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Manipulating quantum states through light–matter interactions has been actively 
pursued in two-dimensional materials research. Significant progress has been made 
toward the optical control of the valley degrees of freedom in semiconducting mon-
olayer transition-metal dichalcogenides, based on doubly degenerate excitons from 
their two distinct valleys in reciprocal space. Here, we introduce a type of optically 
controllable doubly degenerate exciton states that come from a single valley, dubbed as 
single-valley exciton doublet (SVXD) states. They are unique in that their constituent 
holes originate from the same valence band, making possible the direct optical control 
of the spin structure of the excited constituent electrons. Combining ab initio GW plus 
Bethe–Salpeter equation (GW-BSE) calculations and a theoretical analysis method, we 
demonstrate such SVXD in substrate-supported monolayer bismuthene—which has 
been successfully grown using molecular beam epitaxy. In each of the two distinct valleys 
in the Brillouin zone, strong spin–orbit coupling and C3v symmetry lead to a pair of 
degenerate 1s exciton states (the SVXD states) with opposite spin configurations. Any 
coherent linear combinations of the SVXD in a single valley can be excited by light with 
a specific polarization, enabling full manipulation of their internal spin configurations. 
In particular, a controllable net spin magnetization can be generated through light 
excitation. Our findings open routes to control quantum degrees of freedom, paving 
the way for applications in spintronics and quantum information science.

excitonic effects | 2D materials | first principles | spins

Excitons are bound electron–hole pairs (1, 2). Due to their coupling to photons, super-
position of excitons can be initialized and readout by optical means, making them an 
attractive medium for optical manipulation of quantum degrees of freedom (such as spins) 
that are embedded in them (3–5). For example, in monolayer transition-metal dichalco-
genides (TMDs), two energetically degenerate excitons are located separately at the K  
and K ′ valleys in the Brillouin zone (BZ), carrying valley indices. They couple to left- and 
right-circularly polarized light, respectively (6–10). Valley coherence can be accessed via 
light polarization, and its flexible manipulation has been achieved through applied mag-
netic field and optical approaches (11–13).

The rapidly growing family of two-dimensional (2D) materials opens up unprecedented 
opportunities to study new states of matter (14–17). Recently, a monolayer of bismuth 
atoms supported by semiconducting silicon carbide (Bi/SiC for short) has been successfully 
grown using molecular beam epitaxy (MBE) (18). Bi/SiC was reported as a 2D quantum 
spin Hall insulator with a large topological band gap (18–20). The spin–orbit coupling 
(SOC) effect in this material is significant (with a strength of around 1 eV), largely 
exceeding other existing 2D materials. A bismuth monolayer on SiC (as shown in Fig. 1A) 
exhibits a honeycomb structure with two symmetry-related sublattices within a unit cell; 
meanwhile, inversion symmetry is broken due to strong hybridization with the substrate 
(18). This structure is distinct from those of monolayer graphene and monolayer TMDs, 
the other two typical honeycomb-structured materials in the literature. Very recently, 
excitons were experimentally observed in high-quality Bi/SiC samples, and their resonance 
energies were found to be in good agreement with ab initio GW-BSE calculations (21). 
Therefore, this 2D material could provide an innovative platform to explore excitons with 
various forms and their interplay with spins.

In this work, we show that strong SOC and C3v symmetry (within a valley) lead to a 
type of degenerate exciton states — the single-valley exciton doublet (SVXD) states — with 
optically addressable internal spin configurations in Bi/SiC, making possible applications 
in spintronics and quantum information. Through ab initio GW-BSE calculations, group 
theoretic analysis, and pseudo-Bloch functions representations, we show that 1) the two 
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excitons forming the SVXD arise within a single valley and have a 
1s-like exciton envelope function; 2) their constituent holes orig-
inate from the same valence band and are spin-unpolarized, 
whereas their constituent electrons are distinct for the two states 
with opposite spin polarization and sublattice distribution; and 3) 
they couple to photons with opposite circular polarization of light. 
Notably, excitation light with a specific polarization can create a 
coherent superposition state of the SVXD, while controllably con-
figuring its internal spin structure. A net spin magnetization can 
be generated through excitonic processes and manipulated by 
varying the polarization and frequency of the incident light.

Fig. 1A shows the atomic structure of Bi/SiC used in our 
first-principles calculations of its electronic and optical properties. 
This interfacial structure has been successfully realized experimen-
tally and the MBE-grown structure shows no lattice mismatch 
between the monolayer Bi and the SiC substrate (18). To reduce 
the computational cost, we use a single layer of SiC to simulate 
the substrate effect in our calculations, which is shown to accu-
rately capture the low-energy band structure and the physics in 
this paper (See SI Appendix for more details). Fig. 1B depicts the 
Kohn-Sham band structure computed using density functional 
theory (DFT) in the local density approximation (LDA) as well 
as the quasiparticle band structure computed using the ab initio 
GW method (22). Both calculations include SOC within the 
full-spinor formalism. At the K  ( K ′ ) point, the direct gap is 0.93 
eV at the DFT level and is 1.64 eV at the GW level. There is a 
large energy splitting between the topmost two valence bands (of 
0.43 eV at the GW level). In contrast, the bottom-most two 

conduction bands at the K  ( K ′ ) point are degenerate (see detailed 
discussion below). The wavefunctions of the states of these four 
(two conduction and two valence) low-energy bands at K  and K ′ 
valleys (the two valleys are related by time-reversal symmetry) are 
basically localized in the bismuth monolayer, with a major con-
tribution from the bismuth px and py orbitals and a minor con-
tribution from the bismuth s orbital (18).

The significant SOC and substrate effects in this system induce 
intriguing spin–orbit entangled properties to the low-energy 
electronic states at the K and K’ valleys (19, 23, 24). In the absence 
of SOC, a graphene-like Dirac gapless dispersion (instead of a  
gap in the presence of SOC) appears at K  (and K’) (19, 23). At 
the Dirac energy point in the case of no SOC, the states at K   
are composed of orbitals that are pA+ and pB− associated with A  
and B sublattices of Bi atoms in the honeycomb structure 
( p± =

�
∓ px − ipy

�
∕
√
2 ). Combining the local on-site orbital 

angular momentum ( ±1 for p± ) and lattice angular momentum 
( ±1 for A/B sublattice at wavevector K ) together, the pA+ and pB− 
states carry total orbital angular momenta (in units of ℏ ) 
Lz = ± 2 ≡ ∓ 1(mod 3) , respectively (23). Turning on SOC, the 
electron spins of these basis orbitals mix in and a low-energy 
Hilbert space of dimension-4 can be constructed. Using the basis 
of 
����pA+ ↑,K⟩, ���pA+ ↓,K⟩, ��pB− ↑,K⟩, ��pB− ↓,K ⟩

�
 ( ↑ ∕ ↓ denotes spin 

up/down) with total angular momenta Jz = 5∕2, 3∕2,  
− 3∕2, − 5∕2 , respectively, the effective low-energy Hamiltonian 
at K  reads (23)

A B

C D

Fig.  1. Crystal structure, electronic structure, and 
optical absorption spectrum of substrate-supported 
bismuthene. (A) Top and side views of the schematic 
structure of monolayer bismuthene (blue) on the SiC(0001)  
substrate (gray). The unit cell is shown by dashed line 
segments. A and B sublattices of Bi atoms are indicated. 
(B) Computed DFT-LDA (dashed blue) and GW (solid 
red) band structures. (C) Schematic low-energy band 
structure at the K  valley. The Rashba splitting of the two 
conduction bands is anisotropic (the gray filled area). The 
two conduction bands cross each other along the K-M 
direction and remain splitting along the K-Γ direction. The 
k-paths for the schematic band structures are denoted 
by the green arrows. (D) Calculated optical absorption 
spectrum with (red) and without (dashed blue) electron–
hole interactions. A Gaussian broadening factor � = 50 
meV is used. The two main exciton peaks are labeled 
as A and B.
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where �SOC is an on-site SOC matrix element and is positive, mak-
ing �pA+ ↑ ,K⟩ and �pB− ↓ ,K⟩ to be the conduction band states with 
the same energy, as well as making the linear combinations of 
�pA+ ↓ ,K⟩ and �pB− ↑ ,K⟩ to be valence band states. �R (a real num-
ber) originates from a Rashba-type SOC, induced by an out-of-plane 
effective electric field generated from the SiC substrate, and mixes 
�pA+ ↓ ,K⟩ with �pB− ↑ ,K⟩ . Thus, the two valence eigenstates at K 
take the form of ( �pA+ ↓ ,K⟩ ± i �pB

−
↑ ,K⟩ )∕√2 . We emphasize 

that the two topmost valence states are split in energy, whereas the 
bottom two conduction states remain degenerate, which is guaran-
teed by the C3v symmetry at the K  point. This band arrangement 
hosts unique exciton structures as will be discussed below. Using 
time-reversal (TR) symmetry, the band states at K ′ can be obtained, 
with �pA− ↓ ,K� ⟩ and �pB+ ↑ ,K� ⟩ as the two degenerate conduction 
band states and ( �pB+ ↓ ,K� ⟩ ∓ i �pA

−
↑ ,K� ⟩ )∕√2 as the two split 

valence band states, which is equivalent to switching  
A and B sublattice notations of the states at K  . Away from the 
K ∕K � points, a k-dependent Rashba SOC effect (23) leads to a 
small but anisotropic Rashba-type splitting in the energy of the two 
conduction bands (Fig. 1C). This splitting is much smaller than the 
band gap, but it leads to a spin character mixing of the conduction 
band states near the K ∕K � points. Here, we emphasize that, the 
single-valley exciton doublet states we discuss below is formed by 
the degenerate states within a single individual valley. The photo-
response of excitons in the K and K ′ valleys (TR-related) are iden-
tical, and the whole system follows the single-valley physics.

By directly diagonalizing the first-principles GW-BSE 
Hamiltonian (25, 26), a series of exciton states (their energies 
and wavefunctions) are obtained with detailed information on 
their wavefunction character. The ab initio computed optical 
absorption spectrum for linearly polarized light for our system, 
including electron–hole interaction (excitonic) effects, is dis-
played in Fig. 1D (red solid curve) as compared to the 
non-interacting-particle result (blue dashed curve). There are 
two main peaks, denoted as A and B, with excitation energies 
of 1.22 eV and 1.64 eV, respectively. Peak A (B) corresponds to 
the excitation of the lowest-energy optically bright exciton states 
that are mainly formed by interband transitions between the 
first (second) valence band and the two degenerate conduction 
bands. The excitons from both valleys (related by TR symmetry 
from each other) contribute to the peaks for this case of linearly 
polarized light.

We now investigate in detail the character of the SVXD in 
one specific valley, which is allowed because the coupling 
between K  and K ′ valleys is negligible (~0.1 meV; SI Appendix). 
We focus on the A-series exciton properties in the K  valley. 
Fig. 2A shows the energies and optical selection rules of the 
exciton states for linearly polarized light. To characterize their 
symmetry properties and degeneracies, we developed a method 
to directly calculate the group representations for the exciton 
states (See SI Appendix for the details). The irreducible rep-
resentations under C3v symmetry for several of the low-energy 
excitons are shown in Fig. 2A.

The lowest two excitons ��1s+ ⟩ and ��1s− ⟩ of the K valley are 
degenerate, corresponding to e+ and e− chirality, respectively, 
where e± are defined as ( ∓ ex − iey)∕

√
2 with ex ( ey ) denoting 

the unit vector along the + x ( + y ) direction, defined in a global 
coordinate system (Fig. 1A). The nature of these excitons, however, 
can be obscured by the direct numerical diagonalization from the 
GW-BSE calculations, which contains challenges associated with 
the random phases and mixing of degenerate states (SI Appendix). 
To solve this problem, we adopt the concept of pseudo-Bloch 
functions (27) (denoted as ��m,k ⟩ for the single-particle orbitals, 
which is a symmetrized combination of Bloch states at a given k 
point as shown in Fig. 2B). They serve as a different kind of basis 
of electron and hole states with a smooth gauge to give unambig-
uous representations of the internal structure of exciton states. 
The constructed two pseudo-Bloch conduction band states �� c1,k ⟩ 
and �� c2,k ⟩ have main character of pA+ ↑ (denoted as ⇑ ) and ipB− ↓ 
(denoted as ⇓ ), respectively. These pseudo-Bloch conduction band 
states have spins that are locked with sublattice indices and angular 
momentums, which inherit the properties of the states at the K  
point. The energy bands depicted in Fig. 2B for the pseudo-Bloch 
states are defined as the expectation value of these constructed 
states with respect to the quasiparticle Hamiltonian.

In the pseudo-Bloch basis, the degenerate exciton states  
of the A series can be expressed as ���1s± ⟩ = ΣkC

1s±
1

(k)
���

�∗
vk
;� c1,k⟩+ΣkC

1s±
2

(k)��∗
vk
;� c2,k⟩ , where CS

i
(k) are the envelope 

functions in this constructed basis (see SI Appendix for details), as 
shown in Fig. 2D. We find that the 1s+ and 1s− excitons are dominated 
(>99.7%) by transitions from the topmost valence band to the first 
and second pseudo-Bloch conduction bands shown as the upper and 
lower panels in Fig. 2C, respectively, with a same s-like envelope func-
tion in k-space. Thus, they can be simply written as 
�1s+ ⟩ ≈ Σk f (k) ��∗

vk
;� c1,k ⟩ and ��1s−⟩≈Σk f (k)

���∗
vk
;� c2,k ⟩ , 

where f (k) ≈ C
1s+
1

(k) ≈ C
1s−
2

(k).
The optical selection rules (28, 29) for the SVXD become clear in 

this basis. Taking the 1s+ exciton as an example, the  
interband velocity matrix elements for its dominant interband  
transition ( v → c1 ) are related to �̃∓

v,c1,k
=
⟨
�v,k

||e∓. v̂||� c1,k

⟩
=
⟨
� c1,k

||e±. v̂||�v,k

⟩∗
=
(
�̃±
c1,v,k

)∗

 , which correspond to the 
optical excitation from the top valence band to the first pseudocon-
duction band illuminated by e± circularly polarized light, respec-
tively. These matrix elements viewed as a 2D vector field are shown 
in the upper two panels in Fig. 2E for the two circular polarizations. 
They have winding numbers l− = 0 and l+ = 2 , respectively (see 
SI Appendix for more details about choosing the conventions in the 
winding numbers and the selection rules). Comparing these winding 
numbers to the angular momentum of the envelope function of the 
1s+ exciton being m = 0 , we see for this exciton we have m = − l− and 
m ≠ − l+ . A generalized optical selection rule for excitons in 2D 
systems is recently derived by Cao, Wu and Louie (CWL) (28) 
which says that an exciton is optically dark unless m = − l∓ (mod 
n ) for a material with n-fold rotational symmetry along with suffi-
cient magnitude for velocity matrix elements. Following the CWL 
selection rule, we can conclude that �1s+ ⟩ is strongly optically active 
under e+ polarized light and strictly optically inactive under e− 
polarized light. Similarly, the CWL selection rule together with the 
results in Fig. 2E shows that the 1s− exciton is strongly coupled to 
e− polarized light only.

Here, we propose that the singe-valley exciton doublet states 
and their internal spin configurations can be coherently controlled 
by optical means because of their optical selection rules and special 
internal structures noted above. We first introduce the Bloch 

H SOC(K) =

⎛
⎜⎜⎜⎜⎜⎜⎝

�SOC 0 0 0

0 −�SOC − i �R 0

0 i �R −�SOC 0

0 0 0 �SOC

⎞
⎟⎟⎟⎟⎟⎟⎠

,
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sphere to describe light with a general in-plane polarization such 
as elliptical polarization (Fig. 3A). Given the two-angle parameter 
� =

(
�,�

)
 , the corresponding unit vector of the light polarization 

is defined as e� = cos
�

2
e+ + sin

�

2
ei�e−. Under illumination of 

such polarized light, a coherent superposition of the SVXD can 
be excited in the form of �1s� ⟩ = cos

�

2
�1s+ ⟩ + sin

�

2
ei� �1s− ⟩ . 

Since the basis exciton states �1s+ ⟩ and �1s− ⟩ basically share the 
same envelope function and same hole states (in the pseudo-Bloch 
basis), this coherent exciton state can be further expressed as

	 [2]

with ��χc,k(�)⟩= cos
�

2

���χc1,k⟩+ sin
�

2
ei�

���χc2,k⟩ . We can see in this 

superposition state of the SVXD, the hole part ����∗
v,k

⟩ is fixed and 
independent of the polarization of the incoming photon, whereas 
the electron part �χc,k(�)⟩ is a coherent superposition of two 
spin-polarized electron states (Right panel in Fig. 3B), which is con-
trollable by the incident light polarization (see the schematic in 

Fig. 3F). In other words, the absorbed light information is directly 
transferred to the excited exciton through its electron component. 
As a specific illustration, let us take the superposition parameters to 
be along a fixed longitude of the Bloch sphere in Fig. 3A (with � = 0◦ 
as an example). The one-to-one correspondence between the e� 
polarized light and the superposition state 1s� leads to the prediction 
that the square modulus of the exciton velocity matrix element 
T� =

|||
⟨
1s�

||e� ⋅ v̂||0
⟩|||

2
 is identical to that of �1s+ ⟩ under e+ polar-

ized light (denoted as T0 ) for all parameter choice � , shown as the 
red line in Fig. 3D. At the bottom of Fig. 3D, we depict the charac-
ters of internal electron (up to a U (1) phase) of four special super-
position states that are respectively excitable by light with e+, ex , e− 
and ey polarizations.

We evaluate the z-direction total spin expectation values �totz  for 
the superposition states of the SVXD. For the exciton state �1s+ ⟩ 
(with the character 1√

2

����pA+ ↓ ⟩ + i
���pB− ↑ ⟩

�
⊗

���pA+ ↑ ⟩ ) excited by 

e+ polarized light, the hole part has zero net spin expectation, and 
thus �tot

z
 is solely determined by the electron part, which is around 

ℏ ∕2 . Indeed, our first-principles GW-BSE calculations give 

��1s� ⟩≈
�
k

f (k)
���𝜒

∗
v,k

⟩⊗ ��𝜒 c,k(�)⟩,

A

C D E

B

Fig. 2. Exciton envelope functions and interband velocity matrix elements in the pseudo-Bloch basis. (A) Single-valley (the K valley as an example) exciton energy 
levels in the A series. Optically bright (dark) exciton states under linearly polarized light are in red (blue) color. The group representations of the lowest six exciton 
states are labeled in the right panel. (B) Pseudo-Bloch functions ��

mk
⟩ with smooth gauges, constructed from Bloch eigenfunctions ��

nk
⟩ of bands that are 

degenerate at K by unitary transformations. The constructed pseudo-Bloch conduction bands are depicted using dashed red and dashed blue curves, with the 
colors respectively denoting spin-up and spin-down polarizations. The constructed topmost valence band is depicted using a solid black curve. Spin–orbit–sublattice 
locked characters are shown for each of the pseudo-Bloch bands. For details of the construction method, see SI Appendix, section S3. (C) Illustration of the two 
sets of interband transitions in the pseudo-Bloch basis forming the A excitons. (D) The absolute value of the amplitude of the envelope functions CS

i

(
k

)
 of the 

excitons 1s+ (Left Top/Bottom panels) and 1s− (Right Top/Bottom panels) in terms of the two pseudo-Bloch band-to-band transitions shown in C (Top/Bottom panels). 
(E) The interband velocity matrix elements 

∼

�
±

v ,c;k
 in the basis of pseudo-Bloch functions and their winding numbers l∓ . Upper (lower) two panels are velocity matrix 

elements corresponding to interband transitions shown in the Upper (lower) panel in C. The direction and length of the arrows denote the phase and magnitude 
of the matrix elements, respectively. The magnitudes in the lower-left and upper-right panels are multiplied by a factor of 7 for better visibility. For all the k-space 
plots in D and E, the K  point is placed at the origin.
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�
tot
z

(
1s+

)
= 0.99(ℏ∕2) . This is entirely distinct from monolayer 

TMDs, where there is no net spin expectation value for exciton 
created under circularly polarized light. For a general superposition 
state |1s� > with superposition parameter � = (�,�) , the spin expec-
tation value is given by �totz (1s�) = 0.99cos �(ℏ∕2) , depending only 
on the polar angle � . We show this spin property of the superposition 
states along the above-mentioned excitation path in Fig. 3D.

The SVXD at the K ′ valley can be controlled in the same man-
ner as those at the K valley (Fig. 3C). We note that in this valley, 
the upward spin in the excited electrons is also locked with positive 
orbital angular momentum (but locked with the B sublattice), 
and it is also excited by e+ polarized light; and vice versa for the 
downward spin. Thus, the spin expectation values of the super-
position states of SVXD at the K ′ valley are the same as those at 
the K  valley for a given light polarization (Fig. 3 E and D). When 
optically excited, the two valleys have additive contributions to 
the spin polarization.

With this knowledge of manipulating the spin configurations of 
the SVXD, we propose an optical spin generation mechanism and 
quantitatively estimate the amount of the generated spin magneti-
zation. Let us consider the exciton spin expectation value in the 
optical absorption process. We define a spin-resolved optical response 
function, which measures spin magnetic moment created per unit 
time under illumination of unit power of light. It is given as

	 [3]

where �̂totz  is the z-component of the total spin operator including 
contributions from the electron and hole in an exciton, ΩS is the 
excitation energy of the exciton states �S⟩ , C� is a constant prefactor, 
and DS ,S ′ is a function which equals 1 when S and S ′ are degenerate 
otherwise vanishes (see SI Appendix for more details about the 

�z
�
(�)= c�

�
s

�
s�

1

�2

⟨0 ∣ e∗
�
⋅ v̂ ∣S⟩⟨S � ∣ e

�
⋅ v̂ ∣0⟩⟨S ∣𝓈tot

z
∣S �⟩Ds,s��

�
Ωs−ℏ�

�
.

A B D

C

F G

E

Fig.  3. Optically excited coherent superposition of SVXD states and light controllable generation of spin magnetization. (A) General polarization of light 
characterized by the two-angle parameter � = (�,�) , which can be represented by a point (green dot) on the Bloch sphere. (B) A coherent superposition of the 
SVXD states at the K  valley created by light with the polarization shown in A. This coherent exciton state can be equivalently represented as the hole bound to a 
coherent superposition of two electron states with the same coherent parameter. The spin–orbit–sublattice locked characters (denoted as ⇑ and ⇓ ) are shown 
at the top. (C) Same as B but for states at the K ′ valley. (D and E) Square modulus of the exciton velocity matrix elements T� (red) and the spin expectation values 
�
tot
z

 (blue) of the coherent superposition exciton states at the K  valley and K ′ valley, respectively. The superposition parameters are chosen to be along the 
longitude line of the Bloch sphere shown in A with � = 0 . Four specific in-plane light polarizations ( e+,ey ,e− and e

x
 polarizations) and their corresponding excited 

electron characters (each up to a phase) are depicted. (F) Schematic of excitons (and their spin structures) excited by two representative light polarizations,  
e+ circularly polarized light (Left) and linearly polarized light (Right). (G) Light-generated spin magnetic moment per picosecond per unit of incident light power 
�z
�
(�) as a function of the polarization and frequency of light. A Gaussian broadening factor � = 50 meV is used.
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derivation of Eq. 3 and the constant prefactor C� ). In Fig. 3G, we 
plot �z

�
(�) as a function of the polar angle � , with � fixed to zero, 

without loss of generality. A peak appears at the resonance fre-
quency of the A excitons, and the rate of spin magnetization crea-
tion is maximal under circularly polarized light and can be 
continuously tuned by varying the light polarization. Similar behav-
iors can be found at the resonance frequencies of the B excitons. 
These characteristic peaks arise because electron–hole interactions 
give rise to constructive interference of various spin matrix ele-
ments, resulting from excitonic wavefunctions being correlated 
superposition of free electron–hole pair excitations. This effect 
strongly enhances the light-induced spin magnetization, akin to 
the excitonic enhancement in the linear optical absorption shown 
in the Fig. 1D. We expect that this controllable spin magnetization 
can be detected in various photocurrent measurements (30–33).

In summary, through ab initio GW-BSE calculations and a 
pseudo-Bloch function representation method, we have predicted 
the existence of unique single-valley exciton doublet states whose 
internal spin configuration can be optically controlled in the 2D 
topological material Bi/SiC. The tunable spin configuration permits 
the optical generation and manipulation of net spin magnetization. 
As they offer an exceptional interface between photons and spins, 
we anticipate that these degenerate exciton states can pave the way 
for potential applications in quantum information science and 
spintronics.

Methods

To determine the ground-state properties, we perform DFT calculations of Bi/
SiC using the QUANTUM ESPRESSO package (34). We use norm-conserving 
pseudopotentials with a plane-wave energy cutoff of 100 Ry. The atomic struc-
ture of Bi/SiC in the calculations is based on experiments (18), where one unit 
cell of bismuthene is commensurate with a 

√
3 ×

√
3 supercell of the SiC 

(0001) surface with a lattice constant of 5.35 Å. The internal atomic positions 
are relaxed until the residual force on each atom is less than 0.01 eV/Å. We 
use one layer of SiC to mimic the substrate effect which is computationally 
achievable. The ab initio GW and GW-BSE calculations are performed using 

the BerkeleyGW package (35). We use a 2D truncation scheme and an energy 
cutoff of 30 Ry to compute the dielectric matrix for the screened Coulomb 
interaction. We sum up to 1,000 empty bands to calculate the self-energy 
to obtain the quasiparticle band structure. We perform GW-BSE calculations 
using two valence bands and two conduction bands. A 120 × 120 × 1 k grid of 
the Brillouin zone is used for the full-BZ calculations, and a patched sampling 
scheme with the sampling density equivalent to a 360 × 360 × 1 k grid of the 
BZ is used for the single-valley calculations for detailed analysis. More details 
are presented in SI Appendix.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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