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The protected electron states at the boundaries or on the surfaces
of topological insulators (TIs) have been the subject of intense the-
oretical and experimental investigations. Such states are enforced
by very strong spin-orbit interaction in solids composed of heavy el-
ements. Here, we study the composite particles – chiral excitons –
formed by the Coulomb attraction between electrons and holes re-
siding on the surface of an archetypical three-dimensional topologi-
cal insulator (TI), Bi2Se3. Photoluminescence (PL) emission arising
due to recombination of excitons in conventional semiconductors is
usually unpolarized because of scattering by phonons and other de-
grees of freedom during exciton thermalization. On the contrary, we
observe almost perfectly polarization-preserving PL emission from
chiral excitons. We demonstrate that the chiral excitons can be opti-
cally oriented with circularly polarized light in a broad range of exci-
tation energies, even when the latter deviate from the (apparent) opti-
cal band gap by hundreds of meVs, and that the orientation remains
preserved even at room temperature. Based on the dependences of
the PL spectra on the energy and polarization of incident photons,
we propose that chiral excitons are made from massive holes and
massless (Dirac) electrons, both with chiral spin textures enforced by
strong spin-orbit coupling. A theoretical model based on such pro-
posal describes quantitatively the experimental observations. The
optical orientation of novel composite particles, the chiral excitons,
can potentially expand applications of TIs in photonics and optoelec-
tronics.

exciton | topological insulator | photoluminescence spectroscopy

Spin orbit coupling (SOC) plays a central role in spintronic
and optoelectronic applications by allowing optical control

of spin excitation and detection with circularly polarized light,
in the absence of an external magnetic field (1–3). This effect
is also known as optical orientation, where non-equilibrium
distribution of spin-polarized quasiparticles are optically cre-
ated in semiconductors with strong SOC (4, 5). Detailed
information on spin dynamics can be obtained by studying
polarized photoluminescence (PL) (6–9). Typically, the degree
of PL polarization in semiconductors decreases rapidly as the
excitation photon energy deviates from the optical band gap
or with heating (4, 5, 10). Elaborative layer and strain engi-
neering are often required to lift spin degeneracy of the bulk
bands to achieve higher degree of PL polarization (11). In
contrast, nearly complete PL polarization, observed recently
in transition metal dichalcogenide (TMD) monolayers up to
room temperature, was attributed to spin-orbit mediated cou-
pling between the spin and valley degrees of freedom (12–14).
The reduced dimensionality suppresses dielectric screening
and restricts the number of scattering channels, resulting in
long-lived coherent two-dimensional (2D) excitons (15). These
results have attracted significant interest due to possible ap-

plications and also as an insight into the nature of many body
interactions in 2D electronic and photonic systems (3, 13, 16).

In this paper, we discuss a new class of excitons which
produce helicity preserving PL. We use polarization-resolved
PL spectroscopy to study the secondary emission from a 2D
electronic system of significant current interest: the surface
state of a three-dimensional (3D) topological insulator (TI),
Bi2Se3.∗ In 3D TIs, strong SOC and time-reversal symme-
try collaborate to support topologically protected massless
surface states [denoted by SS1 in Figs. 1(a) and (b)] with
chiral spin-momentum texture (19–23). Both angular-resolved
photoemission (ARPES) data and first-principle calculations
show that there are two more surface bands near the Brillouin
zone center (Γ-point) in Bi2Se3 (17, 18, 24): (1) a high-energy
unoccupied Dirac cone (SS2) and (2) fully occupied Rashba-
like surface states (RSS). These bands are depicted by red lines
in Fig. 1(a) and enclosed in boxes in Fig. 1 (b). Due to strong
SOC, all the three surface bands exhibit spin-momentum lock-
ing, which could lead to optical orientation of single-electron
spins and excitons (4). So far, most of research on TIs have
been focused on spin dynamics and collective modes of Dirac
fermions in SS1 (25–28), and far less is known about the prop-
erties of RSS and SS2. We excite interband transitions between

∗Polarized PL was also observed in Bi1.95 In0.05Se3 crystals [See SI Appendix, Sec. S3].
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Fig. 1. (a) The electronic band structure near the Γ point as inferred from ARPES measurements (17, 18). The Rashba surface states (RSS) and the unoccupied topological
surface states (SS2) are depicted by thick red lines, with the in-plane spin orientations denoted by� and⊗. The low energy surface states (SS1) near the Fermi energy (EF )
are depicted by thin red lines. The bulk bands (which do not contribute to circularly polarized PL) and are shown in gray. (b) Calculated band structure along the Γ–K cut in
the Brillouin zone of the hexagonal lattice, projected onto the top QL for Jz = 1/2. The blue squares highlight the 3 surface bands [See SI Appendix Sec. S2]. (c) The PL
spectra measured with right-circularly polarized 2.7 eV excitation at 15 K. Right- and left-circularly polarized PL signals are designated by IRR(ω, T ) in red, and IRL(ω, T ) in
green, respectively. The black line shows unpolarized PL background, f(ω, T ). The intensity in the 1.8–2.6 eV range is multiplied by factor of 3 for clarity. (d) The dispersion
relation of non-interacting electron-hole pairs for possible transitions from RSS to SS2, with zero momentum transfer. The only transition consistent with the excitation energy
employed in this study is shown in blue, otherwise shown in gray. With finite interaction, the excitonic bound states form below the band minimum, and are denoted by the

total angular momenta of the electron-hole pairs, Jz . (e) The integrated polarized PL intensity,
∫ 2.5 eV

2.0
[IRR(ω, T )− IRL(ω, T )]dω [shown as the shaded blue area in (c)],

versus excitation energy measured at 15 K. (f) The depolarization ratio r(T ) ≡ IRL(ω,T )−f(ω,T )
IRR(ω,T )−f(ω,T ) is plotted as a function of (ω0), with T ≈ 15 K. The red line is a linear

extrapolation to r(T ) = 0, suggesting a minimum excitation threshold energy of 2.5 eV.

surface states, RSS and SS2, with circularly polarized light,
and study polarization of PL emission in the backscattering
geometry, with light being incident normally on the crystal
surface.

Experimental results

Polarized photoluminescence. Figure 1(c) depicts the intensi-
ties of right- and left-circularly polarized PL signals excited
by right-circularly polarized light, IRR(ω, T ) and IRL(ω, T ),
respectively, where ω is the energy of emitted photons and T
is temperature. Two emission peaks at about 1.5 and 2.3 eV in
the visible range behave in a strikingly different ways when ex-
cited by circularly polarized light. Namely, the peak at 1.5 eV
is unpolarized, i.e., emission of right- and left-circularly polar-
ized light has same intensity. The peak at 1.5 eV behaves as an
ordinary PL signal observed in conventional semiconductors,
where the memory about the incident photon polarization is
lost during thermalization of optically generated electron-hole
pairs. In contrast, the peak at 2.3 eV is almost fully polar-
ized with the same polarization as the excitation photon, i.e.,
emission occurs in the RR channel but not in the RL one.

We note that excitons are not usually observed in semimet-
als and doped semiconductors, with the Fermi level crossing
the conduction band, because the exciton state is likely to
be hybridized with the conduction band states. Even if the
exciton level remains within the gap, the optically produced
electron-hole pairs would relax rapidly to the Fermi energy in
a non-radiative way. In our case, RSS and SS2 are gapped
from the Fermi level, and thus the electron-hole bound state
can decay radiatively, resulting in observed PL.

To further elucidate the nature of polarized PL in Bi2Se3, we
compare the spectra measured in different polarization geome-
tries. The results are reproducible in the “time-reversed” ge-
ometry, i.e., the polarized PL signals with right- [Fig. 2(a)] and
left-circularly polarized excitation [Fig. 2(b)] show the same
line shape and intensity. This suggests that the light-emitting
states are doubly degenerate, with components amenable to
independent excitation by right- or left circularly-polarized
photons. If relaxation processes of these states preserve their
angular momenta, the secondary photons are emitted with the
same polarization as the excitation one. For reasons that will
become clear later on, we denote these states as |Jz = 1〉 and
|Jz = −1〉 [Fig. 1(d)].

In Fig. 2(c)–(f) we show intensity of PL excited with linearly
polarized light, with X (Y) denoting linear polarization parallel
(orthogonal) to the plane of incidence. We find that the
PL signal has almost the same intensity and line shape in
both circular polarization channels, regardless of whether the
excitation photon is X or Y polarized [Fig. 2(c)–(e)]. This
suggests that a linearly polarized photon, being decomposed
into right- and left-circularly polarized ones, can independently
excite both the |Jz = 1〉 and |Jz = −1〉 states. That linear
polarization is not preserved in the PL process [Fig. 2(f)],
and that IXL(ω, T ) coincides with [IRL(ω, T ) + ILL(ω, T )]/2
[Fig. 2(c)], imply that quantum coherence is not preserved
during the relaxation of electron-hole pairs. As the result, the
|Jz = 1〉 and |Jz = −1〉 excitonic states act as two independent
emitters, which preserve linear but not circular polarization.
This property of emission from Bi2Se3 surface states is in
contrast to polarized PL observed in TMD monolayers, where
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Fig. 2. Polarization dependence of PL measured with 2.6 eV excitation at 26 K.
(a)–(b), The thick and thin lines show the right- and left-handed PL spectra under
right- and left-circularly polarized excitation. The black line shows the unpolarized
background. Panels (c)–(e) compare circularly polarized PL spectra excited with
linearly polarized light, where X (Y) denotes linear polarization parallel (orthogonal)
to the plane of incidence. (f), Comparison of the spectra with excitation polarization
parallel and orthogonal to the PL polarization.

both circular and linear polarization are preserved due to
valley quantum coherence (13, 14).

Dependence on the energy of incident photons. Such a high
degree of circular polarization for PL cannot originate from
the bulk bands, which are spin degenerate (29). However,
all the three surface bands in Fig. 1(a) and (b) exhibit spin-
momentum locking, and could lead to optical orientation of
spins with circularly polarized light. To identify the electron
bands responsible for polarized PL, we study the excitation
dependence of the peak intensity. Figure 3 depicts the intensity
of polarized PL measured with a right-circular excitation with
six different energies, as denoted by the arrows in each panel.
As one can see from the figure, the polarized PL peak, whose
position is marked by the dashed line, is absent for excitation
energies below 2.4 eV. This implies that the electron and hole
bands involved in forming the exciton are separated by at least
2.4 eV. By comparing the PL spectra in the top two panels of
Fig. 3, we note however that the spectrum for the excitation
energy of 2.38 eV does not exhibit any visible features at
the exciton energy, i.e. at 2.3 eV, whereas weak PL for the
excitation energy of 2.33 eV is enhanced at 2.3 eV. Also, the
enhancement occurs primarily in the polarized (RR) channel,
whereas PL at the excitation energy of 2.38 eV is not polarized.
We argue that this re-entrant behavior is an indication of the
resonant excitation of dipole-allowed exciton states (30).

Besides the overall intensity, the difference between
IRL(ω, T ) and IRR(ω, T ), depicted in Fig. 3 by the light and
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Fig. 3. Low temperature PL intensity is plotted against photon energy for 6 different
excitations (shown by arrows in each panel): ω0 =2.33, 2.38, 2.57, 2.60, 2.65
and 2.77 eV. The light and dark colored lines denotes IRL(ω, T ) and IRR(ω, T ),
respectively. The smooth background f(ω, T ) is plotted by black lines.

dark colored lines, respectively, also changes with the excita-
tion energy. In Fig. 1(e) we show the integrated PL intensity
difference,

∫ 2.5 eV
2.0 [IRR(ω, T )− IRL(ω, T )]dω, versus the exci-

tation energy ω0. The polarized PL peak is observed only for
excitation energies between 2.6 and 3.0 eV. Comparing the
excitation profile with the known band structure of Bi2Se3
[See SI Appendix, Sec. S2], we conclude that the only possible
interband transition is from RSS to SS2 bands.

Depolarization. To analyze polarization-preserving PL quan-
titatively, we decompose IRR(ω, T ) and IRL(ω, T ) into two
spectral contributions [Fig. 3]: (1) a broad unpolarized emis-
sion band, f(ω, T ), and (2) a narrower peak that is almost fully
polarized, with intensity defined as LR(ω, T ) = IRR(ω, T )−
f(ω, T ). We note that f(ω, T ) and LR(ω, T ) have distinct
lineshapes and therefore are likely to have different origins.
We will henceforth focus on the polarized PL signal, LR(ω, T ).
A small fraction of LR(ω, T ) is also present in the orthogo-
nal polarization emission, LL(ω, T ) = IRL(ω, T )− f(ω, T ) =
r(T )LR(ω, T ), where r(T ) ≡ IRL(ω,T )−f(ω,T )

IRR(ω,T )−f(ω,T ) is the depolar-
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ization ratio [see Material and Methods].
In Fig. 4, we plot the temperature dependence of LR(ω, T ),

excited with 2.6 eV right-circularly polarized light. While PL
is much stronger at 15K, emission remains polarized even at
300K with same r(T ) ≈ 0.1 for all temperatures [SI Appendix,
Fig. S6]. This demonstrates that while heating shortens the
exciton lifetime, it has little impact on polarization of the
exciton emission.

Assuming that the depolarization process occurs mostly
during the energy relaxation of the electron and hole within the
corresponding bands, we expect r(T )→ 0 as ω0 approaches the
direct surface band gap. Figure 1(f) shows that r(T ) linearly
extrapolates to zero at ω0 ≈ 2.5 eV, which suggests that the
band gap should be close to this value. This is consistent with
a direct transition between the top branches of RSS and SS2,
shown by the blue arrow in Fig. 1(a).

Theoretical model

Surface states. Now we turn to the interpretation of the exper-
imental results. In general, polarization-preserving PL is only
possible if the spin degeneracy of electron states is lifted by
breaking either time-reversal or inversion symmetries. Since
a bulk Bi2Se3 crystal is non-magnetic and centrosymmetric,
we argue that observed polarized PL must be entirely due to
surface bands. In the following, we build a minimal model
that explains all the key aspects of the experimental observa-
tions, by considering optically excited electrons and holes in
SS2 and RSS bands, respectively. Based on the first-principle
calculation of the electronic band structure [Fig. 1(b) and SI
Appendix Fig. S4], we assert that both SS2 and RSS states
correspond to Jz = ±1/2 projections of the total angular
momentum on the z-axis and thus can be described by 2× 2
Pauli matrices. Also, the mass term in SS2 is by more than

a factor of four smaller than the corresponding term in RSS
and thus can be neglected [SI Appendix, Sec. S2]. With these
assumptions, we employ the Hamiltonians

HSS2(p) = ∆1σe + v(σe × p) · ẑ,

HRSS(p) = − p2

2mh
1σh − α(σh × p) · ẑ [1]

to describe the massless Dirac electrons near the SS2 touching
point (31) and the massive Rashba holes near the RSS touching
point (32), respectively. Here, ∆ is the energy difference
between the Dirac points of RSS and SS2, v is the Dirac
velocity, mh > 0 is the effective hole mass, α is the Rashba
coefficient, ẑ is a unit vector normal to the surface, σe and
σh are the vectors of Pauli matrices in the SS2 and RSS
spin subspaces, respectively, and 1σe and 1σh are the identity
matrices in the same subspaces. The linear-in-p terms describe
the effect of SOC which locks electron spin at 90◦ to its
momentum. We note that although the RSS band is not
topologically protected, in contrast to the SS1 and SS2 bands,
its band parameters are still expected to be universal given
atomically smooth and freshly cleaved surfaces, which are
realized in Bi2Se3.

An interacting electron-hole pair is described by a 4 × 4
two-body Hamiltonian

Heh(p,k) = HSS2
(
p + k

2

)
⊗ 1σh − 1σe ⊗HRSS

(
−p + k

2

)
+1σe ⊗ 1σhV (r), [2]

where r = re − rh is the relative position of the electron
and hole, V (r) describes the Coulomb interaction, p = −i∇r
and k is the momentum conjugate to (1/2) (re + rh). For
k = 0, the eigenvalues ofHeh(p,k) have aW-shaped dispersion
resembling a multi-layer Mexican hat [cf. Figs. 1(d) and S2 in
SI Appendix ]. If both electron and hole bands were massless,
a bound state would not be possible. However, the two-body
bands originating from Heh(p, 0) are bounded from below
for any values of v and α by the p2 term in the RSS band.
Therefore, the Coulomb attraction between electrons and holes
lead to excitonic bound states.

Eigenstates and optical transitions. In what follows, we focus
on the case of zero total momentum (k = 0) appropriate for
direct optical transitions studied in this Report. If V (r) is
axially symmetric, the z component of the angular momentum
of an electron-hole pair

Ĵz = 1σe ⊗ 1σh (−i∂φ) + 1
21σe ⊗ σ

z
h + 1

2σ
z
e ⊗ 1σh [3]

is a good quantum number although neither the orbital angular
momentum nor spin are good quantum numbers on their own.
(Here, φ is the azimuthal angle of p.) Therefore, the eigenstates
of Eq. (2) can be classified by Jz. The Schrödinger equation
defined by the Hamiltonian in Eq. (2) can be solved by the
following Ansatz for the 4-component spinor wavefunction in
the momentum-space representation [SI Appendix, Sec. S1B]:

ψ(p) = eiJzφ
(
ψ1(p)e−iφ, ψ2(p), ψ3(p), ψ4(p)eiφ

)T
, [4]

where p ≡ |p|. To understand the general properties of the
resulting discrete states and, in particular, their spin struc-
ture, it is instructive to replace the interaction potential by
a model short-range attraction V (r) = −λδ(r), which pro-
vides a reasonable approximation for Coulomb interaction
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s c r e e n e d b y f r e e c a r ri e r s. I n t hi s c a s e, al g e b r ai c e q u a ti o n s
f o r a m pli t u d e s ψ 1 ( p ) , . . . , ψ4 ( p ) h a v e n o n- t ri vi al s ol u ti o n s f o r
a n i n fi ni t e si m all y s m all λ , b u t o nl y f o r s t a t e s wi t h J z = 0
a n d J z = ± 1 [S I A p p e n di x, S e c. S 1 A ]. T h e b o u n d s t a t e s wi t h
J z = ± 1 , l a b el e d a s |J z = ± 1 i n Fi g. 1 ( d ), a r e d o u bl y d e g e n-
e r a t e, w h e r e a s t h e t w o s t a t e s wi t h J z = 0 , l a b el e d a s |J z = 0 ,
h a v e di ff e r e nt e n e r gi e s † . Wi t hi n t h e b a c k s c a t t e ri n g g e o m e t r y
of o u r e x p e ri m e nt, ci r c ul a rl y p ol a ri z e d li g ht c a n o nl y p r o d u c e
e x ci t a ti o n s wi t h ∆ J z = ± 1 . A s s u mi n g n o c r o s s- r el a x a ti o n
b e t w e e n |J z = ± 1 a n d |J z = 0 s t a t e s, w e e x p e c t a si n gl e
P L p e a k a ri si n g f r o m r e c o m bi n a ti o n of t h e |J z = ± 1 e x ci t o n,
w hi c h i s c o n si s t e nt wi t h t h e d a t a [ Fi g. 1 ( c )].

T h e a b o v e a r g u m e nt i s s ui t a bl e f o r e x pl ai ni n g p ol a ri z e d
P L e x ci t e d b y p h o t o n s wi t h e n e r gi e s cl o s e t o t h e M e xi c a n-
h a t mi ni m u m of Fi g. 1 ( d ). O n e c o ul d e x p e c t t h a t s c a t t e ri n g
b y p h o n o n s c o u pl e s t h e |J z = + 1 a n d |J z = − 1 s t a t e s f o r
e n e r gi e s a b o v e t h e mi ni m u m, w hi c h w o ul d c a u s e a n i n c r e a s e of
r ( T ) wi t h ω 0 . H o w e v e r, w e s e e o nl y a m o d e r a t e i n c r e a s e of r ( T )
e v e n if ω 0 i s a b o u t 3 0 0 m e V a b o v e t h e M e xi c a n- h a t mi ni m u m
[ Fi g. 3 ]. T o e x pl ai n t h e p r e s e r v a ti o n of o p ti c al o ri e nt a ti o n
d u ri n g e n e r g y r el a x a ti o n, w e n o t e t h a t a t r a n si ti o n b e t w e e n
t h e |J z = ± 1 s t a t e s r e q ui r e s n o n-f ull y s y m m e t ri c s c a t t e ri n g
c h a n n el s t h a t d o e s n o t c o m m u t e wi t h Ĵ z . H o w e v e r, i t i s k n o w n
t h a t n o n- s y m m e t ri c s u rf a c e p h o n o n s i n Bi 2 S e 3 a r e w e a k ( 3 4 ,
3 5 ), l e a vi n g J z a p p r o xi m a t el y c o n s e r v e d d u ri n g t h e e n e r g y
r el a x a ti o n. I t w o ul d b e i nt e r e s ti n g t o s t u d y i n t h e f u t u r e t h e
i nt e r a c ti o n b e t w e e n t h e c hi r al e x ci t o n a n d o t h e r m o r e e x o ti c
c oll e c ti v e m o d e s, s u c h a s t h e Di r a c pl a s m o n s a n d c hi r al s pi n
m o d e s ( 2 7 , 3 6 , 3 7 ). I m p o r t a ntl y, t h e |J z = ± 1 e x ci t o n s t a t e s
c a n al s o b e r e s o n a ntl y p o p ul a t e d wi t h ci r c ul a rl y p ol a ri z e d
2. 3 e V e x ci t a ti o n [ Fi g. 3 ], w hi c h s u g g e s t s t h a t t h e e x ci t o n s t a t e s
a r e di p ol e- all o w e d a n d t h u s c o n fi r m s t h e p r o p o s e d m o d el.

B o u n d st at e e n er gi e s. T h e t h e o r e ti c al m o d el d e s c ri b e d a b o v e
all o w s o n e t o e x t r a c t q u a nti t a ti v e c h a r a c t e ri s ti c s of t h e e x-
ci t o n s p e c t r a. T h e e x ci t o n e n e r gi e s f o r a s h o r t- r a n g e i nt e r-
a c ti o n a s f u n c ti o n s of t h e di m e n si o nl e s s c o u pli n g c o n s t a nt
u = m h λ / 2 π 2 a r e s h o w n i n Fi g. 5 .  Wi t h t h e b a n d p a-
r a m e t e r s e x t r a c t e d f r o m A R P E S d a t a ( 1 7 , 1 8 ), o n e fi n d s
f o r t h e a b s o r p ti o n e d g e i n t h e J z = ± 1 c h a n n el E ± 1

g =
∆ − m h ( α + v ) 2 / 2 ≈ 1 .8 e V, w hi c h i s s o m e w h a t s m all e r
b u t c o m p a r a bl e t o t h e o b s e r v e d v al u e of 2 .4 8 e V. F o r a
m o r e r e ali s ti c c a s e of t h e C o ul o m b i nt e r a c ti o n ( w hi c h i s a s-
s u m e d t o b e w e a k ), t h e bi n di n g e n e r g y c a n b e e s ti m a t e d
a s ± 1 − E ± 1

g = − 4 R y ∗ l n2 2 m h ( α + v ) a B / e 2 ( 3 8 , 3 9 ),

w h e r e R y ∗ = m h e 4 / 2 2 ε 2
e ff ≈ 0 .0 2 e V i s t h e e ff e c ti v e R y d-

b e r g, ε e ff ≈ 1 3 i s t h e e ff e c ti v e di el e c t ri c c o n s t a nt of s e mi-
i n fi ni t e Bi2 S e 3 f o r f r e q u e n ci e s a b o v e t h e t o p m o s t p h o n o n
m o d e, a B = 2 ε e ff / m h e 2 i s t h e e ff e c ti v e B o h r r a di u s, a n d
e = 2 .7 1 8 . . . i s t h e b a s e of t h e n a t u r al l o g a ri t h m. T h e (l a r g e )
l o g a ri t h mi c f a c t o r i n t h e b o u n d s t a t e e n e r g y a ri s e s b e c a u s e
m a s si v e h ol e s wi t h e n e r gi e s cl o s e t o t h e mi ni m u m of t h e R a s h b a
s p e c t r u m e x hi bi t a n e ff e c ti v el y o n e- di m e n si o n al ( 1 D ) m o ti o n
( 3 8 ). I n 1 D, t h e b o u n d s t a t e e n e r g y i n a w e a k p o t e nti al U ( x )

i s p r o p o r ti o n al t o d x U ( x )
2

( 4 0 ), h e n c e t h e l n2 f a c t o r f o r
t h e 1 / x p o t e nti al. A m o r e a c c u r a t e r e s ul t c a n b e o b t ai n e d

†
Stri ctl y s p e a ki n g, e x cit o n st at e s h a v e t o b e cl a s si fi e d wit hi n t h e s urf a c e s y m m etr y gr o u p, w hi c h i s

C 6 v f or a ct u al Bi2 S e 3 (3 3 ) or C ∞ v f or a r ot ati o n all y-i n v ari a nt H a milt o ni a n i n E q. (2 ). I n s p e cti n g

t h e e x cit o n w a v e f u n cti o n s i n E q. (4 ), w e fi n d t h at t h e t w o |J z = 0 st at e s ar e f ull y s y m m etri c wit h

r e s p e ct t o all s y m m etr y o p er at or s of b ot h C 6 v a n d C ∞ v gr o u p s, a n d t h er ef or e b el o n g t o t h e A 1

irr e d u ci bl e r e pr e s e nt ati o n. O n t h e ot h er h a n d, t h e d o u bl y d e g e n er at e |J z = ± 1 st at e s b el o n g
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r e pr e s e nt ati o n, w hi c h tr a n sf or m a s a n i n- pl a n e el e ctri c di p ol e.

Fi g. 5.  B o u n d st at e e n er gi e s of e x cit o n s wit h J z = ± 1 ( bl u e) a n d J z = 0

(r e d a n d bl a c k) o bt ai n e d b y n u m eri c all y di a g o n ali zi n g E q. ( 2 ) wit h V ( r ) = − λ δ ( r ) .

T h e b a n d str u ct ur e p ar a m et er s ar e t a k e n fr o m fitti n g t h e A R P E S d at a of R ef s. ( 1 7 )

a n d ( 1 8 ) i nt o t h e s p e ctr u m of E q. (1 ): ∆ = 2 .7 e V, v = 2 .0 e V Å, α = 5 .2 e V Å,

m h = 0 .0 3 6 e V − 1 Å − 2 [SI A p p e n di x , S e c. S 2], a n d u = m h λ / 2 π 2 .

b y n u m e ri c al s ol u ti o n of t h e S c h r ö di n g e r e q u a ti o n ( 3 9 ) w hi c h
gi v e s 0 .2 2 e V f o r t h e b o u n d s t a t e e n e r g y, w h e r e a s t h e o b s e r v e d
v al u e i s 0 .2 e V. We t h u s c o n cl u d e t h a t o u r t h e o r e ti c al m o d el
i s i n q u a nti t a ti v e a g r e e m e nt wi t h t h e d a t a.

We n o t e t h a t w hil e α a n d v m a y v a r y sli g htl y f r o m s a m pl e
t o s a m pl e, t h e c hi r al e x ci t o n e n e r g y d e p e n d s o nl y l o g a ri t h mi-
c all y o n t h e b a n d s t r u c t u r e p a r a m e t e r s, a t l e a s t a s l o n g a s t h e
C o ul o m b a t t r a c ti o n b e t w e e n el e c t r o n a n d h ol e i s s u ffi ci e ntl y
w e a k. F u r t h e r m o r e, i t i s k n o w n f r o m A R P E S m e a s u r e m e nt s,
n o nli n e a r o p ti c s, a n d fi r s t p ri n ci pl e c al c ul a ti o n s t h a t, w hil e
t h e t h e p o si ti o n of t h e Fe r mi l e v el i s v e r y s e n si ti v e t o s u r-
f a c e p r e p a r a ti o n, t h e s u rf a c e s t a t e s a r e r a t h e r r o b u s t a g ai n s t
( n o n m a g n e ti c ) s u rf a c e d o p a nt s ( 2 1 , 4 1 , 4 2 ). I n o u r c a s e, t h e
s u rf a c e s t a t e s c o m p o si n g t h e c hi r al e x ci t o n a r e f a r a w a y f r o m
t h e Fe r mi l e v el, a n d t h u s s h o ul d b e e v e n l e s s s e n si ti v e t o s u r-
f a c e c o nt a mi n a ti o n. T hi s n a t u r all y e x pl ai n s t h e r e p r o d u ci bili t y
of t h e o b s e r v e d f e a t u r e s b e t w e e n s a m pl e s.

C o n cl u si o n s

We u s e d p ol a ri z a ti o n- r e s ol v e d p h o t ol u mi n e s c e n c e ( P L ) s p e c-
t r o s c o p y t o s t u d y t h e s e c o n d a r y e mi s si o n f r o m t h e s u rf a c e
s t a t e s of a n a r c h e t y pi c al t o p ol o gi c al i n s ul a t o r Bi 2 S e 3 . W h e n
t h e c r y s t al i s e x ci t e d wi t h 2. 5 – 2. 8 e V ci r c ul a rl y p ol a ri z e d li g ht,
w e d e t e c t e mi s si o n of t h e s a m e p ol a ri z a ti o n a t 2. 3 e V. P ol a ri z a-
ti o n of e mi t t e d li g ht i s p r e s e r v e d e v e n if t h e e x ci t a ti o n e n e r g y
i s h u n d r e d s of m e Vs a b o v e t h e e mi s si o n t h r e s h ol d e n e r g y. We
a s si g n s u c h e mi s si o n a s r e s ul ti n g f r o m r e c o m bi n a ti o n of n o v el
e x ci t o n s t a t e s: c hi r al e x cit o n s . We p r o p o s e t h a t c hi r al e x ci-
t o n s a r e m a d e of ( t o p ol o gi c all y p r o t e c t e d ) m a s sl e s s el e c t r o n s
a n d m a s si v e h ol e s, b o t h r e si di n g o n t h e s u rf a c e of Bi 2 S e 3 a n d
c h a r a c t e ri z e d b y c hi r al s pi n t e x t u r e s. T h e e x ci t o n s t a t e s c a n
b e c h a r a c t e ri z e d b y t h e ei g e n v al u e s of t h e o u t- of- pl a n e t o t al
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angular momentum, Jz. Based on the results of our theo-
retical model, we identify the doublet of degenerate states
with Jz = ±1 as being responsible for observed polarization-
preserving PL. The most surprising finding is that polarization
of chiral exciton PL is preserved up to room temperature and
robust with respect to chemical substitution, which we at-
tribute to the weakness of spin-flip scattering between surface
states with opposite helicity. In this way, chiral excitons
are fundamentally different from other known excitons that
also preserve helicity (4, 13). Controlled optical orientation
of chiral surface excitons may facilitate new photonics and
optoelectronics applications of topological insulators.

Materials and Methods

Material growth. All data presented in the main text are collected
from bulk single crystals grown by modified Bridgman method.
Mixtures of high-purity bismuth (99.999%) and selenium (99.999%)
with the mole ratio Bi : Se = 2 : 3 were heated up to 870 ◦C in
sealed vacuum quartz tubes for 10 hours, and then slowly cooled
to 200 ◦C with rate 3 ◦C/h, followed by furnace cooling to room
temperature.

Experimental setup. The crystals were cleaved prior to cool down
in a glove bag filled with nitrogen gas, and were transferred into
a continuous flow liquid helium optical cryostat without exposure
to atmosphere. A solid state laser was used for 2.33 eV (532 nm)
excitation, a diode laser was used for 2.77 eV (447 nm) excitation,
and a Kr+ ion laser was used for all other excitations, with laser
spot size roughly 50× 50µm2. The power density on the sample is
kept below 0.7 kW/cm2, and all temperatures shown were corrected
for laser heating with 1K/mW. The polarized secondary emission
was analyzed and collected by a custom triple-grating spectrometer
with a liquid nitrogen cooled CCD detector.

The intensity Iµν(ω, T ), was corrected for the laser power and
spectral response of the spectrometer and CCD, where µ (ν) denotes
the direction of incident (collected) photon polarization, ω is energy
and T is temperature. The scattering geometries used in this exper-
iment are denoted as µν =RR, RL, XX and YX. R = X + iY and
L = X− iY denotes the right- and left-circular polarizations, respec-
tively, where X (Y) denotes linear polarization parallel (orthogonal)
to the plane of incidence. Here, we follow the “spectroscopy con-
vention” for the “handedness” of circularly polarized light. That
is, the right and left polarization refers to the angular momentum
measured in the lab frame, rather than the helicity of photon.

Photoluminescence background subtraction. With right circularly
polarized excitation, the measured PL intensities can be decomposed
into two parts:

IRR(ω, T ) = LR(ω, T ) + f(ω, T )
IRL(ω, T ) = LL(ω, T ) + f(ω, T ) [5]

Where LR(ω, T ) and LL(ω, T ) denotes right and left circularly
polarized PL, respectively, and f(ω, T ) denotes the featureless un-
polarized broad background. We assume an energy independent
depolarization ratio r(T ) = LL(ω,T )

LR(ω,T ) . Inserting r(T ) into the above
expression of IRL(ω, T ), we can write the unpolarized emission as:

f(ω, T ) =
IRL(ω, T )− r(T ) · IRR(ω, T )

1− r(T )
. [6]

Then, r(T ) is determined by minimizing sharp features in f(ω, T )
around the 2.3 eV PL peak. The circularly polarized PL can be
calculated knowing r(T ),

LR(ω, T ) =
IRR(ω, T )− IRL(ω, T )

1− r(T )
. [7]
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