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Chirality-driven optical properties in charge density waves are of fundamental and practical importance.
Here, we investigate the interaction between circularly polarized light and emergent chiral stacking orders in
quasi-one-dimensional (quasi-1D) charge-density waves (CDWs) with density-functional theory calculations.
In our specific system, self-assembled In nanowires on a Si(111) surface, spontaneous mirror symmetry
breaking leads to four symmetrically distinct degenerate quasi-1D CDW structures, which exhibit geometrical
chirality. Such geometrical chirality may naturally induce optically active phenomena even when the quasi-
1D CDW structures are stacked perpendicular to the CDW chain direction. Indeed, we find that left- and
right-chiral stacking orders show distinct circular dichroism responses while a nonchiral stacking order has no
circular dichroism. Such optical responses are attributed to the existence of glide mirror symmetry of the
CDW stacking orders. Our findings suggest that the CDW chiral stacking orders can lead to diverse active
optical phenomena such as chirality-dependent circular dichroism, which can be observed in scanning
tunneling luminescence measurements with circularly polarized light.
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Chirality plays a significant role in light-matter inter-
actions at all branches of the natural sciences including
chemistry, biology, and physics [1]. In condensed matter
physics, chiral materials can be a basal platform for
application in chiroptoelectronics such as circular dichro-
ism spectroscopy [2], quantum computations [3], all-
optical magnetic recording [4], and valleytronic devices
[5] to name a few. Interestingly, chirality appears in charge-
density waves (CDWs) via symmetry breaking with versa-
tile physical properties [6—-13]. Among them, 17-TiSe,
exhibits three-dimensional (3D) chiral stacking orders of
two-dimensional (2D) CDW building blocks [6,7] due to
the chiroptoelectric effect [8].

Recently, our previous work [13] demonstrated the
existence of various 2D CDW chiral stacking orders in
the self-assembled quasi-one-dimensional In atomic chains
on a Si(111) surface [14-25]. Here, each In atomic chain is
dimerized parallel to the chain generating four degenerate
chiral CDW building blocks due to the spontaneous mirror
symmetry breaking [23]. Furthermore, perpendicular to
the In atomic chains, the interchain coupling forces the
three different stackings of the CDW building blocks to be
stabilized, i.e., left-, right-, and nonchiral stacking orders
[13]. Although light-matter interaction in this unique
system has been widely studied [26-31], such chirality-
driven optical properties (such as circular photogalvanic
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effect [8] and circular dichroism [2]) have not been
explored yet.

In this Letter, we investigate the light-matter interaction
between circularly polarized light and CDW stacking
orders, using density-functional theory (DFT) calculations.
We find that left- and right-chiral stacking orders show the
circular dichroism, while nonchiral stacking order does not.
We show that the circular dichroism results from the
emergent chirality of the chiral stacking orders rather than
inherent chirality of a single CDW building block. Our
finding suggests that the CDW chiral stacking orders will
pave the practical way to provide circular polarized light
emission depending on chirality via electroluminescence.
Based on our results, we propose that a large-scale single
domain with a specific chiral stacking order can be
selectively induced by utilizing circularly polarized light.

Self-assembled In nanowires on Si(111) consist of two In
atomic zigzag subchains that are stitched with adjacent Si
chains [15]. Below T ~ 125 K, two indium atomic subchains
undergo a CDW transition from the metallic 4 x 1 state to
the insulating 4 x 2 state via spontaneous mirror symmetry
breaking [14,17,18,20,24]. The broken mirror symmetry
leads to the four energetically degenerate but symmetrically
distinct 4 x 2 CDW building blocks {a, b, c,d}, each of
which is geometrically chiral. Among them, chiral and
achiral pairs can be assigned depending on their symmetry

© 2022 American Physical Society
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relations: for example, a and b (or a and d) are a chiral pair
related by the broken mirror reflection symmetry operator
M, while a and ¢ (or equivalently, b and d) are an achiral
pair related by a half translation along the x direction [13].
As a result, the achiral pair such as a and ¢ shares the same
bulk electronic properties. On the other hand, the electronic
properties between the chiral pair such as a and b are related
by M., as discussed in detail later.

When two kinds of 4 x 2 CDW structures are stacked
alternatively along the y direction, stacking between the
chiral pair (hereafter, we denote as ab and ad) is ener-
getically favored over one between the achiral pair (aa and
ac); see also Fig. S1 and Table S1 [32]. Interestingly,
this leads to the emergence of chiral (abcd and badc) or
nonchiral (ad) stacking orders, as evidenced by the
previous DFT calculation and scanning tunneling micro-
scope (STM) observation [13].

To investigate the effect of the geometrical chirality in
CDWs on optical properties, we begin to consider a and b
structures, which are a chiral pair related by M, [Fig. 1(a)].
M . gives rise to a symmetry relation between energy bands
of a and b structures as E4(k,, k,) = Eb(—k,, k,), where n
is the band index. Moreover, due to the time-reversal
symmetry, the energy bands of each 4 x 2 structure are
constrained by E (k,, k,) = E}(—k,,—k,) where i = a, b,
and thus Eg(k,.k,) = E5(k,,—k,). This is why two 4 x 2
structures, whose Brillouin zones (BZs) are rectangles,
show the same energy dispersions and orbital characters
along the high symmetry lines X, XM, MY, and YT
[Fig. 1(b)]. The insulating band structure originating from
the CDW formation allows us to explore the role of the
chirality of CDWs in the optical properties through the
direct interband transitions by circularly polarized light.

(a)

FIG. 1.

For optical properties, we calculate the degree of circular
polarization #™" (k) [37], which is given by

) PR = PP
"= prwrerapr Y

This k-resolved quantity distinguishes left and right cir-
cularly polarized (¢, and o¢_) light absorption between the
valence and the conduction bands with band indices m and
n, respectively. Here, P (k) = P} (k) £ iP}" (k), where
the matrix element is given by Py} (k) = (wi|pyylwi)-
Berry curvature of the nth band in terms of the matrix
element P} (k) is given by [38,39]

R e ()P )+ [P (k)
2mg [En(k) - Em(k)]z

€ m#n

(k) = (2)

From this equation, we note that the symmetry trans-
formation property of 7 (k) follows that of Q7 (k). The
k-resolved interband optical transition rate between
valence and conduction bands is obtained from Fermi’s
golden rule within the electric dipole approximation [40]:

I.(e,k) N% P (k) *5(E, (k) — E, (k) —€).  (3)

n.m

We only consider the direct optical transition at k between
valence and conduction bands. The 1/ factor comes from
the conversion between the square of the gauge field A> and
the incoming light intensity E>.

The symmetry relation between a and b structures also is
revealed in the degree of circular polarization "™ (k) of
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(a) Atomic structures of degenerate 4 x 2 CDW structures for a and b. The mirror operation M, connects two structures. In

atoms are represented by blue and red spheres. Si atoms in the zigzag chains (the substrate) are represented by the larger (smaller) gray
spheres. Black dashed rectangles indicate unit cells. (b) Orbital-projected band structure for the 4 x 2 structure. Note that a and b have
identical band structures. s, p,, py, and p_ orbitals of In atoms are projected on the band structure where the magnitude of open circles is
proportional to the projected weight. (c) 2D maps of degree of circular polarization 7;(k)(i = a, b) between the highest valence band
(HVB) and the lowest conduction band (LCB) for a (left panel) and b (right panel). 5,(k) and 7, (k) are related by M. Black dashed
rectangles indicate the BZ. (d) 1,(k) and 7, (k) along the high-symmetry lines. (e) k-resolved interband optical transition rate for left
circularly polarized light I, (e, k) and (f) difference between transition rates I, (¢, k) — I_(e, k) for a (left panel) and b (right panel).
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each structure, hereafter #;(k) (i =a, b) [Fig. 1(c)].
Because of the absence of inversion and mirror symme-
tries, 77;(k) shows nonzero finite values and 7;(k,, k) is
odd owing to time-reversal symmetry @: 7;(k,, k,) =
—n;(—k,, —k,). In addition, M, gives rise to the following
relation between two structures as n,(k,, k,) =
—n,(—k,, k,). Hence, the combination of ® and M, leads
to 1,(ky. ky) = ny(k,—k,), which means that they are
related by M,. The relation between 7,(k) and 7, (k) is
clearly seen in the line profiles along the high-symmetry
lines [Fig. 1(d)]. They are the same along the I'X and MY
lines while they are opposite along the XM and YT lines,
showing a strong momentum-selective circular dichroism
of the a and b structures.

In order to see the optical transition rate under left (right)
circularly polarized light 6 (6_), which is a more appro-
priate quantity that can be measured in optical experiments,
we calculate the k-resolved interband optical transition rate
for I (e,k) in Eq. (3) along the high-symmetry lines T'X,
XM, MY, and YT. We find that 7, (¢, k) has nonzero finite
values only along the XM line [Fig. 1(e)] where the p,
orbital character is strong [Fig. 1(b)]. Furthermore, we find
that the circular dichroism 7, (e,k) —1_(e, k) of the a
structure along the XM line is opposite to its chiral partner
b [Fig. 1(f)], which is consistent with #;(k) [Fig. 1(d)].
Note that the magnitude of the circular dichroism can be
enhanced by manipulating the degree of symmetry break-
ing (see Fig. S2 [32]).

Based on the understanding of the optical response of
4 x2 CDW structures, we investigate nonchiral stacking
orders (NCSOs) composed of two 4 x 2 CDW structures.
We consider two representative NCSOs ad and bc,
which are related by M, [Fig. 2(a)]. M, gives rise to the
symmetry relation on the energy bands of the two as
E4?(ky, ky) = Eb(—k,.k,). Moreover, due to the glide
mirror symmetry G,, E}(k,.k,) = E},(—k,.k,) holds and
thus we obtain £9¢(k) = E%(k). Hence, their band struc-

tures are the same along the lines TX, XM', M'Y’, and Y'T
[Fig. 2(b)]. The orbital-projected band structure shows the
direct band gap at the X point with the strong p, orbital
character near the Fermi level.

For the optical properties, 7,,(k) and 7,.(k) are related
by M, from M, and © [Fig. 2(c)]. Notably, owing to the
presence of the glide mirror symmetry G, [Fig. 2(a)] as
well as 0, ;(k) of each NCSO has the symmetry constraint
as n;(ky. k,) = n;(k,, —k,), which means that #7;(k) of each
NCSO is itself M, symmetric. Hence, with the relation
Naa(kys ky) = npe(ky, =k, ) constrained by M,®, we obtain
Naa(K) = n,.(K) [Fig. 2(c)]. This leads to the same optical
transition rates /. (e, k) between ad and bc [Fig. 2(d)].
Similar to the a and b structures, there is no /. (e k)

intensity except for the XM’ line where the p, orbital
character is strong. Moreover, unlike the a and b structures,

Photon energy (eV)

"X M
1 - -
L(g,k)—1(g,k)

FIG. 2. (a) Atomic structures of nonchiral stacking orders ad
and bc, which are related by M. Orange and cyan lines represent
the mirror symmetry M, and the glide symmetry G, respectively.
Black dashed rectangles indicate unit cells. (b) Orbital-projected
band structure for the nonchiral stacking order (ad and bc have
identical band structures). (c) 2D maps of 5;(k) (i = ad, bc)
between the HVB and LCB for ad (upper panel) and bc (lower
panel), which are related by M. Black dashed rectangles indicate
the BZ. (d) 1, (&, k) and (e) I (e, k) — I_(¢, k) for the nonchiral
stacking order.

the difference 1, (e,k)—1_(e, k) [Fig. 2(e)] shows no
circular dichroism for the NCSO. This is consistent with the
intuition that the nonchiral stacking order does not exhibit
circular dichroism due to the cancellation of the opposite
chiralities between chiral partners a and d (or b and c¢)
when stacked along the y direction.

We now consider chiral stacking orders composed of four
subsequent 4 x 2 CDW structures, which are classified as
left- and right-chiral stacking orders (LCSOs and RCSOs)
represented by abcd and badc, respectively [Figs. 3(a)
and 3(b)]. Here, the unit cell of the chiral stacking orders is
chosen as a parallelogram with the 8 x 2 periodicity [dashed
lines in Figs. 3(a) and 3(b)], which is different from the
rectangle unit cell with the 16 x 2 periodicity of the previous
study [13]. Since the two chiral stacking orders are related by
M, they are the chiral partner of each other. M, and M,©
impose constraints on the energy bands of two different
chiral stacking orders, E4*(k,, k,) = E449°(—k,, k,) and
Edbed(k,, k,) = Eb4¢(k,,—k,), respectively. Thus, the
LCSO and RCSO have identical band structures along the
YT (k, = 0) and TX (ky, = 0) lines [Figs. 3(a) and 3(b)].
However, their band structures are different along the XM’
(k, = x) and MY’ (k, = m) lines, in contrast to the above
mentioned 4 x 2 and NCSO cases. The difference between
chiral and nonchiral stacking orders results from different
shapes of BZs: the LCSO and RCSO have the distorted
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(a),(b) Atomic structures and orbital-projected band structures of (a) left-chiral (abcd) and (b) right-chiral (badc) stacking

orders. Two chiral stacking orders are related by M. Black dashed parallelograms indicate unit cells. (c) 2D maps of 7;(k) between the
HVB and LCB for the left-chiral (left panel) and right-chiral (right panel), which are related by M. Here, red dashed hexagons indicate
the BZ of the chiral stacking orders while black rectangles indicate the BZ of the nonchiral stacking orders in Fig. 2. (d),(e) 1, (&, k),
I_(e k), and I, (e, k) —I_(e, k) for the (d) left-chiral and (e) right-chiral stacking orders.

hexagonal BZ [red lines in Fig. 3(c)] while the 4 x 2 and
NCSO have the rectangular BZ [Figs. 1(c) and 2(c)]. Note
that, due to the M ,, the band structure of the LCSO along the

XM’ is the same as that of the RCSO along the X' M".
For the optical properties, 7,,.4(K) and 7,,4. (k) are also
related by M, from M0 [Fig. 3(c)]. Because of the M,,

Napea(K) along the XM’ is the opposite of 7,,4.(k) along

the X’M". The chiral partners abcd and adcb have a
difference in the optical transition rates /.. (&, k) along the

XM’ [Figs. 3(d) and 3(e)], which originates from the
different band structures in Figs. 3(a) and 3(b). This feature
is different from the NCSO case where the chiral partners
ad and bc share the same /. (¢&,k).

Even though the LCSO and RCSO have the same
number of chiral partners in the stacking configuration,
they exhibit nonzero circular dichroism 7, (&, k) — I_(¢, k)

along the XM’ in contrast to the NCSO. This striking result
implies that the nonvanishing circular dichroism arises
from the emergent chirality of two chiral stacking orders
rather than from the inherent chirality of the 4 x 2 building
blocks themselves. The emergent chiralities of two chiral
stacking orders can be geometrically characterized by
using the opposite phase shift vectors [arrows marked in
Figs. 3(a) and 3(b)] and topological chiral winding numbers
[13]. Note that, despite the opposite emergent chiralities
between two chiral stacking orders, circular dichroism of
the two in Figs. 3(d) and 3(e) are not exactly opposite to
each other due to the 8 x 2 unit cell used [41].

To visualize the electronic nature of the emergent
chirality, we plot the charge densities of the highest valence
band (HVB) and the lowest conduction band (LCB) states
at the X point for the three stacking orders in Fig. 4(a).
For the NCSO ad, the charge densities are evenly distrib-
uted in two In nanowires separated by Si zigzag chains,
keeping the glide symmetry G, of the system. The glide
symmetry hinders the chirality from emerging and thus
there is no circular dichroism [Fig. 2(e)]. However, for the

chiral stacking orders abcd and badc, the charge densities
are unevenly distributed due to the absence of the glide
symmetry. The absence of the glide symmetry allows the
emergence of chirality, thereby leading to nonzero circu-
lar dichroism [Figs. 3(d) and 3(e)]. Note that the charge

densities of two systems are related by M, as

i) o P = sy ) (=x )P

Furthermore, the emergent chirality is also seen in the
filled state STM images simulated by DFT calculations
[Fig. 4(b)] and their fast Fourier transform (FFT) images

(@)

FIG. 4. (a) Calculated charge densities of HVB and LCB states
at the X point for the NCSO, LCSO, and RCSO. The charge
densities are drawn with an isosurface of 4 x 10~* electrons/A.
Dashed parallelograms indicate unit cells. (b) Simulated filled
state STM images (at —0.3 V) and (c) corresponding Fast Fourier
Transform (FFT) images of three stacking orders [42]. In (c),
squares and circles indicate 1 x 1 of Si substrates and 8 x 2 of
stacking orders, respectively.
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[Fig. 4(c)]. In FFT images, arrows connecting primary FFT
peaks (colored by white, red, and blue) clearly highlight the
distinct chiralities of three different CDW stacking orders.
We can also observe more or less consistent behaviors in
FFT images of experimentally measured filled state STM
images depending on chirality (see Fig. S3 [32]).

Thanks to the light-matter interaction, it may be able to
grow a single CDW chiral stacking order up to macroscopic
scale by cooling down under circularly polarized light.
By switching the handedness of circularly polarized light,
one may tune the chirality of stacking orders as demon-
strated in 17-TiSe, [8]. Once such a macroscopic single
chiral stacking order is obtained below the CDW transition
temperature, the corresponding circular dichroism response
of each chiral stacking order could be experimentally
probed. In addition, the macroscopic single chiral stacking
order would exhibit highly-resolved FFT images as shown
in the simulated STM images [Fig. 4(c)].

Based on first-principles DFT calculations, we have
investigated the unprecedented optical properties of CDW
stacking orders in self-assembled In nanowires on Si(111).
We found that the left- and right-chiral stacking orders show
the distinct circular dichroism along the high symmetry
lines, while the nonchiral stacking order does not. The
circular dichroism is attributed to the emergent chirality of
the chiral stacking orders rather than the inherent chirality of
a single CDW building block. We also revealed that the
broken glide mirror symmetry of the chiral stacking orders is
responsible for the microscopic origin of the circular
dichroism. Our findings suggest that the chiral stacking
orders of quasi-1D CDW wires are optically active, which
can lead to diverse optical active phenomena such as circular
dichroism or circularly polarized luminescence depending
on chirality. Additionally, our work will shed light on
understanding light-matter interaction in recent chiral
CDW materials such as AV;Sbs [9-11].
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COMPUTATIONAL DETAILS

We performed density-functional theory (DFT) calculations using Vienna ab initio simulation
package (VASP) with the projector-augmented wave method [1-3]. For the exchange-correlation
energy, we used the strongly constrained and appropriately normed (SCAN) functional [4]. The
k-space integration were done with dense 392 and 196 k-points in the surface Brillouin zone of the
4 x 2 and 8 x 2 unit cells, respectively. The Si(111) substrate below the In wires was modeled by a
six-layer slab with ~ 30 A of vacuum in between the slabs and the bottom Si layer was passivated
by H atoms. All the atoms except the bottom two layers were allowed to relax until all the residual
force components were less than 0.02 eV/A. We note that SCAN functional tends to underestimate
the band gap but the overall band structure and the energetics between various 8 X 2 insulating
states are comparable to the previously reported HSE+vdW results of hybrid exchange-correlation

functional [5-9], as shown in Table S1.



TABLE S1. Calculated total energies AE (in meV per 8 x 2 unit cell) of various stacking configurations
(aa, ab, ac, ad, abcd, and badc) [9] relative to the configuration ad and the band gaps E,; of each structure
(in meV). Note that ad, abcd, badc correspond to the nonchiral, left-chiral, and right-chiral stacking orders,

respectively.

aa ab ac ad abed badc

SCAN (this work) AE 80.9 2.7 92.0 0.0 -2.6 -3.6

E;, 19 39 60 67 67 67

HSE+vdW [9] AFE 84.2 43 106.5 0.0 0.0 0.0

E, 283 299 305 313 306 306

FOUR SYMMETRICALLY DISTINCT 8 x 2 STRUCTURES

FIG. S1. Four symmetrically distinct 8 x 2 structures (aa, ab, ac, and ad)



STRAIN DEPENDENCE OF CIRCULAR DICHROISM MAGNITUDE

In general, the magnitude of the circular dichroism is proportional to the degree of symme-
try breaking that generates chirality. In our CDW system, the degree of symmetry breaking is
characterized by the bond length difference A; — A, as displayed in Fig. S2(a). By perform-
ing additional DFT calculations, we find that A; — A, changes under the strain: the degree of
symmetry breaking is enhanced (reduced) under tensile (compressive) strain with lattice constant
a = 1.005a¢ (0.995a¢). This is consistent with the previous report [6] that the symmetry bro-
ken CDW phase is stabilized (destabilized) over symmetric metallic phase when there is tensile
(compressive) strain. We then check the strain dependence of the circular dichroism magnitude, as
shown in Fig. S2(b). As expected, the magnitude of circular dichroism follows the same tendency
to the degree of symmetry breaking, i.e., tensile strain enhances the circular dichroism magni-
tude. In addition, we expect that the circular dichroism magnitude can be enhanced when the hole

doping that stabilizes CDW phase [7] is introduced.

(a) 4x2 b structure
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(b) a=0.9953a, a=a, a=1.0053a,
=
&
-
| 0
&\ S —
)
=
X M X M X M

FIG. S2. (a) Geometry and (b) circular dichroism I (¢, k) — I_(e, k) of the 4 x 2 b structure as a function

of a lattice constant a.



EXPERIMENTALLY MEASURED STM AND FFT IMAGES

NCSO
(ad)

(b)

LCSO
(abcd)

RCSO
(badc)

FIG. S3. STM images of (a) nonchiral, (b) left-chiral, and (c) right-chiral stacking orders and corresponding
FFT images. All STM images were obtained at —0.5 V of sample bias with respect to a tip. Although the
resolution in FFT images are poor due to the small scan size (= 5 nm) of the STM images, we can observe

the same chiralities as the larger simulated STM images (Fig. 4 in the main text).
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