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Microscopic force driving the photoinduced ultrafast phase transition: Time-dependent density
functional theory simulations of IrTe,
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Photoinduced phase transitions can have complex and intriguing behaviors more than material ground-state
dynamics. Understanding the underlying mechanism can help us to design new ways to manipulate the materials.
A variety of mechanisms has been proposed to explain the photoinduced phase transitions of IrTe,, but a
consensus has yet to be reached. Here, we study the photo-induced phase transitions of IrTe, by performing the
real-time time-dependent density functional theory (rt-TDDFT) simulations in combination with the occupation
constrained DFT method. We reveal that the microscopic driving force for the photo-induced phase transitions
arises from the tendency to lower the energy levels occupied by the excited carriers, through the increase or
decrease of the associated atomic pair distances, depending on whether the newly occupied states are antibonding
or bonding states, respectively. The geometric constraints between different bonds represented by the Poisson
ratio can bring together different tendencies from different atomic pairs, thus forming a complex intriguing
dynamic picture depending on the intensity of the excitation. We also find that phonons don’t play a primary
role, but can assist the phase transition. These findings imply that one can control the structural phase transitions
by selectively exciting photocarriers into designated atomic states using appropriate photon sources.

I. INTRODUCTION

The manipulations of spin, charge, orbital, and lattice
degrees of freedom in materials have been used to pro-
duce a variety of astonishing phenomena and functionalities,
from high-temperature superconductivity to emergent parti-
cles with fractional charge [1-7]. The interweaving of these
degrees of freedom in materials forms the basis for many
exciting fields related to cooperative material phenomena.
However, it also presents a challenge to disentangle these
interactions, to elucidate their individual roles. In addition
to conventional means such as changes of temperature and
pressure, photoexcitation has recently been used to control
the structural phase transitions in solids in an ultrafast time
scale. For instance, the photoexcitation induces charge density
wave (CDW) transitions in transition-metal dichalcogenides
(TMDCs) on an unparalleled time scale (several hundreds of
femtoseconds), near the limit of atomic motions [8—12].

Unlike general TMDCs where the well-known CDW tran-
sition results in opening an energy gap at the Fermi level E/,
IrTe, is special because it preserves its metallic properties
in both high-temperature (HT) hexagonal crystal phase and
low-temperature (LT) triclinic crystal phase [13,14]. Both x-
ray-diffraction measurements and density functional theory
(DFT) calculations reveal that the electronic structure of IrTe,
near Ey primarily arises from Ir 54 and Te 5p orbitals [14-17].
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A variety of mechanisms have been proposed to explain the
structural phase transition between these two crystal phases.
In earlier studies, mechanisms based on collective degrees
of freedom have been proposed as the main force for the
phase transition, such as the charge-orbital density wave [18]
or orbital-driven Peierls instability [19]. However, recent ex-
perimental and theoretical works also illustrate that it is the
Te p orbital, rather than the CDW, playing the main role
in causing a local bonding instability in the observed struc-
tural phase transition [17,20,21]. The d,y orbital of the Ir-Ir
dimers is also suggested to play a dominant role in the struc-
tural phase transition [14,16,22,23]. An interplay among the
charge-density-wave-like lattice modulation, in-plane dimer
ordering, and the uniform lattice deformation is also postu-
lated as the origin of phase transition [16]. However, most
of the above discussions are for thermal dynamic induced
phase transitions. Very recently, Ideta et al. [23] conducted
the photoexcitation induced phase transition in IrTe,, and sug-
gested the association of the phase transition to the electron
filling of the high-lying empty antibonding bands. However,
it is unclear why the occupation of empty antibonding bands
will drive the phase transition, and the microscopic origin
underlying the photoinduced phase transition in IrTe; is still
under intensive debate. Most of the above studies are based
on experimental observations, together with qualitative argu-
ments or simple DFT calculations. Unable to turn on and off
different interactions in the experiment makes it difficult to
analyze the roles of different mechanisms. That gap can be
filled by theoretical simulations.
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In this paper, we attempt to unravel the microscopic force
driving the structural phase transition under photoexcita-
tion by using IrTe, as a model system through performing
rt-TDDFT simulations in combination with occupation con-
strained DFT calculations [24,25]. This combination allows
the access to the microscopic forces and mechanisms which
drive the structural transition, and offers the possibility of dis-
entangling interactions among different degrees of freedom.
Our rt-TDDFT simulation reproduces the experimentally ob-
served structural transition in Ir'Te, under irradiation of a laser
pulse. We uncover that the fundamental microscopic force
driving the structural transition originates from the energy
gain through lowering the energy levels of the Ir-Ir dimer an-
tibonding bands occupied by the photoexcited electrons. This
results in a force to dissociate the Ir-Ir dimers. We also demon-
strate that additional photoelectrons excited by a stronger laser
intensity occupy the bonding bands of interlayer Te-Te bonds,
yielding an unexpected transition to a different metastable
structure. These findings shed light on photoinduced phase
transitions in solids, and reveal general principles which can
be applied to many different laser pulses induced structural
phase transitions, usually from lower symmetry phases to
higher symmetry phases.

II. RESULTS

IrTe, stabilizes in a CdL,-type hexagonal structure (P3m1)
at HT and undergoes a structural transition to a triclinic struc-
ture (P1) below temperature 7g ~ 280K [15,17,26]. The LT
structure possesses a CDW together with a lattice modulation
at a wave vector ¢q1/5(1/5, 0, 1/5) [16,26]. Figures 1(a) and
1(b) show that, different from the HT phase where the cova-
lently bonded Ir-Ir pairs have the same bond length of 3.9 A,
the LT phase exhibits a periodic lattice distortion in a lattice
modulation at g5 = (1/5, 0, 1/5) as a result of the dimerizg—
tion of every third Ir-Ir pair in a shorter bond length of 3.07 A.
By performing ground-state ab initio molecular dynamics
(AIMD) simulation at temperature 7 = 200 K, we obtain the
initial system of IrTe, in a 120-atom supercell, which is a
structure containing eight Ir-Ir dimers with a bond length
(3.070 A) 22-24% shorter than the remaining Ir-Ir nondimers
with bond length of 3.942-4.054 A, in excellent agreement
with experimental data of the LT structure [13,14]. Based
on this structure, we then utilize the rt-TDDFT approach to
simulate the time evolution of IrTe, under irradiation of a laser
pulse. The simulated laser pulse has an electric field E(z) =
Eocos(wt))exp[—(t — t9)?/(2062)], where Ej is the amplitude
of the electric field, fy = 60fs, the pulse width 20 = 25 fs, and
the photon energy 7iw = 3.1 eV, which represents the 400-nm
optical pump pulse used in experiment [23].

Figure 1(d) shows the rt-TDDFT simulated structural evo-
lution of the system at an initial temperature of 200 K
following the photoexcitation using a laser pulse with Ey =
0.386 V/A. The ultrafast laser pulse excites vertically 50 elec-
trons (or 6% of valence electrons) from the valence bands to
the empty conduction bands within 100 fs duration [shown
in Fig. 1(c)]. Following the photoexcitation, we find that the
Ir-Ir dimers undergo dissociation (at about 100 fs) as their
bond length gets longer from 3.07 A and at 650 fs reaching
the maximum (around 4.1 A), passing through 3.9 A, the

same value as that of nondimer partners. Finally, Ir-Ir dimers
and Ir-Ir nondimers exhibit no significant differences in bond
length, indicating the system stabilized in the HT structure.
Consequently, we have successfully reproduced theoretically
the experimentally observed phase transition from LT struc-
ture to HT structure of IrTe, under ultrafast photoexcitation,
as reported recently by Ideta et al. [23] and Monney et al. [27].

We uncover that strong photoexcitation does not necessar-
ily guarantee the system will undergo the LT-to-HT structural
transition. To explore the dependence of the phase transition
on photoexcitation strength, we tune the laser pulse within a
wide span of intensity from 0.051 to 1.02 V/A. Figure 1(g)
shows the corresponding rt-TDDFT simulated dynamics of
bond length of the Ir-Ir dimers (once it increases to 3.9 A,
indicating a LT-to-HT phase transition). We observe that the
laser intensities can be divided into three ranges according to
the atomic bond dynamics. When the laser intensity Ej is in
a weak range from 0.051 to 0.206 V/A, we notice that the
dimerized Ir-Ir bonds vibrate over time in a large amplitude
but without completely dissociating. Further increasing the
laser intensity (to a range from 0.257 to 0.643 V/A) [shown
in Fig. 1(g)], the bond length of the Ir-Ir dimers increases
steadily with time and reaches ~3.9 A at about 800 fs,
demonstrating a fast dissociation process of the Ir-Ir dimers,
hence a successful phase transition. Note that, in the most
beginning following the photoexcitation, as amplifying the
laser intensity, the increase of the Ir-Ir dimer’s bond length
is getting slower. It indicates that the breaking of the Ir-Ir
dimer bond is not always proportional to the energy pumped
into the system. As the laser intensity further increases from
0.643 V/A to 0.771, 0.900, and 1.028 V/A, the Ir-Ir dimer
bond is no longer dissociated, but vibrates over time in a
similar way as in the low laser intensities. This failure to
have the LT-to-HT phase transition at stronger laser intensity
is rather striking. Such nonmonotonic laser-intensity depen-
dence of the dynamic process is highly unexpected in terms of
previously proposed mechanisms [28] for photoinduced phase
transitions.

III. DISCUSSION

To inspect the effect of photoelectrons on structural tran-
sitions, we first conduct a ground-state Born-Oppenheimer
molecular dynamics (BOMD) simulation for IrTe, neglecting
the excitation of electrons. In the BOMD simulation, we find
that the dissociation of the Ir-Ir dimers is unlikely to occur,
which we attribute to the lack of photoelectron occupation
of the empty conduction bands (see Supplemental Material
Fig. S1 [29]). Under laser irradiation, a stronger laser intensity
always excites more electrons from the valence bands to the
empty conduction bands. Figure 1(e) shows that the number
of excited electrons scales linearly to the laser intensity when
Ey <0.514 V/A, whereas it becomes a sublinear scaling
when Ey > 0.514 V/A. The sublinear scaling behavior is due
to the band filling effect. According to Fermi’s “golden rule,”
the density of photoexcited electrons making a valence-to-
conduction-band transition per time interval is proportional to
the density of (initial) electrons occupying the valence bands
and to the density of (final) empty conduction-band states. If
a significant amount of electrons have been excited from the
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FIG. 1. Structural dynamics of IrTe, under irradiation of a laser pulse with amplitude (intensity) at Ey = 0.386 V/A. The IrTe, atomic
structure of (a) high-temperature (HT) phase and (b) low-temperature (LT) phase with Ir-Ir dimerized (1/5,0,1/5) lattice modulation. The
dashed lines represent the unit cell. (c) The number of photoexcited electrons as a function of time. (d) Dynamic evolution of Ir-Ir bond
lengths, including eight pairs of Ir-Ir dimers (green lines) and ten pairs of nondimers (grey lines). (e) The saturation number of photoexcited
electrons (¢) and (f) energy difference between the LT phase and HT phase as a function of laser intensity Ey. (g) The bond evolution of Ir-Ir
dimers under irradiation of laser pulses with intensity varying from 0.051 to 1.02 V/A.

valence bands to the conduction bands, the density of both
initial electrons and finial empty states reduces remarkably
thus causing a sublinear scaling of excited electrons against
laser intensity. We use an occupation constrained DFT (which
is to occupy the conduction-band states according to the occu-
pation population obtained from the TDDFT simulations, in a
self-consistent DFT calculation) to get the energy difference
between the LT phase and HT phase (AE = Epr — Eyr) un-
der different excited states. Figure 1(f) shows that the energy
difference increases monotonically from negative to positive
following the continuous increment in the laser intensity. All
these are in stark contrast to the nonmonotonic behavior in the
dimer breaking exhibited in Fig. 1(g). To fully understand this,
we have calculated the potential-energy surface (PES) under
different laser intensities along a line of different Ir-Ir dimer
bond lengths, calculated using the occupation constraint DFT

(using TDDFT resulted excitation occupation), as shown in
Supplemental Material Fig. S2 [29]. This sheds some light
on why at high laser intensity the phase transition does not
happen: there is another minimum at even shorter Ir-Ir bond
length, which can trap the system. Nevertheless, it is still not
clear why at higher laser energy, the PES will have such a
change of shape.

Photoelectrons are excited vertically from the valence
bands to the empty conduction bands, both consisting of Ir
5d orbitals and Te 5p orbitals as shown in Fig. 1(c). In the
LT phase, the Ir-Ir dimerization forms a covalent bond and
the interaction between Sdy,(5dy,) orbitals of two Ir atoms
produces bonding and antibonding bands straddling the Fermi
level [Fig. 2(d)]. The energy of the antibonding band is raised
from the atomic orbital level over the Fermi energy E; by
an amount V; (usually referred to as the overlap parame-
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FIG. 2. The microscopic force driving the structural transition arising from photoinduced electron modulation (a)—(d) for the case of
photoexcited 6% valence electrons, (e)—(h) for the case of photoexcited 10% valence electrons. (a),(e) Real-space distribution of photoexcited
electrons and holes on the (111) plane for (a) photoexcitation of 6% electrons and (e) photoexcitation of 10% electrons to empty bands above
the Fermi level at the end of the laser pulses (~120 fs). (b),(f) Partial density of states (PDOS) of the LT phase. Shaded areas represent
electronic occupation right following the photoexcitation. (c),(g) Evolution of the atomic structure under photoexcitation, showing the time
dynamics of bond lengths of selected bonds which chart the progress of the photoinduced structural transitions. (d),(h) Schematic diagram
of the bonding and antibonding bands of intralayer Ir-Ir dimers and interlayer Te-Te bonds. The white hollow arrows in (a) and (e) mark the
direction of force driving the atoms away from equilibrium positions. The white cross symbols in (e) indicate the breaking of Ir-Te bonds

during structural transition.

ter), the same as the lowering of the bonding band energy
[30]. However, due to the bond geometric relationship and
the Poisson ratio exhibited by the Ir-Te-Ir-Te parallelogram,
the Ir-Ir dimerization will push away the Te atom vertically
within that bonded parallelogram, and make the Te form an
interlayer Te-Te pair as indicated in Fig. 1(a). The empty
Te 5p orbitals are higher in energy than Ir 54 orbitals; the
hybridized Te 5py(5p,)m bands bond state of the interlayer
Te-Te dimers are slightly higher in energy than the antibond-
ing state of the Ir-Ir 5d,(5dy,)m* bands, as shown in Fig. 2(d)
(see Supplemental Material Fig. S3 for more details [29]). All
these are confirmed in the partial density of states [Fig. 2(b)]
of the DFT calculation. Note at the ground state, the Te-Te

pair should not be called a bond, since their Te 5py(5p,)m
bonding state is not occupied with any electron. A weak laser
pulse excites n electrons from the (valence bands) bonding
Ir 5d 7 bands of the Ir-Ir dimers to the (conduction bands)
antibonding Ir 5d 7* bands of the Ir-Ir dimers, raising the
system energy in an amount of about 2nV,. The real-space
charge distribution of photoelectrons and photoexcited holes
in the case of Ey = 0.386V/ A (6% of total valence electrons)
is shown in Fig. 2(a). One can see that the photoexcited holes
have a finite component within the Ir-Ir dimer center bonding
region, whereas photoinduced electrons vanishes in the Ir-Ir
dimer center but maximize at its two ends, a characteristic
of the antibonding state. The photoexcited system will gain
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FIG. 3. Evolution of bond length and atomic force in ultrafast dynamics at 7 = 1 K (a) for evolution of Ir-Ir and Te-Te bond length in
photoexcited 6% and 10% electrons (the inset shows the schematic diagram of positive poison’s ratio in materials), (b)—(d) for the structural
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for atomic driving forces at different times. The pink arrows represent direction and magnitude of forces.

energy from both lowering the eigenenergy of excited elec-
trons and raising the eigenenergy of excited holes by reducing
V4 through increasing the Ir-Ir bonds length. This causes the
PES trend shown in Fig. S2 [29], when the laser intensity is
weaker than 0.386 V/A. As the laser intensity increases, the
tendency toward the HT phase also increases, until enough
excitation is created, and the HT becomes more stable. Thus,
we illustrate that the dissociation of the Ir-Ir dimers are due to
the filling of the antibonding state, as well as the emptying of
the bonding state, a picture similar to that proposed by Ideta
et al. [23], although they only emphasized the filling of the
antibonding state in their argument.

If the laser pulse intensity is further increased, the photoex-
cited electrons begins to fill in the bonding bands of Te-Te
dimers as shown in Figs. 2(e) and 2(h). In real space, we see
that photoexcited electron density localized at the interlayer
Te-Te bonds increases remarkably as the excited number of
electrons increases from 6% to 10% of total valence band
[Fig. 2(e)]. The occupation of the bonding state of the inter-
layer Te-Te dimers [Fig. 2(h)] tends to reduce the bond length
of the interlayer Te-Te dimers (so it will lower the bonding
state energy), which in turn also reduces the Ir-Ir dimer dis-
tance due to the Poisson ratio of the Ir-Te-Ir-Te parallelogram.
This thus acts as a counter force to the tendency to increase
the Ir-Ir dimer distance due to the occupation of the Ir-Ir
antibond states. As laser intensity further increases, this Te-Te
dimer reduction tendency overcomes the Ir-Ir dimer increase

tendency, and the structure finds a new energy minimum as
shown in Fig. S2 [29]. The competition between these two
occupations of different bands and the opposite tendency for
bond length changes provide an intriguing picture of how
the phase transition happens under different mechanisms. Our
analysis also provides a way to understand this complicated
phase-transition process.

Lattice vibrations or phonons are usually considered as
playing an important role in different phase transitions
[24,31,32]. After all, in the temperature induced phase tran-
sition, it is the thermal vibration which initiates the phase
transition. In the above simulations, we have used 200 K
temperature. To eliminate phonon-induced harmonic force on
each atom and remove the possible cause by lattice vibra-
tions, we rerun the rt-TDDFT simulations at an extreme low
temperature of 1 K. However, to make the analysis easier,
instead of using an explicit laser pulse as we did above, we
now use an initial excited-state occupation as we obtained
from previous rt-TDDFT simulation after the laser pulse du-
ration. Figure 3(a) shows the dynamic evolution of bonds
of intralayer Ir-Ir dimer and interlayer Te-Te dimer obtained
from low-temperature rt-TDDFT simulations. We find that for
6% photoexcitation the Ir-Ir dimer also undergoes a disso-
Iution at 1 K but in a longer time scale compared with the
200-K case. This result indicates phonons are not essential
but nevertheless can assist the photo-induced LT-to-HT phase
transitions (phonon modes, Fig. S6 [29]). This is natural since



at high enough temperature, the system will change from
LT to HT without laser excitation. We thus can analyze the
transition drive into two sources: one is the thermal dynamic
source, which has a random disordered transition path, an-
other is the electron excitation source, which has an ordered
and deterministic coherent path. Since we are talking about
structure phase transition, inevitably, phonon (lattice distor-
tion) is involved, and electron-phonon coupling is essential.
But still, we think the thermal phonon is not the driving
force since the phase transition happens before the excited
electrons have been fully relaxed with their excess energy con-
verted into thermal phonons, and the lattice temperature at the
phase-transition point is not that high. Instead, the phonons or
lattice vibrations regulate the time scale of phase transition via
changing dynamically the energy barrier associated with the
structural phase transition. The coherent path can be analyzed
by the atomic force in the 1-K low-temperature simulation.
Figure 3(b) displays the atomic forces exerting on atoms of
the Ir-Ir and Te-Te dimers at + = 0. These forces arise com-
pletely from the occupation of photoelectrons and photoholes
as we explained above. Specifically, photoholes and photo-
electrons occupied antibonding and bonding Ir 5d bands of
the Ir-Ir dimers, respectively, producing a force to stretch the
Ir-Ir dimer, whereas photoelectrons occupied bonding bands
of the Te-Te dimers, creating a force to contract the Te-Te
dimer as the system will lower energy from decreasing the
Te-Te dimers distance. The two (almost) vertical forces are in
competition through a positive Poisson ratio of the Ir-Te-Ir-Te
parallelogram with the Ir-Ir horizontal out-stretching forces
as discussed above. As we can see, as the excitation increases
from 6% to 10%, the atomic force for the Te atom increases,
while that for the Ir atom reduces. The atomic forces evolve
in a deterministic fashion with time. But the evolution for
6% and 10% are dramatically different, corroborating with
the bond length changes as shown in Fig. 3(a). In the case
of 10% excitation, a new structure is reached at the end of the
excitation, corresponding to a local minimum of the structure
as shown in Fig. S2 [29].
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