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The emergence of chirality in the charge density wave (CDW) phase of 17-TiSe, has recently attracted
significant attention, yet its microscopic origin remains debated. The prevailing interpretation attributes
chirality to a relative phase shift between the charge density components. Here, using density functional
theory and symmetry analysis, it is demonstrated that such phase-shifted states entail prohibitive energy
costs, rendering them unlikely candidates for the ground state. Instead, a nearly degenerate metastable
CDW phase stacking order with monoclinic symmetry is identified that naturally breaks mirror and
inversion symmetries. The CDW in 17-TiSe, possesses a dual physical nature: The electronic charge
redistribution is intrinsically bond modulated, while the periodic lattice distortion is atom-centered
transverse. This spatial separation allows a specific optical coupling mechanism where circularly polarized
light breaks the energetic degeneracy between chiral domains. These results reconcile conflicting
experimental observations, identifying the “spontaneous” chirality observed in local probes as a statistical
distribution of CDW phase stacking domains while establishing the mechanism for macroscopic, light-

induced gyrotropic order.

DOI: 10.1103/5vkg-zvhv

Transition metal dichalcogenides hosting charge density
waves (CDWs) provide a fertile playground for investigat-
ing symmetry-breaking phenomena [1]. Among them,
1T-TiSe, is particularly intriguing due to its 2 x 2 x 2
periodic lattice distortion (PLD) which emerges below
T ~200 K [2-7]. While the CDW transition is widely
accepted to be driven by a cooperative exciton-phonon
mechanism [8—13], the symmetry properties of the ordered
phase—specifically, the emergence of chirality—sparks
intense debate [ 14-20]. Recent experiments using scanning
tunneling microscopy (STM) [21,22] and circular photo-
galvanic effect [23] hinted at a chiral nature of the CDW
state, while standard crystallographic analysis identified the
ground state as the centrosymmetric space group P3cl,
which is achiral [2]. To resolve this paradox, theoretical
models proposed that chirality arises from a specific phase
relationship between the three CDW ¢ vectors (e.g., a
+27/3 mutual phase shift), leading to a “chiral hexatic”
state [24-26]. Although phenomenologically appealing,
the energetic stability of such phase-shifted configurations
within the stiff potential landscape of the CDW was not
rigorously verified. Furthermore, a distinction must be
made between ‘“‘spontaneous” chirality observed in
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surface-sensitive probes and macroscopic chiral order.
Since chirality is strictly a 3D property, its detection via
STM implies a specific coupling between the surface layer
and the bulk stacking. This raises a fundamental question:
Does 1T-TiSe, possess an intrinsic chiral ground state, or is
chirality a metastable feature stabilized by external fields or
stacking faults? In this Letter, the origin of chirality in
1T-TiSe, is reassessed combining first-principles calcula-
tions with a phenomenological Landau theory. The pre-
viously proposed phase-shifted states are energetically
unfavorable compared to amplitude variations, and the
relevant degree of freedom is instead the CDW phase
stacking order of the CDW layers. Density functional
theory (DFT) results show that, while the ground state is
indeed the achiral P3c1 structure, a chiral phase with C2
symmetry lies only a few peV per formula unit above it. A
“dual-basis” description of the CDW recognizes that charge
accumulation is bond modulated while lattice displacement
is atom-centered transverse. This geometric insight reveals
how circularly polarized light can couple to the order
parameter, lifting the degeneracy between chiral domains
and inducing a macroscopic gyrotropic state. The model
provides a unified explanation for the statistical appearance
of chiral domains in dark cooling experiments and the
controlled induction of chirality under optical drive.

The dual-basis order parameter—The 2 x 2 x 2 lattice
reconstruction of 17-TiSe, below T~ 200 K comprises
two distinct Se-Ti-Se slabs [2], labeled /s (lower slab) and
us (upper slab) in Fig. 1(a). Within each slab, titanium
atoms (blue) form a covalently bonded sheet sandwiched
between two hexagonal selenium layers (orange), shaping
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FIG. 1. (a)2 x2 x2 CDW supercell of 17-TiSe,. Ti atoms are
represented in blue, Se atoms in orange. Darker color labels
atoms unaffected by the reconstruction. (b) The PLD in the upper
slab, us (open arrows). The full PLD is the sum of three vector
fields, each represented by a different color. (c) First BZ of the
undistorted lattice with relevant symmetry points and propagation
vectors L;. (d) Local PLD (green vector field) according to
Eq. (2): the Ileft/middle/right column refers to the
Sepottom/ Ti/Seyop layer of the us slab. Gray color scale highlights
the charge density of the undistorted lattice (see Supplemental
Note 1 for derivation details [29]).

the octahedral coordination of Ti. Figure 1(b) illustrates the
PLD pattern for the us slab (open arrows); due to inversion
symmetry, the displacement vectors in the neighboring Ls
slabs are identical in magnitude but opposite in sign (space
group P3cl). These displacements are strictly in plane,
with magnitudes Jp; ~ 395, ~ 0.085 A, and arise from the
superposition of the three vector fields (colored arrows)
sketched in Fig. 1(b) [2]. Because of the underlying trigonal
symmetry, the complex order parameter ¥(r) that describes
the CDW phase transition is conventionally expanded as a
sum of three components [27]:

3
W(r) =YWyl (1)
j=1

where ¥; represent the real amplitudes, q; the propagation
vectors, and ¢; the respective phases. It is crucial to
distinguish the physical interpretation of this order param-
eter depending on the property being described. In the
specific case of the lattice distortion in 17-TiSe,, Eq. (1)
defines the PLD when the propagation vectors correspond
to the three symmetry-equivalent L ; points at the boundary
of the Brillouin zone (BZ) [Fig. 1(c)] [2-5,12]. According
to standard supercell conventions, the parent-zone L (M)
points are folded back to the I'(A) point of the reduced
2 x 2 x?2 zone. The observed atomic displacements Su
correspond to the eigenvectors of the L soft transverse
optical phonon mode of the undistorted phase.
Consequently, the theoretically predicted distortion is

strictly transverse to these wave vectors [4,5,12] and
naturally follows the relation éu o Z x L ; (where Z is the
slab normal) with the specific displacement ratio d; ~ 3.
Equivalently, this can be expressed using the in-plane
projections M; as éu o Z x M;, leading to the compact
form

3
su(r) <z x Re[V¥(r)] = —leji xM;sin(L;-r+¢)).
j=1

(2)

By selecting uniform amplitudes ¥; =¥, and vanishing
phases ¢; = 0, this expression perfectly reproduces the
experimental displacement pattern consistent with the
Wyckoff positions of the P3cl space group [28] (see
Supplemental Notes 1 and 2 [29]). This vector field is
visualized in Fig. 1(d) (green arrows), where the left/
middle/right panels correspond t0 Sepqiom/Ti/Sey, layer
of the us slab, respectively.

While Eq. (2) accurately captures the lattice response,
the associated charge redistribution requires a more
nuanced description. The background gray scale in
Fig. 1(d) approximates the charge density p(r) of the
undistorted lattice, which follows the periodicity of the
reciprocal lattice vectors G, (see Supplemental Note 1 for
derivation details [29]). However, to understand the
induced charge distribution, DFT is deployed. Using the
Perdew-Burke-Ernzerhof generalized gradient approxi-
mation functional with Grimme-D3 van der Waals cor-
rection, the fully relaxed CDW structure modeled with the
P3c1 space group provides the best agreement with the
experimental lattice parameters and distortion pattern (see
Supplemental Note 2 [29]). The DFT results, displayed in
Fig. 2, reveal a striking feature: The charge redistribution
is not localized at the atomic sites but is instead distributed
along the length of the chemical bonds (i.e., it is bond
modulated). The charge density difference between undis-
torted and reconstructed lattice structures [Figs. 2(a)
and 2(b)] shows that charge accumulation (blue lobes)
occur primarily along the Ti—Se bonds. Similarly, the net
charge density after removal of the superimposed atomic
ones [green, shaded shapes in Figs. 2(c) and 2(d)] clearly
shows bonding (antibonding) characters, matching the
blue (red) lobes of the previous panels and occurring at the
sites of TiSe, clustering. The latter are highlighted by red
dashed circles in Figs. 2(e) and 2(f), each involving a
single TiSe, formula unit (f.u.). This implies that the
CDW-induced electronic order is bond modulated and
cannot be described by the L; periodicity [defined in
Fig. 1(c)] that acts on alternating atomic sites. It rather
follows the pattern outlined by the red-shaded hexagonal
subcells in Figs. 2(e) and 2(f). An intuitive way to deduce
the electronic distribution pc(r) in the charge-ordered
phase is to realize that it spawns from the atomic charge
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FIG. 2. Top and bottom panels refer to the us and Is slab,
respectively. (a),(b) Difference between the charge distribution of
the CDW phase and that of the undistorted lattice. The blue
(negative) and red (positive) lobes are a consequence of the
atomic displacements in the charge-ordered phase. (c),(d) Isosur-
face charge density (green, shaded shapes) after removing the
superposition of the atomic ones, showing the bonding and
antibonding character. (e),(f) TiSe, clustering, highlighted by red
dashed circles.

density p(r) in the undistorted structure being displaced by
the lattice deformation: Taking the leading-order approxi-
mation in the small-displacement limit, it is pc(r) ~
p(r+6u) —p(r) ~su(r) - Vp(r). A detailed calculation
(see Supplemental Note 1 [29]) leads to

3

pe(r)=éu(r)-Vp(r) « Z\Pg[cos(L_’g -r)—cos(Ly,5-1)].
g=1

(3)

Since p(r) and Su(r) have different periodicities (G, and
L, respectively), the spatial modulation of pc(r) com-
bines G, and L; in the resulting propagation vectors Ly,
represented in Figs. 3(a) and 3(b). They all have equal
lengths and fold the T'(A) point onto the L (M) points of the
undistorted BZ (like L) but involve neighboring zones.
Most importantly, they outline the red-shaded subcells in
Figs. 2(e) and 2(f). Equations (2) and (3) are graphically
rendered in Fig. 3(c) with the same panel sequence used in
Fig. 1(d). The top (bottom) row refers to the us (/s) slabs,
respectively. While the periodicity of the PLD [green
vector field, Eq. (2)] is defined by the black, solid unit cell,
the corresponding charge density [gray color scale,
Eq. (3)] is carved within the dotted subcells, in perfect
agreement with the DFT results (Fig. 2). Although both
PLD and CDW derive from the same order parameter
[Eq. (1)], the fact that the charge density is physically
rooted in the bonding orbitals (Lj, basis), while the lattice
reconstruction manifests geometrically as a transverse
mode (L; basis) has profound consequences on the
optically driven properties of 17-TiSe,, as clarified in
the next sections.

FIG. 3. (a)Propagation vectors (colored arrows) used in Egs. (2)
and (3), projected on the xy reciprocal plane, and (b) 3D
rendering of representative ones within undistorted BZs (gray).
(c) Local PLD (green vector field) and the corresponding charge
density (gray color scale) according to Egs. (2) and (3),
respectively. The left/middle/right column refers to the
Sepottom/Ti/Seyp layer; the upper (lower) row refers to the us
(Is) slab. Black solid and dotted cells highlight the corresponding
PLD and charge periodicities, respectively.

Landau energy landscape and CDW phase stacking
order—To determine the true ground state and assess the
stability of potential chiral configurations, a systematic
exploration of the free energy landscape combining DFT
and the Landau theory of phase transitions is performed,
focusing on the interplay between the amplitude (¥;),
phase (¢;) and stacking order of the CDW. A prevailing
hypothesis for the origin of chirality in 17-TiSe, relies on a
mutual phase shift between the three charge density
components (e.g., A¢p = +2x/3) [21,23-25]. This hypoth-
esis is rigorously tested by calculating the total energy as a
function of the relative phase ¢; while keeping the
amplitude fixed at the equilibrium value. As detailed in
Supplemental Note 3 [29], the analysis reveals a remark-
ably stiff potential well: Any deviation from the in-phase
condition (¢p; = 0) incurs a prohibitive energy cost as
compared to amplitude deviations. This finding effectively
rules out phase fluctuations as the primary driver of
chirality, compelling the search for alternative symmetry-
breaking mechanisms. Having excluded phase shifts, the
attention is turned to the stacking degrees of freedom,
where the Landau model of phase transitions proves
decisive.

The free energy of a three-component order parameter
with trigonal symmetry [Eq. (1)] is [42] (see Supplemental
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FIG. 4.

(a) The eight equivalent absolute minima of the free energy [Eq. (4)] for a single 17-TiSe, slab. Each minimum is labeled by its

fraction coordinates. (b)—(i) PLD patterns, computed via Eq. (2) (the Is slab is used as a benchmark), corresponding to each free energy
minimum in (a); only Ti atoms are represented for clarity; a, and b are lattice vectors of the undistorted structure; blue- and red-shaded
triangles highlight the PLD parity. (j)—(m) The four nonequivalent double-slab combinations; the configuration of the us slab is assumed
111, and the blue circles [left panels] mark the corresponding free energy minimum. Different s slabs give rise to specific CDW phase
stacking and crystal symmetries [right panels]. The red circles in (k) and (1) [left panels] mark /s slabs that lead to equivalent crystals

under C3 symmetry operation.

Note 4 [29])

3u+v T
6(r)-6 =y -2 (1= D)+
C
U v
+1(1ﬁ+f1%+11%)2+1(n‘1‘+f7‘2‘+17‘3‘)}- (4)

Here, the coefficients x and v (both positive) are temper-
ature independent, and the amplitudes ¥; = Won; are
expressed using dimensionless fractional coordinates 7;.
Below the critical temperature T, the free energy land-
scape exhibits eight equivalent global minima located at
iij==2\1-T/Tc. At T=0K, Eq. (4) describes the
energetics of a single, isolated 17-TiSe, slab in its CDW
ground state. The constant G, is chosen so that G(T =
0 K) =0 at any minimum (see Supplemental Note 4A
[29]). By mapping the fractional coordinates to a Cartesian
frame [Fig. 4(a)], these eight minima are identified by the
orange disks and labeled by their coordinates triplet (e.g.,
the state ; =#, = 1,73 = —1 is denoted as 111). The
corresponding periodic lattice distortion patterns, calcu-
lated via Eq. (2), are displayed in Figs. 4(b)-4(i). These
configurations differ in two key aspects: (i) a relative rigid
shift corresponding to a lattice vector of the undistorted cell
[+ag, £by or +(ay + by)] and (ii) the parity of the PLD,
defined by the product ¢ = n;n,n3 = £1. This parity is

visually distinguished by the orientation of the blue and red
shaded triangles in Fig. 4 [configurations with ¢ = 41 and
o0 =—1 are shown in Figs. 4(b)—4(e) and 4(H)—4(),
respectively].

Consequently, when stacking two slabs to form the bulk
crystal, only four unique, nonequivalent arrangements
emerge [Figs. 4(j)—4(m)]. Assuming a fixed configuration
for the upper slab (us)—for instance, the 111 state with
0,s = —l—the lower slab (/s) can adopt one of four
distinct relationships: (i) Figure 4(j)—No relative rigid
shift and opposite PLD parity (6, = +1). This yields the
centrosymmetric P3c1 space group, corresponding to the
standard crystallographic description of the CDW phase.
(i1) Figure 4(k)—A relative rigid shift combined with the
same PLD parity (6, = —1). This configuration belongs to
the monoclinic C2 space group, which lacks both inversion
and mirror symmetries. (iii) Figure 4(I)—A relative rigid
shift with opposite PLD parity (6;,, = +1), resulting in the
centrosymmetric C2/c¢ space group. (iv) Figure 4(m)—No
relative rigid shift with the same PLD parity (6, = —1),
corresponding to the noncentrosymmetric P321 space
group. Notably, both the C2 and P321 phases belong to
the Sohncke space groups, which contain only proper
rotation operations and, therefore, support chirality [43].
Unlike the isolated slabs, these four CDW phase stacking
arrangements are not energetically degenerate due to
interlayer coupling. DFT calculations reveal that the ground
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FIG. 5. (a) Constant free energy contour plot including the
interlayer coupling [Eqgs. (4) and (5)]. Colored arrows indicate the
paths along which the Is slab is modified to compute the free
energy barriers separating nonequivalent stacking (us slab is
fixed in the 111 configuration). (b) Total free energy along the
paths described in (a); dots refer to DFT calculations, solid lines
are fits of the DFT results with Egs. (4) and (5) (the shaded areas
are intervals of confidence). The orange dashed line marks the
energy of the contour plot in (a). The inset highlights the effect of
interslab coupling [Eq. (5)]. (c) Free energy barrier between P3¢l
and C2 structures at 7 = 0 K, including the chiral induction term
[Eq. (6)—numerical values |[E| = 1 and 5/¥; = 0.05 are used],
in the absence of illumination [black curve, the same as (b)], and
under RCP (green curve) or LCP light (orange curve). (d) The
same as (c) but applied to the mirror-symmetric crystal structures;
the effect of RCP and LCP light swaps, establishing enantiomeric
behavior of the C2 stacking.

state P3c1 [Fig. 4(j)] and the chiral C2 phase [Fig. 4(k)] are
nearly isoenergetic, separated by only 4.7 peV/f.u. In
contrast, the C2/c and P321 configurations lie significantly
higher in energy (26 and 59 peV/f.u., respectively). This
energetic proximity suggests that the chiral C2 structure is
highly accessible when the CDW sets in. Furthermore,
statistical considerations favor the chiral phase: The C2
stacking can be realized via three equivalent minima
[labeled 111, 111, and 111 in Fig. 4(k)], making it 3 times
more probable than the unique P3cl stacking.

It is instructive to quantify the free energy barriers
separating the four nonequivalent stackings. Referring to
Fig. 5(a), gradually changing 7, while keeping 7, =#n3 = 1
turns the P3¢l structure into C2. This path is labeled 711
(black dotted arrow). Similarly, varying two coordinates
(mm1, red dotted arrow) or all three simultaneously (1,
blue dotted arrow) turns the P3cl stacking into C2/c or
P321, respectively. The PLD of each intermediate con-
figuration is obtained via Eq. (2); its total energy is
computed by DFT and plotted as a function of the common
fractional coordinate #, providing the energy landscape of

the different transitions shown in Fig. 5(b) (symbols). The
energy scale is referred to the energy G, of the P3cl
ground state, as obtained by DFT. To account for interlayer
coupling, the following term is added to the free energy (see
Supplemental Note 4B [29]):

G, -Gy = }’\P(z)(’h,’?z”h) ) (51752,53)- (5)

Here, 77; and {; are the fractional coordinates of the /s and
us slabs, respectively, while y > 0 is a phenomenological
constant. The constant G, is chosen so that G, = 0 when
nj= 1 and é’j =-1( =1, 2, 3), that is, the P3c1 double-
slab ground state (see Supplemental Note 4B [29]).
Equation (5) accurately captures the energy hierarchy of
the different stackings [Fig. 5(b), inset]. The solid, colored
lines in Fig. 5(b) fit the DFT data according to Egs. (4) and
(5) with a unique set of parameters u, v, and y (see
Supplemental Note 4D [29]), establishing that the free
energy barrier between P3cl and C2 structures is the
narrowest. This approach provides the link between ab ini-
tio DFT calculations and the phenomenological Landau
model, disclosing the full energy landscape of the CDW
phase, but most importantly it lays the foundations to
clarify the highly debated aspect of charge ordering in
1T-TiSe,: its chiral nature.

Chiral induction—The identification of the nearly
degenerate C2 phase provides the necessary substrate for
chirality, but it leaves one question unanswered: How does
an external field, specifically circularly polarized light,
select a preferred handedness from the random thermal
distribution? The answer lies in the unique ‘“dual-basis”
nature of the CDW order parameter. As previously estab-
lished, the charge density pc(r) is bond modulated
(described by L’g basis), while the lattice distortion
du(r) is atom-centered transverse (described by L basis).
This distinction enables a specific optical coupling pathway
that is forbidden in a single-basis description. By expand-
ing the free energy to include the electric field of light, E,
the lowest-order chiral coupling term G, is derived. It arises
from the interaction between the bond-modulated charge
density and the transverse lattice distortion, taking the form
(see Supplemental Note 4C [29])

G, = 0¥[(E x E*) - 2] (04 + o) (6)

Here, 0 is a positive phenomenological constant, the term
(E x E*) - Z is directly proportional to the helicity of the
light [positive for right circular (RCP) and negative for left
circular polarization (LCP)], and the factor (o, + 0,) is
the combined PLD parity of the double slab. This expres-
sion dictates strict selection rules for the induction of
chirality. Figure 5(c) shows the free energy barrier sepa-
rating the P3c1 and C2 structures (711 path) at T = 0 K in
the absence of illumination [black curve, the same as Fig. 5
(b)] and under RCP (green curve) or LCP light (orange
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curve). In the P3cl ground state, the two slabs have
opposite parities (o;, = —0,,), causing their contributions
to cancel exactly (G, = 0). Consequently, the bulk ground
state is optically inert to chiral induction. In contrast, for the
C2 stacking, the parity alternation is frustrated (6;; = o,,,),
leading to a constructive addition of the chiral term
(G, # 0). Under circularly polarized illumination, this term
acts as a symmetry-breaking field that lowers the free
energy for one light helicity relative to the other. If the
mirror-symmetric  crystal structures are considered
[Fig. 5(d)], the roles of RCP and LCP light swap, implying
that light helicity can boost one C2 domain at expenses of its
enantiomer. As the system cools through 7'~ under illumi-
nation, this energetic bias tilts the effective potential, favoring
the nucleation and growth of “light-selected” domains. The
result is a macroscopic, single-domain chiral state that
persists even after the light is removed, consistent with the
observations of light-induced gyrotropy [23]. It is relevant
to point out that, at any finite temperature below T, the

fractional coordinates scale as /1 — T/ T . Accordingly, the
interslab coupling term G, « (1 — T/T¢) [Eq. (5)] is vanish-
ing small for T < T, making the P3¢l and C2 structures
strongly degenerate. In the absence of helical light, thermal
fluctuations will populate the C2 basins. Since these form
with random handedness (C2 enantiomers being degenerate
without light), the macroscopic sample will be a racemic
mixture of chiral domains (see Supplemental Note 5 [29]),
appearing “achiral” in bulk average (e.g., zero net optical
activity) but “chiral” to local probes (STM). This provides a
natural explanation for “spontaneous” chirality.

In summary, a new microscopic framework for under-
standing the chiral CDW phase in 17-TiSe, is established.
First-principles calculations rule out the mutual phase-shift
model, showing that the energy penalty for dephasing the
order parameters is too high to support a stable ground
state. Instead, the competition between the centrosymmet-
ric P3c1 ground state and the chiral C2 stacking is the
central mechanism. The near-degeneracy of these states
implies that, upon cooling in the absence of external fields,
the system is dominated by entropic fluctuations, resulting
in a racemic mixture of chiral C2 domains. This success-
fully explains the “spontaneous” chirality frequently
observed in local STM measurements without violating
the global symmetry constraints of the bulk crystal.
Crucially, the optical selection rules governing this tran-
sition are derived by introducing a dual-basis description:
The CDW cannot be fully described by a single set of
harmonic vectors; rather, the charge density is physically
located on Ti—Se bonds, while the lattice distortion is
atom-centered transverse. This distinction is not merely a
mathematical formality, but it is physically rooted in the
nature of the 17-TiSe, CDW phase, ultimately permitting a
nonzero coupling between the order parameter and the
helicity of light. The concept of a dual-basis decoupling—
where electronic charge redistribution and structural

deformations exhibit distinct spatial periodicities—may
be a more general feature. Similar symmetry-breaking
mechanisms could be at play in other charge-ordered
transition metal dichalcogenides leading to the formation
of bonding and antibonding orbitals coupled to transverse
distortions. These findings suggest that 17-TiSe, belongs
to a class of materials where hidden degrees of freedom—in
this case, the CDW phase stacking order—can be manip-
ulated by light to control global symmetry, opening the
door to ultrafast optical switching of chirality in transition
metal dichalcogenides, with potential applications in chi-
roptical memory and switchable nonlinear optical devices.

Data availability—All computational results generated
during this study are included in this published article and
its Supplemental Material [29].
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