PHYSICAL REVIEW LETTERS 120, 185701 (2018)

Directional Forces by Momentumless Excitation and Order-to-Order Transition
in Peierls-Distorted Solids: The Case of GeTe
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Time-dependent density-functional theory molecular dynamics reveals an unexpected effect of optical
excitation in the experimentally observed rhombohedral-to-cubic transition of GeTe. The excitation
induces coherent forces along [001], which may be attributed to the unique energy landscape of Peierlsdistorted solids. The forces drive the A1g optical phonon mode in which Ge and Te move out of phase.
Upon damping of the A1g mode, phase transition takes place, which involves no atomic diffusion, defect
formation, or the nucleation and growth of the cubic phase.
DOI: 10.1103/PhysRevLett.120.185701

Ultrafast laser-induced phase transition plays important
roles in a number of applications, such as micro- or
nanoprocessing [1,2], device fabrication [3,4], and optical
memory [5,6]. Understanding the underlying physics that
governs the transition is the key to control the material’s
structure and thus the optimization of the device performance. By our count, there are four major types of phase
transitions triggered by optical pulses. The first is melt
quench, where the material is melt from its crystalline
phase and then quenched to an amorphous phase [6,7]. The
second is solid-state amorphization, where the crystal is
directly transformed to its amorphous state without thermal
melting [5,8–10]. The third is recrystallization, where a
mild laser pulse supplies the required heat for a spontaneous crystallization [6,11]. The fourth is an order-to-order
transition. For example, recently, an ultrafast order-to-order
phase transition in GeTe under optical excitation was
observed by time-resolved experiments with electron diffraction [12] and x-ray diffraction [13] techniques. This
transition is excitation sustained and is hence transient.
The physical origin for the order-to-order transition is
currently under debate. By femtosecond x-ray diffractions,
Matsubara et al. [13] proposed a rattling model where,
while the Te atoms maintain at their original positions, the
Ge atoms rattle between six equivalent off-center positions
of the rhombohedral (r) phase as a result of the excitation.
The average effect of the rattling can be viewed as a
transition to the higher-symmetry cubic (c) phase. On the
other hand, based on an ultrafast electron diffraction
technique, Hu et al. [12] suggested that the Te atoms are
not fixed in their original positions, but exhibit a displacive
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motion along the [001] direction. The motion is followed
by a shear deformation of the lattice to result in the c phase.
Time-resolved experiments offer important real-time information on the order-to-order transition. Kolobov et al. [14]
performed a static first-principles calculation with fixed
occupations to mimic optical excitation in r-GeTe. Based
on the results, they proposed a third model in which the
short and long bonds in r-GeTe are randomly distributed in
space due to excitation, so the structure effectively becomes
an averaged “pseudocubic” structure, while preserving
locally the short and long bonds. These models differ
owing to, among other things, the lack of a real-space
atomic picture in real time. Time-dependent densityfunctional theory molecular dynamics (TDDFT-MD) is a
technique that may overcome the problem, in particular,
unveiling real-time interactions between electrons and
lattice [15]. Recent examples demonstrated its applicability
to phase change in a condensed matter [10,16].
In this Letter, we study dynamic electron-lattice coupling
in GeTe by TDDFT-MD, which reveals the explicit role of
electronic excitation on the rhombohedral-to-cubic (r-to-c)
transition. Key in the finding is the excitation-induced
directional (restoring) forces, which activate the A1g phonon mode in the [001] direction. Atomic motions under the
A1g mode are along [001], coherent with a 180° phase shift;
i.e., the Ge and Te atoms are always moving in the opposite
directions. The creation of the coherent motion by the
excitation destabilizes the Peierls distortion in the r phase
to result in a displacive and diffusionless transition to the c
phase. Note that the excitation-induced phase transition
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takes place at temperatures substantially below the critical
temperature within merely 1 ps.
The static density-functional theory (DFT) calculations
are run in the VASP code [17,18] with projector augmentedwave (PAW) pseudopotential [19] and Perdew-BurkeErnzerhof (PBE) exchange-correlation functional [20].
The cutoff energy for the plane wave expansion is
240 eV. The TDDFT-MD are run in the methodology
developed by Meng and Kaxiras, as implemented in the
SIESTA code [21], with norm-conserving Troullier-Martins
pseudopotentials [22], PBE functional, and a NVE ensemble. The plane wave energy cutoff is 100 Ry and the local
basis set with double-ζ polarized orbitals is employed. The
coupling between atomic and electronic motions is governed by the Ehrenfest approximation [23], the time step is
0.024 fs, and the equilibrium state of ab initio MD at 300K
is used as the input. In both DFT and TDDFT-MD, we use a
192-atom supercell for r-GeTe and the Γ point for Brillouin
zone integration.
Figure 1 shows the atomic structure of r-GeTe, which
consists of sixfold coordinated atoms in the form of an
octahedron. Each atom has three p orbitals, px , py , and pz ,
respectively, and each orbital can take up to two electrons.
The Ge and Te atoms provide 2 and 4p electrons, respectively, to 3 þ 3 ¼ 6 orbitals, which forms six bonds for each
atom, as can be seen in Fig. 1(a). According to the electron
counting model [24,25], each orbital is half filled [see also
Fig. 1(a)]. The energy of the system can, however, be
lowered by symmetry lowing, e.g., by a Peierls distortion
[26] of the octahedra to result in (hierarchical) three short
and three long bonds for each atom [see Fig. 1(b)] and a
subsequent band gap opening. Figure 1(c) shows the supercell used in the simulation along with its primitive unit cell.
Figure 2(a) shows the partial density of states for r-GeTe
and its occupation upon a 5% excitation of valence
electrons. We choose 5% here, as it corresponds to a
13 mJ=cm2 fluence that can be readily obtained by laser
experiment [5,27,28]. In fact, the results for the excitations

FIG. 1. Atomic motifs of (a) c-GeTe and (b) r-GeTe. (c) The
supercell used in simulation. The rhombohedral primitive cell is
highlighted by larger balls.

from 4.5% to 6% is quantitatively the same in our
calculations. Figure 2(b) shows schematic real-space potential energy surfaces (PESs) of a Ge atom along [001]. Since
the motion of the Ge atom is relative to the neighboring
Te atoms, the same PESs apply to the Te atom as well. In
the (r phase) ground state, there are two energy minima
representing two equivalent Ge positions. In the excited
state, however, the system restores the cubic symmetry for
which there is only one energy minimum. Because of this
qualitative change in the PES upon excitation (see the
vertical dashed line), restoring force on the atom alone
[001] is generated [see the arrow in Fig. 2(b)].
Although the calculation employs a supercell with 96
GeTe molecules, the forces generated on these atoms are all
coherent, as can be seen by the direction and magnitude of
the arrows in Fig. 2(c). It implies that the directional forces
are not a result of a constrained calculation using a too
small supercell, but rather it represents a real physical
effect, namely, the symmetry of the r phase. One can
readily see the symmetry after the excitation by examining
the real-space charge density difference (CDD) [also
plotted in Fig. 2(c)]. Here, CDD is defined as ρ (excited
state)–ρ (ground state). It shows that, after the excitation,
electrons are accumulated around the Ge atoms, at the
expense of electrons around the Te atoms. However, only

FIG. 2. (a) Partial density of states (PDOS). Shaded areas
indicate a rough estimate on what would be the occupations of the
states upon a 5% excitation. (b) Potential energy surfaces (PESs).
Gray line is the ground state, whereas the purple line is the
excited state. (c) Atomic forces (red arrows) due to excitation.
Graded green color indicates the positions of the Ge atoms (solid
is in front and faint is in the back). Charge density difference
between ground and excitation states is also shown on a plane
cutting through the center of the primitive unit cell, as shown by
the solid blue line in (d) and (e). The unit of CDD is e=a30 , where
a0 is the Bohr radius.
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the symmetry along the z axis (¼½001 direction of r-GeTe)
is broken, and that in the x-y plane remains intact. In
Ge-Sb-Te alloys, in contrast, due to the disorder of the
vacancies on the cation lattice, the degree of the coherence
is expected to be reduced.
Next, we discuss the results obtained by TDDFT-MD
simulations. Figure 3 depicts the real-time force, bond
length, bond angle, and ionic temperature (further explained
in Note 1 of the Supplemental Material [29]) in a TDDFTMD simulation with a 5% excitation in GeTe. As expected,
forces in Fig. 3(a) are highly directional throughout the
simulation: in particular, forces along the z axis are strongest
at the onset but gradually decrease with time, and at 1.1 ps,
they almost all approach zero. In contrast and with no
exception, forces in the other directions can be neglected
during the simulation. Figures 3(b) and 3(c) capture the
structural responses to the forces, where the long (and short)
bond lengths and the high (and low) bond angles of the r
phase at the beginning give way to equal bond lengths and
bond angles at the end of the simulation. In other words,
r-GeTe undergoes a transition to c-GeTe.
To be certain that the effects in Fig. 3 are mainly due to
excitation, we performed ab initio MD for 1.2 ps without
the excitation. We found essentially no changes in the

FIG. 3. Time evolution of average (a) force, (b) bond length,
and (c) angle and (d) ionic temperature of GeTe with a 5%
excitation. Red solid and black dashed lines in (d) indicate,
respectively, the melting point (T m ) and Curie temperature (T r−c )
for ferroelectric transition taken from literature [30,31].

quantities plotted in Fig. 3 up to 700 K; see Note 2 and
Fig. S1 of the Supplemental Material [29]. With the
excitation, phase transition happens at 500 K, which is
noticeably lower than the melting point (T m ) of GeTe [see
Fig. 3(d)] [30]. It is also significantly lower than the critical
temperature for the ferroelectric transition of r-GeTe [31].
Although the transient ionic temperature at 75 fs can reach
650 K, further analyses in Note 3 and Fig. S2 of the
Supplemental Material [29] demonstrate that the nominally
high temperature has nothing to do with thermal motion,
but is merely a result of the correlated out-of-plane motion
of the atoms due to optical excitation.
Figure 4 shows the time evolution of bond-length
probability density distribution fðxÞ during phase transition. Here, the integrated probability
Z þ∞
P¼
fðxÞdx ¼ 1:
−∞

At the ground state, the bond lengths are hierarchical. After
excitation, the long and short bonds quickly become equal
length. Gaussian fitting in Fig. 4 quantifies the amount of
remaining short and long bonds that decrease with time and

FIG. 4. Time evolution of bond-length probability density
distribution after excitation. Time taken for the plot corresponds
to peaks and valleys in Fig. 3(b) at which the differences in bond
lengths are largest. Dashed lines are Gaussian fitting with peak
positions at 2.84, 3.02, and 3.25 Å, respectively. It appears that
the central green line will further grow at the expense of others
for t > 1053 fs.
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become insignificant at t ¼ 604 fs. The integrated probability for short and long bonds is roughly 99% in the
beginning of the simulation but less than 37% in the end. It
supports the notion that a majority of the short or long
bonds has been converted to bonds with equal lengths [12].
Hence, the transition is truly a r-to-c transition, rather than
a “pseudo” one due to some sort of averaging effect. This is
qualitatively different from the thermally induced r-to-c
transition, as the latter is due to a lack of the coherent and
directional forces and hence can only be attributed to the
randomization of long and short bonds [32,33].
Usually, atomic motion during laser-matter interaction is
difficult to control due to the lack of momentum of the
photons. As such, light can excite almost any atomic
vibration at the center of the Brillouin zone, leading to a
structural disorder and/or amorphization. Here, however,
although the incident photons remain momentumless, the
unique energy landscape in Fig. 2(b) makes an important
difference; namely, before the excitation, there are two
energy minima along [001] that are significantly different
from the single minimum after the excitation. As such, all the
atoms after the excitation are forced to move in the [001]
direction collectively, as well as coherently. The coherency
arises because the Ge and Te atoms must move in the
opposite directions to preserve a net-zero momentum. This
initial motion couples to lattice vibrations that can sustain a
back-and-forth flipping of the long and short bonds.
The A1g optical phonon mode satisfies such a constraint
and, as a matter of fact, is in resonance with the initial
excitation. No other phonon modes get excited by the
optical excitation, as revealed by our TDDFT-MD simulation. See, for example, the evolution of atomic forces and
bond lengths in Fig. 3, which is indicative of the flip-flop of
the long and short bonds. Direct evidence of such a motion

is given in Note 4 and Fig. S3 of the Supplemental Material
[29], where we trace the atomic motion in real space over a
half vibration period.
We can also trace the A1g -mode frequency using Fig. 3(b)
to original 3.33 THz. This value is about 12% less than the
3.8 THz for the A1g mode in the ground state [34]. The
redshift of the A1g -mode frequency agrees with experiments
of 8% (redshift) at a similar fluence [34]. The A1g mode
couples to other phonon modes during the TDDFT-MD
simulation, which leads to the damping of its magnitude and
eventually to the r-to-c transition in GeTe. The transition is
diffusionless, as evidenced by Fig. 5, which records the
trajectories of all the atoms. Throughout the MD simulation,
there is no defect formation, no nucleation and growth, and
no single diffusion across any atomic site.
In conclusion, TDDFT-MD simulation reveals the salient
physics of optical excitation on order-to-order transition.
Although the photons are momentumless, by exciting the
system from a double-minima state to a single-minimum
state, they enable a coherent and collective motion of the
atoms, which couples strongly to the A1g optical phonon
mode. While the current Letter focuses on phase transition in
GeTe, it is not an isolated case. In fact, all ferroelectric solids,
to which GeTe belongs to, or more broadly speaking, all
solids with Peierls distortion have the characteristic energy
landscape in Fig. 2(b). As a matter of fact, in Peierlsdistorted Bi, Sb, Te, and Ti2 O3 , laser selective excitation of
the A1g mode has been observed [35]. It is thus reasonable to
believe that our phase transition mechanism may apply to
many of them and as such, our finding opens a new direction
in the search for ultrafast ordered phase change materials for
electronic, optoelectronic, and energy applications.
Work in China was supported by the National Key Research
and Development Program of China (#2017YFB1104300),
National Natural Science Foundation of China (#61590930,
#61775077, and #11504368), and 973 Program
(#2014CB921303). J. B. was supported by KBSI Grant
No. D37614. S. B. Z. was supported by the Department of
Energy under Award No. DE-SC0002623. The HighPerformance Computing Center (HPCC) at Jilin University
for calculation resources is acknowledged. Professor XianBin Li is grateful to Professor Shengbai Zhang and Professor
Hong-Bo Sun for their 10-year support on Lab of
Computational Semiconductor Physics.
N.-K. C. and X.-B. L. are contributed equally to
this work.

*

FIG. 5. Trajectories of atomic motion in the time frame from 0
to 1.2 ps in the TDDFT-MD simulation with a 5% excitation.
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