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Chiral symmetry breaking and charge order
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When electronic instabilities give rise to three coexisting density waves, interference between them may lock
into a state with helicity.
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A charge-density wave (CDW) is an ordered state that
breaks translational symmetry and is characterized by
a modulation in the electronic charge density as well
as a corresponding modulation in the spacings of the
underlying ionic lattice. It may be formed in a mate-
rial if there exists a mechanism for transferring electrons
from an electronlike part of their Fermi surface to a cor-
responding holelike part. Such a mechanism may be
provided by a variety of energy-lowering interactions,
ranging from a direct Fermi surface nesting instability (a
Peierls transition [1]) to the lifting of orbital degeneracy
(the indirect Jahn Teller effect [2]) and even the forma-
tion of local bound states (an excitonic insulator [3]).

A single CDW breaks spatial symmetries in two ways:
through the direction of the modulation (its wave vector
Q) and also through its polarization (the direction of the
atomic displacements e—see Fig. 1 (b) for an example of
a CDW in which e and Q do not align). The combined
ionic displacements may also break further symmetries,
giving rise to novel phenomena. For example, if inver-
sion symmetry is broken by the displaced lattice, a com-
mensurate CDW is polar (for example SnTe[4]), and an
incommensurate CDW may not be pinned by the lattice
and become mobile: it can slide in an applied electric
field [5]. If there are multiple CDW in the same piece of
material, it may happen that the superposition of their
modulation patterns either breaks additional symme-
tries or restores them. For example, the three coexist-
ing CDW in 2H-TaSe2 superpose to reduce the crystal
symmetry to orthorhombic, while the original hexago-
nal symmetry (though still in the presence of the CDW)
may be recovered by the application of pressure [6].

It should perhaps have been clear that if a CDW can
break inversion symmetry with a polar vector, it could
do so with an axial one too—more commonly a helical
symmetry. But up till now, such a symmetry breaking
transition had not been seen. Using both scanning tun-
neling microscopy (STM) and optical polarimetry tech-

niques, Junya Ishioka and co-workers from Hokkaido
University in Japan have shown that the charge-density
wave pattern formed at low temperatures in the layered
transition metal dichalcogenide TiSe2 has a definite chi-
rality [7]. The broken mirror symmetry that is displayed
by the chiral structure arises from the combination of
three different charge-density waves with a fixed rela-
tive phase difference. Because the density waves differ
only in the orientation of their in-plane distortions, the
spatial charge distribution seen in the STM experiment
looks like a corkscrew pattern of charge density, where
the orientation of displacements in one layer is contin-
uously rotated into that of the next. The possibility of
rotating either clockwise or counterclockwise as one de-
scends into the bulk translates into a breakdown of the
bulk rotational symmetry into a twofold chiral symme-
try that can be observed in the optical polarimetry ex-
periment as a tendency of the emitted light to be in one
of only two preferred polarization states.

The emergence of chirality from multiple charge-
density waves in TiSe2 can be understood by compar-
ing it to the much simpler case of elemental tellurium.
Although Te does not possess a simple cubic phase, its
chiral tetragonal lattice structure can be thought of as
the result of the simultaneous formation of three charge-
density waves in a simple cubic arrangement [8]. (Note
that the element Po, just below Te in the periodic table,
is the only simple cubic element. The electronic struc-
tures of both Po and Te are well described as three per-
pendicular p-orbital derived bands that are two-thirds
full.) All three charge-density waves give rise to the
one-dimensional distortion pattern seen in Fig. 1(a).
This pattern can be described using, as a modulation
of the displacement amplitude, u = cos(Q · x)x̂. Fill-
ing the entire cubic lattice this way along charge-density
wave vector Q = (2π/3a, 2π/3a, 2π/3a), gives rise to
the arrangement of Fig. 1(b). Adding three such one-
dimensional patterns together, with distortions oriented
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FIG. 1: The chiral tetragonal phase of elemental tellurium as
a result of multiple charge order. (a) The distortion pattern
of a one-dimensional chain with a two-third filled band, de-
scribed by the displacements u = cos(qx), with q = 2π/3a.
(b) The same one-dimensional pattern repeated throughout
a three-dimensional simple cubic lattice. The displacements
are given by u = cos(Q · r)x̂, with Q = (q, q, q) and x̂ =
(1, 0, 0). (c) The chiral combination of three differently polar-
ized one-dimensional patterns with a relative phase difference
of φ = 2π/3. The distortion pattern u = (cos(Q · r), cos(Q ·
r + φ), cos(Q · r + 2φ)) coincides with the tetragonal lattice
structure of Te. The chirality of the pattern is indicated by the
corkscrewlike arrow following the double bonds in the final
structure.

along each of the principal axes of the cubic phase and
a relative phase difference of 2π/3 between them, the
chiral and tetragonal state of Fig. 1(c) is realized. The
relative phase differences are necessary to ensure that
no more than two double bonds are formed at each Te
site.

Like the Te structure, the chiral phase observed in
TiSe2 by Ishioka and co-workers consists of a combina-
tion of three individual charge-density waves, in which
the presence of a relative phase difference between them
is essential in creating chirality. The TiSe2 structure dif-

fers from that of Te in that its charge-density waves have
different ordering vectors Q1,2,3, rather than different
polarizations of their associated lattice distortions. It
also surpasses the tellurium case by having a uniform
disordered state available at experimentally accessible
temperatures. One can thus observe the formation of
CDW order and the locked-in chiral order as the mate-
rial is cooled through its transition temperature, allow-
ing direct experimental access to this novel phase tran-
sition.

Unlike the case of Te, there is no obvious microscopic
requirement for the presence of a relative phase differ-
ence between the individual charge-density waves in
TiSe2 . It may thus be argued that the chirality of the
TiSe2 pattern is to a large extent “accidental,” in that
its existence seems to depend on the detailed micro-
scopic energetics rather than on any overarching physi-
cal principle. The importance of such accidental symme-
try breaking should not be underestimated. The similar
breakdown of inversion symmetry in the charge-density
wave transition of materials like NbSe3, enables these
modes to slide, and gives rise to, for example, dramatic
hysteresis effects [9]. In other materials such as SnTe the
same breakdown of inversion symmetry in structural
phase transitions allows the emergence of a ferroelec-
tric phase [4]. Although the newly discovered pattern in
TiSe2 does not break inversion symmetry and thus does
not harbor any sliding charge-density wave or ferroelec-
tric phases, the leftover screw symmetry of the chiral
state will be important in understanding the details of
its bulk electronic response, as well as the emergence of
novel local excitations.

Apart from its new-found chirality, TiSe2 has also
long been in the spotlight because of the enigmatic na-
ture of the force driving its charge-density wave forma-
tion. From the outset, explanations in terms of either
an (indirect) Jahn-Teller effect or exciton formation have
been supported by conflicting experimental results, as
well as opposing theoretical interpretations of them [10–
13]. The debate was recently revived by the discovery
of superconducting phases as the CDW is suppressed
upon intercalation with copper or application of pres-
sure [14, 15]. The nature of the electron pairing in these
superconductors may be expected to be similar to the
particle-hole interaction in the parent CDW phase. In
light of experiments showing that neither exciton for-
mation nor electron-phonon coupling can be neglected
in TiSe2, it has very recently been proposed that both
phases might be best thought of as being stabilized by a
combined process in which the excitons and phonons
cooperate to enhance each other’s tendency towards
charge order [13, 16].

Whether the newly discovered chirality of the charge-
density wave in TiSe2 can assist in determining the pre-
cise character of the driving force behind the transition,
remains to be seen. To create a three-dimensional chiral
pattern in TiSe2 or related materials like Te, it is essential
to have at least three individual CDW instabilities, with
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nonzero relative phase difference, and non-co-planar
displacement patterns. Although the STM data taken by
Ishioka and co-workers clearly shows that these condi-
tions are satisfied in TiSe2, the microscopic origin of the
relative phase differences is not yet clear, and probably
depends on the detailed energetics of the interacting ex-
citonic, phononic, orbital, and electronic degrees of free-
dom. A hint towards an energetic advantage may per-
haps be found in the realization that the chiral pattern
is dominated by a single CDW in each individual layer,
whereas the nonchiral combination without phase dif-
ferences treats all distortions on an equal footing in each
layer.

The discovery that microscopic effects can coincide
in such a way as to prefer a chiral combination of the
three available charge-density waves in TiSe2 comes af-
ter more than three decades of experimental and theo-
retical interest in this material. This apparent elusive-
ness of chiral order without the involvement of mag-
netic effects opens up room for reexamining many other
materials whose charge order is known to involve more
than two individual modes. The effect of having the
extra chiral degree of freedom added to the properties
of such multiple-charge-ordered materials may extend
well beyond its direct influence on the polarization of
emitted light. The formation of domain walls between
regions of different chirality influences the in-plane con-
ductivity, the dominance of a single distortion pattern
within each layer allows for the formation of topological
defects, and the altered electronic response to polarized
light allows for the manipulation of the charge order by
addressing its chirality. The “accidental” emergence of

chiral order from the combination of multiple charge-
density wave instabilities may thus result in a fresh way
of looking at this well-known form of electronic order.
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