZZI% Therefore, the thermal tem-
perature can be defined as

m Z:’:lAVUZ Z?:lAV%Z
6kp n n

Tihermal =
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