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1T-TiSe, has been found to host a chiral charge density wave (CDW). Some studies suggest the microscopic
origin of this phase is due to electron-phonon coupling while other studies suggest it is due to an excitonic
insulator phase transition based on nonthermal melting of the charge density wave. First, we propose these
interpretations can be reconciled if one analyzes the available experimental and theoretical data within a formal
definition of what constitutes an excitonic insulator as initially proposed by Keldysh and Kopaev. Next, we
present pump-probe measurements of circularly polarized optical transitions and first-principles calculations to
highlight the role of elevated electronic temperatures on structural distortions to understand the nonthermal
melting of the CDW phase. We also uncover a noncentrosymmetric CDW structure that explains the finite
chirality of the optical transitions observed in the CDW phase of TiSe,.
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I. INTRODUCTION

TiSe, is claimed to exhibit signatures of two nontrivial
phenomena: an excitonic insulator (EI) phase, which is a
Bose condensation of excitons, and a chiral charge density
wave (CDW) phase, a state where time-reversal symmetry is
spontaneously broken [1-12]. This has made it the subject of
extensive experimental and theoretical studies, which in turn
has led to diverging opinions on the microscopic nature of this
transition. Some authors have suggested that the CDW phase
of TiSe; is mostly due to an excitonic insulator transition and
the structural distortion follows this purely electronic transi-
tion [1,13], while other studies have argued that the CDW in
TiSe;, is driven by electron-phonon coupling [9,14,15]. A third
point of view has suggested that the combination of exciton
and phonon interactions is required to explain the CDW phase
transition [16,17].

This dichotomy in viewpoints is understandable, given that
there is no distinct symmetry breaking associated with an EI
transition that distinguishes it from a structural phase transi-
tion. The distinction is solely in the eyes of the beholder. An
often discussed litmus test for an EI transition is a gedanken
experiment where the nuclei are clamped to their equilibrium
positions, and the electron subsystem experiences a transition
with the atomic coordinates fixed in place. This criterion
neglects the interaction between ions and electrons, which is
present in any material. Furthermore, this consideration has a
conceptual shortcoming: it classifies any transition associated
with a divergence of the one-electron dielectric response, such
as the well-known Peierls transition, as an EI, even though
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such transitions are not usually described as a condensation of
excitons.

In this paper we will show that it is possible to reconcile
these contradictory viewpoints. Our primary focus will be to
provide an explanation for the finite chirality observed in the
CDW phase of TiSe, and whether this is associated with the
condensation of excitons or not. The article is organized as
follows. In Sec. II we briefly summarize the experimental
observations that have led to the conflicting viewpoints men-
tioned above and propose a working definition for an exciton
condensate and chiral charge density wave that reconciles
these phenomena. In Sec. IV we present our pump-probe
experiments and first-principles calculations that demonstrate
the chiral CDW, can be explained by accounting for structural
distortions that are screened by the large electronic tempera-
ture that occurs in such pump-probe studies. In particular, our
working definition of an EI that we present in Sec. [I B and
our results in Sec. IV show that (1) the chiral CDW in TiSe; is
not due to a transition to an EI phase and (2) the chiral optical
transitions observed in pump-probe studies are consistent with
a transition of the centrosymmetric (2 x 2 x 2) structure to
a noncentrosymmetric (2 x 2 x 1) structure, where these two
structures are near-degenerate in energy based on our first-
principles calculations.

II. GENERAL CONSIDERATIONS

A. Summary of prior experimental studies

Pump-probe optical measurements are often used to ad-
dress the question of whether the CDW transition is driven
by an instability in the electronic or ionic response. In such
experiments one can heat the electron subsystem rapidly, and
probe a combination of hot electrons and cold ions. Recently
this method was applied to another putative EI, Ta,;NiSes
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[18], where it was conclusively shown that the gap open-
ing is driven primarily by structural distortions. Numerous
attempts to use similar spectroscopic techniques on TiSe;
[2,11,19,20] have also been reported. Time-resolved x-ray
diffraction (XRD) measurements or measurements of co-
herent phonon oscillations [2,19,20] performed during these
pump-probe studies have shown the structural distortion as-
sociated with the CDW can be quenched as a function of
increasing laser fluence at lattice temperatures that are well
below Tcpw. Hence, it was conjectured that since this tran-
sition is driven by increasing laser fluence, this purportedly
passes the test for TiSe, being an EI. Furthermore, plasmon
softening [1] has been measured at Tcpw and was used as
further evidence to support the EI nature of the transition.
However, we will show that these assumptions are tenuous.

The observation of chiral optical transitions at lattice tem-
peratures below the CDW transition temperature, Tcpw, of
200 K is another piece of intrigue around TiSe,, albeit not
directly related with the putative EI physics. While the origi-
nal reports of static chirality in TiSe, [11] have been rebuffed
[21-25], the possibility and origin of a transient chiral phase
induced by photoexcitation remains an open and intriguing
question [3,11].

For example, Xu et al. [3] observed evidence of a chiral
CDW at and below 174 K through measurements of the cir-
cular photogalvanic effect (CPGE) current. This finite CPGE
signal occurs at a a slightly lower temperature than Tcpw,
which they attributed to a “gyrotropic phase” with a yet-to-be-
determined noncentrosymmetric structure that is distinct from
the centrosymmetric (2 x 2 x 2) commensurate CDW phase.
The CPGE is a second-order nonlinear optical effect that is
described by a third-rank tensor that takes on a finite value
when inversion symmetry is broken [26]. To first order with
respect to an electric field, we will show this is equivalent to
the off-diagonal components of the dielectric tensor becoming
finite for a hexagonal material such as TiSe,. However, one
key assumption within the study of Xu ef al. [3] is that the
underlying atomic structure in the CDW phase already has
preexisting chiral domains prior to photoexcitation. In con-
trast, we will show that for the case of pump-probe studies
performed using high fluence, the CDW structure can take on
a noncentrosymmetric structure up to a critical value of T,.
Furthermore, at a critical laser fluence and at a lattice temper-
ature that is below Tcpw, the CDW and the finite chirality of
the CDW spectral response is quenched [19], which has been
interpreted as a nonthermal melting of the CDW phase.

B. What’s in a name?

To interpret these experimental observations, it is instruc-
tive to first consider a working definition for these two
phenomena; i.e., what is an excitonic insulator and what is a
chiral charge density wave? When the term excitonic insulator
[27] was first introduced, it was emphasized that the EI is
an analogue of BCS superconductivity where the instability
occurs in the electron-hole (e-h) rather than the electron-
electron (e-e) channel. Within this definition, one would need
to invoke higher-order interactions, such as ladder (“Cooper”)
diagrams of the Coulomb interaction to theoretically describe
an EI phase. These ladder diagrams are not present in standard

density functional theory (DFT) or in its Hartree-Fock-like
modifications. Hence, the advantage of this definition is that
it provides means to directly test whether a material should
be classified as an EI based on the ability for standard DFT
to describe the physical observables associated with such a
phase. Note that while any failure of DFT does not imply
evidence of an EI state, the phenomena associated with an EI
cannot be described by standard DFT.

For the case of TiSe; this includes a simultaneous descrip-
tion of the (2 x 2 x 2) reconstruction of the lattice in the
CDW phase, the opening of a gap, the observation of plasmon
softening at the CDW transition [1], and nonthermal melting
of the CDW in pump-probe measurements at a lattice temper-
ature well below the CDW transition temperature [2,19,28].
Hellgren et al. [5] demonstrated that hybrid functional DFT
calculations, which do not account for electron-hole ladder
diagrams, are able to reproduce the observed (2 x 2 x 2)
commensurate CDW structure and to describe the insulating
state of TiSe,. The plasmon softening [1] and the insulating
state observed in photoemission measurements [10] are both
reproduced within DFT calculations without invoking the role
of excitons [5,29].

Within the EI interpretation, it is assumed that the transi-
tion occurs entirely within the electronic subsystem, while the
ions follow the electronic CDW. While this line of reasoning
may seem compelling, one needs to consider the fact that the
ion-ion interaction is screened by electrons, and the response
of the electrons may (but does not have to) depend on the
electronic temperature, and thus can weaken or eliminate an
ionic instability. If this mechanism is operative, the CDW
disappears simply because hot electrons in a narrow-gap semi-
conductor, or in a semimetal, screen better than cold electrons,
and therefore suppresses the magnitude of the ion-ion interac-
tion responsible for the instability. This effect is not related
to the notion of an EI. In this paper, we will show that the
structural transition due to nonthermal melting has a simple
one-electron explanation. Hence, nonthermal melting of the
CDW structure is insufficient evidence for the presence of an
EI phase.

Regarding the chirality of the CDW phase, a crystal struc-
ture is chiral if it can be distinguished from its mirror image;
that is, the latter cannot be superimposed onto the original
structure by any sequence of rotations or translations [30]. The
unit cell of bulk TiSe, is composed of a single monolayer of
TiSe,, which leads to a centrosymmetric structure in the high-
temperature phase [31]. In the (2 x 2 x 2) CDW phase, the
displacements of the Ti and Se atoms alternate between each
monolayer, so that the sign of the chirality (“handedness”)
alternates and the (2 x 2 x 2) CDW structure is also achiral.
Hence, what is known about the TiSe, structure makes it diffi-
cult to reconcile with the observation of a chiral CDW phase.
However, these considerations do not preclude the occurrence
of symmetry-breaking structural distortions of the Ti and/or
Se atoms that would lead to a noncentrosymmetric structure.

For the purpose of this paper we will define a chiral CDW
as a structure that breaks inversion symmetry, and upon in-
cluding spin-orbit coupling (SOC), leads to a combination
of broken inversion and time-reversal symmetry and, in turn,
nonzero optical chirality. Formally, the observation of finite
optical chirality does not have to be necessarily related to
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breaking of spatial symmetry breaking. For instance, one can
imagine, theoretically, a situation when a finite magnetization
is generated by optical pumping (even though it is rather
unlikely in this material). Obviously—and consistent with the
experiments that have been conducted—in TiSe; it is highly
unlikely, particularly given that the effect appears only upon
heating up the electronic subsystem.

III. METHODS
A. First-principles calculations

Our calculations are based on density functional theory
within the projector-augmented wave (PAW) method [32]
as implemented in the Vienna Ab initio Simulation Package
(VASP) [33,34]. All of the results in the main text use the
generalized gradient approximation (GGA) defined by the
Perdew-Burke-Ernzerhof functional [35]. We use the Ti PAWs
where the 3d, 4s, 4p and the Se PAWs where the 4s, 4p elec-
trons are treated as valence and a plane-wave energy cutoff
of 400 eV. All of the structural relaxations of the bulk unit
cell used a (24 x 24 x 12) k-point grid. Calculations of the
(2 x 2 x 2)and the (2 x 2 x 1) CDW structures used k-point
grids that were scaled with respect to the k-point grid used
for the unit cell. We verified that this choice in k-point grid
density leads to converged results for the lowest value of
smearing that we used in our calculations. An energy con-
vergence criteria of 1078¢V and a force convergence criteria
of 2 meV/A was used for all of the calculations. To exam-
ine the structural phase transition as a function of electronic
temperature we used the Fermi-Dirac smearing scheme. The
Grimme-D3 correction scheme was used to account for van
der Waals interactions [36]. The space groups of the different
structures were determined using spglib [37]. To determine
the circular polarization of the optical transitions, we calculate
the imaginary and real part of the dielectric function with
spin-orbit interaction included within the GGA.

B. Pump-probe measurements

The optical source used here was a regeneratively amplified
Ti:sapphire laser (Coherent, Astrella) producing 1.2 mJ pulses
of 35 fs duration at a repetition rate of 5 kHz. A small portion
of the 800 nm laser output was split off of the main beam,
attenuated using reflective neutral density filters, and focused
onto the sample using a 250 mm lens (Thorlabs, LA1301-A)
to serve as a 0.11 mJ/cm? fluence excitation beam. The rest
of the laser output seeded an optical parametric amplifier
(Light Conversion, TOPAS Twins) that was used to produce
the 620 nm (2.0 eV) and 680 nm (1.8 eV) probe wavelengths
used.

A portion of the probe beam was split off before the sample
to serve as a reference in order to mitigate laser noise using
balanced detection, while the rest was used to measure the
time-resolved circular dichroism (TRCD) signal. The probe
beam polarization was converted to either left or right circular
polarization by a A/4 wave plate (Thorlabs, AQWP0O5M-600)
and then focused onto the sample at a 45° angle of incidence
using the same lens as the pump. After reflecting from the
sample, the probe beam then passed through a wire grid po-
larizer (Thorlabs, WP25L-UB) that selected for the vertical

polarization, purified in wavelength by two longpass filters
for 700 nm (Thorlabs, FESH0700) and one shortpass filter for
600 nm wavelength (Thorlabs, FELH0600) to eliminate pump
scatter, and then measured by a photodiode. Data for each
optical helicity were recorded as a function of mechanical
delay of the pump beam and subtracted from one another to
yield the TRCD signal. All data were acquired using a data
acquisition card-based method described in the literature [38].
A freshly cleaved sample was glued onto a copper plate us-
ing a vacuum compatible grease (M&I Materials, Apiezon N)
that was placed on a cold finger inside a closed-cycle cryostat
(Montana Instruments, Cryostation 2) and then cooled down
to ~6 K. Data were taken on warming in steps of ~50 K after
waiting for the temperature to stabilize to within 90 mK of
the target set point. Data using 620 nm and 680 nm probe
wavelengths were taken on separate cool-down cycles.

IV. RESULTS AND DISCUSSION

A. Pump-probe measurements

Our measurements [39] on the picosecond timescale of
the transient circular dichroism (TRCD) signal measured at
680 nm at temperatures above and below Tcpw are illus-
trated in Fig. 1(a). We find the TRCD is zero at temperatures
above Tcpw, as expected for the achiral high-temperature
phase. However, below Tcpw we find the TRCD takes on a
finite value that is negative when our measurements are con-
ducted with a probe wavelength of 680 nm. We also measure
the TRCD at two different probe wavelengths, 620 nm and
680nmat 7T = 7.6 Kand T = 6 K, respectively. These mea-
surements which are illustrated in Fig. 1(b) show that TiSe,
exhibits finite optical chirality that is sign-changing. At ~7K
(well below Tepw~200 K) the TRCD is positive for measure-
ments at 620 nm and is negative for measurements at 680 nm.
This sign-changing nature of the TRCD and the wavelengths
where the chirality is positive and negative are consistent with
prior measurements of the spectral dependence of the TRCD
[28]. At a lattice temperature of ~7 K, TiSe, is expected to
take on the centrosymmetric P3c1 structure which should not
lead to finite chirality. The observation of finite chirality in our
experiments and prior studies of TiSe; [3,11,25] raises several
interesting questions.

Let us first consider a phenomenological description of the
transient response upon photoexcitation in these pump-probe
studies. The laser pump excites electrons to a higher energy
where the energy is equal to the photon energy of the pump
laser. Within a short timescale (femtoseconds) the photoex-
cited electrons thermalize via electron-electron interactions,
which in turn raises the electronic temperature, 7,, of the
electronic subsystem while the lattice temperature remains
approximately fixed. Increasing the laser fluence raises T,.
Thermalization with the lattice occurs via the emission of op-
tical phonons [40], which occurs typically on the picosecond
timescale. Let us estimate what the value of 7, is based on the
experiments conducted on TiSe,.

For a given photon fluence, P, material volume, V, pen-
etration depth of the excitation, /, electronic specific heat
per formula unit, C,, and reflectivity, R, the critical elec-
tronic temperature is defined as 7, = (1 — R)PV/(IC,). The
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FIG. 1. Transient circular dichroism (TRCD) where TRCD = R;(X) — Rf (1) measured on the picosecond timescale (a) as a function of
temperature using a 680 nm probe wavelength and (b) measured at 7 = 7.6 K for 620 nm probe and 7 = 6.0 K for 680 nm probe. (c) Schematic
depiction of how the achiral centrosymmetric high-temperature P3m1 structure can transform into either the achiral centrosymmetric P3c1
CDW structure or the chiral noncentrosymmetric P321 CDW structure as the temperature, T, is lowered below the CDW transition temperature.
The green arrows indicate the direction that the Ti atoms are displaced in the CDW phase.

average electronic specific heat, C,, when the TiSe, charge
carriers are heated from an electronic temperature of 0 K
to T, K is defined as %N fOT” TdT = %, where N is the
average electronic density of states per formula unit at the
Fermi level. We now use the parameters from our experiments
and material-dependent properties of TiSe, to determine the
change in 7, as a function of pump fluence. The results in
Fig. 1 are based on an excitation wavelength, A, of 800 nm.
The absorption index, «, at this wavelength is ~3.2 [41,42].
The penetration depth, [/, which is defined as A/(4mk), is
19 nm for A = 800 nm. Using the density of states at the
Fermi level of ~1 state/eV per formula unit, from our first-
principles calculation, we find C, ~ 2.367,. The volume of
the TiSe, unit cell is 0.072 nm? and the reflectivity, R, at A =
800 nm is ~0.5 [43]. The magnitude of the fluence, P, used
in the pump-probe studies of TiSe; ranges from 0.11 mJ/cm?,
which we use in our experiments in Fig. 1, to 0.5 mJ/cm?
[2,19,28]. This leads to a range of values for T,, the lowest
value being ~560 K and the highest value is ~1200 K.

B. First-principles calculations

To elucidate whether these structural distortions are im-
pacted by the elevated electronic temperatures that occur in
pump-probe studies, we performed DFT calculations, varying
the magnitude of the electronic temperature, o = kT,, from

0.005 eV to 0.1 eV (corresponding to an effective 7, of ~58 K
to ~1160 K) and optimize the atomic coordinates of TiSe, us-
ing both (2 x 2 x 1) and (2 x 2 x 2) reconstructions. Within
this approach we assume the photoexcited electrons in the
pump-probe study have thermalized (within femtoseconds) to
an electronic temperature that is determined in part by the
fluence while the lattice temperature remains fixed. In prac-
tice, this is done by varying the magnitude of the Fermi-Dirac
energy broadening, o, used in the self-consistent cycle of our
DEFT calculations [39].

Above the CDW transition temperature, bulk 17°-TiSe, is
stable in a hexagonal centrosymmetric structure (space group
164, P3m1) where the Ti atoms are octahedrally coordinated
by Se. We use the experimental lattice constants of bulk
TiSe, in the normal phase (a = 3.527 A and ¢ =5.994 A)
[31] to determine the electronic structure. Our results and
discussion remain unchanged if we use the lattice parameters
(a =3.524 A and ¢ = 5.994 A) which we obtained by opti-
mizing the TiSe, unit cell using the GGA functional with the
Grimme-D3 correction to account van der Waals interactions
[39]. We find the high-T phase to be a semimetal, with a hole-
like pocket at I and an electron-like pocket at M and L [39].
Recall that the phonon dispersion for TiSe, [5] exhibits two
soft modes, one at the M and a second at the L high-symmetry
points, which correspond to structural instabilities. Indeed, the
soft mode at the L point corresponds to the (2 x 2 x 2) CDW
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FIG. 2. Displacement of the Ti atoms in the P321 structure normalized by the displacement at the lowest value of 7,, as a function of 7,.
Results for undoped (blue, A), and doping with 0.025 e~ /f.u. (orange, o) and 0.05 e~ /f.u. (green, [J) are illustrated. The solid lines are a fit
to Eq. (1). The critical temperature, T, where the structure transforms to P3m1 from P321 is the value of T, when the solid line intersects
the horizontal axis for each fit. The range of critical electronic temperatures where the chirality of the CDW is found to be suppressed in
pump-probe experiments is illustrated with the gray shaded rectangle. A top view of the P321 structure is illustrated in the inset with the
arrows illustrating the direction in which the Ti atoms are displaced. We also determine the change in the space group using Ref. [37] for each
structure as a function of the electronic temperature and find the structure transforms from the chiral P321 space group to the high-temperature
achiral P3m1 space group at the same temperature as our analysis above. (b) Change in the energy difference between low-temperature and
high-temperature structures as a function of electronic temperature. Data are for the achiral P3c1 (OJ) and chiral P321 (o) with respect to the
total energy of the high-temperature P3m1 structure. The total energies at each electronic temperature reflect the displacement of the Ti and

the Se atoms involved in the charge density wave.

reconstruction, which is accompanied by a displacement of
the Ti along the basal plane and a minor rotation of the Se
atoms around each Ti atom [31], and the corresponding space
group of the structure changes from P3m1 to P3cl. Recent
studies [44,45] have also suggested that displacements of the
Ti and Se atoms are distinct from the P3c1 structure. Within
our DFT calculations, we find each of these displacement
patterns of the Ti and Se atoms within the (2 x 2 x 2) recon-
struction to be near-degenerate in energy with respect to each
other. More importantly, all these structures are centrosym-
metric, similar to the P3m1 unreconstructed structure or the
P3c1 CDW structure.

The soft mode at the M point would correspond to a
(2 x 2 x 1) structural distortion. Such a structure, which has
a lower space group, P321, does not possess a center of
inversion. Figure 1(c) illustrates these two possible structural
distortions that can occur starting from the high-temperature
P3m] structure.

We consider the role of an elevated 7, on the (2 x 2 x 2)
and (2 x 2 x 1) CDW reconstructions. For each value of o,
we perform a structural optimization and determine the dis-
tance, d1j, by which the Ti atoms are displaced away from
their positions within the P3m1 structure. In agreement with
published results [5], we find the (2 x 2 x 2) to be the ground
state, and the magnitude of the displacement, dtj, to be some-
what underestimated compared to experiment (it was shown
in Ref. [5] that this may be corrected by adding a small
fraction of Hartree-Fock exchange using a hybrid functional).
The normalized displacements with respect to the displace-
ment determined for the lowest energy broadening (o =
0.005 eV, T, = 58 K), &y, are shown in Fig. 2(a) for the P321
structure.

We find that for low values of o, the Ti atoms are displaced
strongly away from their corresponding high-symmetry po-

sition and the structure retains the low-symmetry P321
structure. However, at a critical value of the electronic temper-
ature, 7, = T, the Ti atoms converge to their high-symmetry
positions and the structure is stable in the undistorted P3m1
structure. We plot 81;/8, which we define as the order param-
eter for this structural transition as a function 7, and find that
it exhibits a BCS-like temperature dependence. If we fit our
first-principles calculations in Fig. 2(a) to the following BCS
expression,

8(T)

1
5 anh(b,lf - 1), (1)

— =t

we find a critical temperature, T, to be 782 K, at which the
noncentrosymmetric P321 structure transforms to the high-
temperature centrosymmetric P3m1 structure (with a Hartree-
Fock correction added as in Ref. [5], this temperature would
likely be slightly higher).

We also consider the effect that doping may have on this
structural phase boundary. Several studies have shown as-
grown TiSe, exhibits n-type conductivity that is likely due to
unintentional impurities or native defects [46—48], which act
as a source of excess electrons. To this end, we simulate the
effect of n-type doping by changing the number of valence
electrons and adding a compensating jellium background
charge, and optimize the atomic coordinates and the volume
starting from the P321 structure for different values of 0. We
investigate the effect of the following doping concentrations:
0.025 ¢~ /TiSe; f.u., 0.05 e~ /TiSe, f.u. The change in &ti /¢
as a function of o with respect to doping is also illustrated in
Fig. 2(a). We fit the results of T‘ for the two different doping
levels to Eq. (1) and find T, 1ncreases to 1005 K for 0.025
e~ /TiSe, f.u. and T is 1115 K for a doping concentration of
0.05 e7 /TiSe, fu.
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We also conducted a similar analysis as in Fig. 2(a), tak-
ing into account different approximations within DFT [39]
and find qualitatively similar behavior. The order parameter
always exhibits a similar BCS-like temperature dependence,
and the T, obtained by fitting ‘;—E‘ versus T, to Eq. (1) for the
different approximations we tested is within 6% of the T, for
undoped TiSe; reported in Fig. 2(a).

We also explored the possibility that this transition might
occur entirely within the electronic subsystem by a reduction
in the symmetry of the spatial distribution of the charge den-
sity by keeping the lattice fixed and varying the electronic
temperature. However, we did not observe any changes in the
symmetry, which highlights the importance of allowing for
symmetry-breaking lattice distortions to describe this tran-
sition. This is also consistent with the fact that even in a
quintessential Peierls system, such as a one-dimensional chain
of sodium atoms, DFT calculations fail to break the translation
symmetry [49].

Applying the same procedure to the centrosymmetric P3¢
CDW structure, we find it also converges to the P3m1 struc-
ture at large values of 7, [39]. This is also reflected in our
calculations of the difference in the total energy of the P321
and P3cl structures with respect to P3ml structure as a
function of T, as illustrated in Fig. 2(b). The P3cl structure
remains slightly lower in energy than the P321 structure for all
values of T, within our static lattice calculations. The largest
energy difference is 0.5 meV /TiSe, formula unit, which oc-
curs at the lowest value of 7, that we consider. We conducted
similar calculations using the HSE06 hybrid functional [39].
We find the P3c1 structure remains slightly lower in energy
than the P321 for all values of 7,. The maximum energy dif-
ference is low (—1.2 meV /TiSe, formula unit) and it occurs
for the lowest value of 7T, that we consider. However, this
difference in energies is very small and may be reversed at
some value of T, once the effects of vibrational entropy are
properly accounted for. We speculate that this happens at some
electronic temperature, 7, such that 0 < 7} < 7.

With these considerations in mind, we propose the follow-
ing model to interpret the observation of nonthermal melting
and the finite chirality of optical transitions that occurs for a
finite range of laser fluence. While the centrosymmetric P3c1
structure is the ground state CDW phase, the noncentrosym-
metric P321 structure is near-degenerate in energy. Hence,
upon photoexcitation, the rapid increase in 7, stabilizes the
P321 structure when T, becomes larger than 77, and the mag-
nitude of the displacement of the Ti atoms with respect to
the P3m1 structure depends on T,. The P321 structure lacks a
center of inversion and this, as we will show below, leads to fi-
nite circular dichroism, i.e., a chiral CDW. When 7, increases
due to increasing fluence, the Ti atoms are weakly displaced
with respect to their positions within the P3m1 structure. At
T > T, the ion-electron interactions are sufficiently weak so
that the transition to the noncentrosymmetric P321 or the
centrosymmetric P3c1 structure no longer occurs. Instead, the
achiral centrosymmetric P3m1 structure is stable and the finite
circular polarization is quenched; i.e., nonthermal melting of
the (chiral) CDW occurs.

Our estimate for the critical electronic temperature,
T., from our first-principles calculations, where the chi-
ral P321 structure is quenched, ranges between 730 K
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FIG. 3. (a) Total static reflectivity, R;, of the P321 CDW struc-
ture as a function of wavelength. (b) Degree of chirality [(R, —
R;)/R;, where R, corresponds to right circularly polarized reflectiv-
ity and R, to left circularly polarized reflectivity] as a function of
of photon wavelength calculated for the noncentrosymmetric P321
structure. The two teal markers () denote the maximal experimen-
tally observed chirality [Fig. 1(b)] at 620 nm and 680 nm.

for undoped TiSe; up to 1115 K for TiSe, doped with
0.05 e~ /TiSe, f.u., which is well within the range of values
for the critical 7, that we estimate by analyzing the pump-
probe experiments. Hence, our calculations demonstrate that
the nonthermal structural transition from the CDW phase
to the high-temperature phase can be described by considering
the effect of an elevated electronic temperature on the struc-
tural relaxation of TiSe,. Within our proposed explanation
there is no need to invoke the role of excitons. The next test is
whether we can explain the finite optical chirality seen in the
CDW phase.

To demonstrate that the centrosymmetric P3c1 and the
noncentrosymmetric P321 structures do indeed lead to zero
and nonzero chirality in their optical transitions, respectively,
we calculate the real and imaginary parts of the dielectric
function. We then calculate the static reflectivity, R, and the
degree of chirality, (R, — R;)/R,, where R, corresponds to
right circularly polarized reflectivity and R; to left circularly
polarized reflectivity [39]. The calculated reflectivity and de-
gree of chirality are illustrated in Fig. 3.

First, we find the magnitude of the total reflectivity does
not vary significantly for either the P3cl or the P321 CDW
structures or the high-temperature P3m1 structure. For photon
wavelengths between 450 nm and 850 nm, the magnitude of
the reflectivity ranges between ~0.2 and ~0.4. The reflectiv-
ity for the P321 structure is illustrated in Fig. 3(a). We note
that magnitude of the reflectivity across this range of energies
is also consistent with prior experiments [43].

To determine the degree of chirality we calculate the off-
diagonal component of the imaginary part of the dielectric
function ([39]). Since the high-temperature P3m1 structure
and the P3¢l CDW structure both possess a center of in-
version and they also preserve time-reversal symmetry, left
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and right circularly polarized optical transitions are equal in
magnitude and, as a result, one would expect the degree of
circular dichroism to be zero. Indeed, we find this to be the
case from our first-principles calculations for the two cen-
trosymmetric structures; i.e., they are achiral.

However, for the noncentrosymmetric P321 structure, we
find the off-diagonal components of the dielectric function are
finite and this leads to finite circular polarization as we show
in Fig. 3(b). There are several experimental factors that make
it challenging to make quantitative comparisons between the
magnitude of the experimental transient reflectivity (Fig. 1)
and calculations of static reflectivity. However, we note the
following two observations that emerge from our theory that
are consistent with the role of the (2 x 2 x 1) structure and
chiral optical transitions: (i) The calculated circular polariza-
tion is finite and positive between ~520 and ~630 nm, and
negative between ~630 and ~700 nm. In our measurements
of TRCD [Fig. 1(b)] we find the chirality to be positive
at 620 nm and negative at 680 nm, which coincides with
our calculations of the sign of the chirality that we expect
for both wavelengths. (ii) The order of magnitude of the
circular dichroism between experiment and theory at these
wavelengths is similar. This is also consistent with the range
of wavelengths where finite circular polarization has been
observed in previous studies of circular dichroism in TiSe;
[2,19,25,28]. Note that this energy scale (1.8-2 eV) is much
larger than the semiconducting gap (70 meV) of TiSe,, so the
typical DFT error in underestimating band gaps are of lesser
importance in this range of energies.

We also conjecture that continuous wave excitation under
sufficiently high power, long duration, and at lattice tem-
peratures below Tcpw, as used in the study by Xu er al.
[3], may also conspire to lead to the finite CPGE current.
Based on our results and discussion presented above, this
does not require the preexistence of chiral domains. Instead,
photoexcitation above a critical power may lead to a finite
fraction of the atomic structure being trapped in the non-
centrosymmetric P321 structure, which would lead to finite
chirality.

V. SUMMARY AND CONCLUSIONS

Hence, from these calculations we can conclude the fol-
lowing. The observation of chiral optical transitions during
pump-probe measurements on TiSe, cannot be explained by
the conventional P3cl structure that is associated with the
(2 x 2 x 2) commensurate CDW phase of TiSe,. Instead, a

symmetry-breaking mechanism that leads to a finite difference
between right and left circularly polarized optical transitions
has to be operative. Our calculations suggest the noncen-
trosymmetric P321 structure that is near-degenerate in energy
with the P3cl can be stabilized upon photoexcitation. The
P321 structure leads to finite circularly polarized transitions
that are consistent with the signatures of the chiral CDW that
have been identified in pump-probe studies of TiSe;.

The experimentally observed nonthermal melting of the
CDW in TiSe,, that is, melting of the CDW upon heating
the electron subsystem, can be quantitatively explained by the
effect of the electronic temperature on the electron screening
of the ion-ion interactions. This is a one-electron effect not
related in any manner with the physics of excitonic insulators.
Therefore, nonthermal melting of the CDW alone does not
provide evidence for the existence of an EI state in TiSe;.

We also observe, in agreement with previous measure-
ments, that the chiral optical response of TiSe, exists for a
finite range of laser fluences, in other words, within a finite
range of electronic temperatures. To this effect, we calculated
the energy difference between the ground state centrosymmet-
ric CDW structure (P3c1) and the noncentrosymmetric P321
CDW structure, and found it to be extremely small (~5 K).
Furthermore, this energy difference rapidly decreases as the
electronic temperature increases. We conjecture that there is a
small additional energy term, possibly related to vibrational
entropy, that is outside the scope of our static lattice DFT
calculations, which is either independent of the electronic
temperature, or even grows with it. Such a contribution would
impact the energy difference between the P321 and P3cl
structures and lead to the noncentrosymmetric P321 struc-
ture to be the ground state at some intermediate electronic
temperature. While this conjecture is purely speculative, it
is consistent with the small and gradually decreasing energy
difference between the chiral and achiral structures, and is in
rather good agreement with the experimental observations.
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