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Significance

The dark excitons are proposed 
to play an important role in 
different fields including 
quantum information processing 
and Bose–Einstein condensation. 
Anatase TiO2, which exhibits both 
a bright exciton and an indirect 
band gap, it is expected to 
provide prototypical platform to 
understand the transition from 
bright to momentum- forbidden 
dark exciton. In this work, using 
GW + real- time propagation of 
BSE, we reveal that with respect 
to the conventional electron–
phonon mechanism, the many- 

body electron–hole Coulomb 
interaction activates additional 
exciton relaxation channels that 
notably accelerate the bright–
dark transition. It sheds insights 
into the formation of dark 
exciton in semiconductors.
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The momentum- forbidden dark excitons can have a pivotal role in quantum information 
processing, Bose–Einstein condensation, and light- energy harvesting. Anatase TiO2 with 
an indirect band gap is a prototypical platform to study bright to momentum- forbidden 
dark exciton transition. Here, we examine, by GW plus the real- time Bethe–Salpeter 
equation combined with the nonadiabatic molecular dynamics (GW + rtBSE- NAMD), 
the many- body transition that occurs within 100 fs from the optically excited bright to 
the strongly bound momentum- forbidden dark excitons in anatase TiO2. Comparing 
with the single- particle picture in which the exciton transition is considered to occur 
through electron–phonon scattering, within the GW + rtBSE- NAMD framework, the 
many- body electron–hole Coulomb interaction activates additional exciton relaxation 
channels to notably accelerate the exciton transition in competition with other radiative 
and nonradiative processes. The existence of dark excitons and ultrafast bright–dark 
exciton transitions sheds insights into applications of anatase TiO2 in optoelectronic 
devices and light- energy harvesting as well as the formation process of dark excitons 
in semiconductors.

bright–dark exciton transition | anatase TiO2 | GW + real- time BSE | many- body effects

Excitons are correlated electron–hole (e- h) pairs that are bound as hydrogenic quasiparticles 
(QPs) through the screened Coulomb attraction. They are engaged as carriers of energy, 
spin, and information q- bits in various light- harvesting and optoelectronic materials, 
including organic (1–3), metal- halide perovskites (4–6), transition metal dichalcogenides 
(7–9), metal oxides (10–13), single and compound semiconductors (14, 15), etc. 
Compared with the optically accessible bright excitons, the momentum- forbidden dark 
excitons usually have longer lifetimes because electrons and holes are separated in momen-
tum space, and their recombination requires the second- order assistance by phonons  
(8, 16–18). Research interest in dark excitons has rapidly grown because their extended 
lifetimes make them attractive in potential applications such as quantum information 
processing, Bose–Einstein condensation, and light harvesting (8, 19–25). For these reasons, 
understanding how the bright–dark exciton transitions on ultrafast time scales depend 
on the material structure and composition is of broad interest (18, 25–27).

Anatase TiO2 is one of the most studied metal- oxide semiconductors with important 
applications in photocatalysis, photovoltaics, and sensors (28–39). Previous studies have 
reported that the direct optical band gap of anatase TiO2 is dominated by a strongly bound 
exciton with intermediate Wannier–Mott and Frenkel character, which has a peculiar 
two- dimensional (2D) wavefunction within its three- dimensional (3D) lattice that exhibits 
remarkable exciton–phonon interactions (12, 40). The fundamental band gap of anatase 
is indirect (41, 42), such that the bright exciton forms by direct optical e- h pair excitation 
at around 0.4 eV higher energy. The bright exciton must release this excess energy by 
relaxing through energy and momentum scattering to the band edge. Such relaxation 
pathways of bright excitons are inextricably linked to applications in photonic and 
light- harvesting devices. Nevertheless, whether electrons and holes at the band edges are 
uncorrelated, or whether they form correlated e- h pairs of momentum- forbidden dark 
excitons, is still not established. One may expect that a bright–dark exciton transition is 
led by electron–phonon (e- ph) scattering, but many- body e- h interactions may also con-
tribute to its formation. To unravel dark exciton formation dynamics, a real- time ab initio 
investigation explicitly including many- body interactions is essential.

The benchmark state- of- the- art ab initio theory approach to describe exciton quasipar-
ticle properties in a condensed phase is the GW plus Bethe–Salpeter equation (GW + BSE) 
method (43–45). The GW calculation obtains the QP energy levels based on the many- body 
perturbation theory, while BSE describes the screened e- h pair Coulomb interaction. The 
GW + BSE method is widely used to calculate the “static” electronic structures and their 
interactions in forming excitons in a broad range of materials (42, 46–49). While providing 
realistic band structure descriptions, it has a prohibitive demand on the computational 
resources. The implementation of GW + BSE for exciton dynamics has awaited efficient D
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algorithms to be developed (50). We apply such GW + real- time 
propagation of the BSE approach combined with the nonadiabatic 
molecular dynamics (GW + rtBSE- NAMD) to perform a study 
at the ab initio theory level of real- time exciton relaxation dynam-
ics interacting with a phonon bath (50).

Using this approach, we examine the ultrafast bright–dark exciton 
transition stimulated by many- body effects in anatase TiO2. First, 
using GW + BSE, we find a strongly bound momentum- forbidden 
dark exciton to be formed by the interaction of an electron at Γ and 
a hole at X points (hereafter, the Γ- X exciton). The calculated e- h 
pairs’ binding energy of the bright exciton formed by excitation along 
the Γ- Z direction is 216 meV, while that of the dark Γ- X exciton is 
comparably strong 197 meV at zero temperature. Performing 
single- particle nonadiabatic molecular dynamics (NAMD) calcula-
tion gives a bright- Γ- Γ to dark- Γ- X exciton transition in 300 fs by 
e- ph scattering mediated hole transfer from Γ to X. By contrast, 
applying the many- body GW + rtBSE- NAMD approach, we reveal 
that the e- h Coulomb interaction activates additional exciton relax-
ation channels that accelerate the bright–dark transition to less than 
100 fs. This demonstrates that the many- body Coulomb interaction 
can dramatically enhance the bright–dark exciton transition with 
respect to the conventional e- ph scattering and is the dominant relax-
ation mechanism in high- energy photochemical and photophysical 
processes in anatase. The existence of strongly bound dark exciton 
and many- body correlations leading to its formation in anatase TiO2 
provides insights into its potential applications in light- energy har-
vesting and quantum- information processing.

Results

Existence of the Momentum- Forbidden Dark Exciton. Before 
we investigate the properties of the momentum- forbidden dark 
exciton, it is instructive to establish the properties of the bright 
direct exciton in anatase TiO2. Fig. 1A shows the calculated band 
structure of anatase TiO2, where the dotted and red solid lines 
represent the PBE and G0W0 results, respectively (see more details 
in Materials and Methods and SI Appendix). The G0W0 calculation 

gives an indirect band gap of 3.60 eV and a direct band gap of 
3.92 eV. Compared to the PBE band structure, the correction of 
G0W0 can be understood as a rigid shift of bands.

Fig. 1B shows the anatase optical spectra in the uncorrelated 
e- h picture obtained with G0W0- RPA (mauve line) and the exciton 
picture by solving the BSE equation on top of the G0W0 (blue 
line). The exciton optical spectrum is calculated by solving the 
BSE using the Hefei- NAMD code (52). The G0W0- RPA peak 
locates at 3.92 eV, corresponding to the direct QP band gap, while 
the G0W0- BSE spectrum is structured with peak at 3.69 eV, which 
corresponds to bright direct exciton absorption in anatase TiO2. 
The bright exciton has contributions from the direct e- h pair 
excitation for k- points along the Γ- Z direction, that are indicated 
by the orange arrows in Fig. 1A. Relating the direct QP band gap 
(3.92 eV) in the G0W0- RPA spectra to the direct bright exciton 
peak in the G0W0- BSE optical spectra (3.69 eV), gives the exciton 
binding energy of 223 meV, without considering any offset by the 
zero point energy renormalization (12, 53). Both the G0W0 and 
BSE results in Fig. 1 are in agreement with the previous investi-
gation of the bright exciton (12), shown in Table 1.

As seen from the band structure in Fig. 1A, anatase TiO2 has 
an indirect band gap where the conduction band minimum 
(CBM) is located at Γ and the valence band maximum (VBM) is 
near the X point. The G0W0+BSE calculation using the primitive 
cell cannot describe the momentum- forbidden indirect e- h pair. 
If we extend the primitive cell to a 2 × 2 × 1 tetragonal supercell, 
however, the X point is folded into the Γ point of the supercell 
(as shown in Fig. 2 A and B), enabling the G0W0+BSE method 
to be applied to investigate the indirect Γ- X e- h pair.

To proceed, using the inverse dielectric function obtained by 
the G0W0 calculation with primitive cell in VASP, we use the 
Hefei- NAMD code to perform the BSE calculation of the 2 × 2 
× 1 supercell with 4 × 4 × 4 k- points (see more details in Materials 
and Methods and SI Appendix). In the lower panel of Fig. 2C, we 
plot the optical absorption spectra and analyze the contribution 
from different e- h pairs according to Eq. 5 in the Materials and 
Methods. Because the optical transition oscillator strengths for the 
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Fig. 1. (A) Electronic band structure of anatase TiO2 primitive cell, where the blue dots indicate the PBE calculated bands, and the red lines indicate the values 
obtained after G0W0 corrections. The energy reference is the valence band maximum (VBM). The inset is the Brillouin zone of the anatase primitive cell (51). (B) 
Calculated optical spectra of pristine anatase TiO2. The imaginary part of the dielectric function, or the absorption spectrum, with the electric field polarized 
along the [100] direction.D

o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 U

N
IV

E
R

S
IT

Y
 O

F
 P

IT
T

S
B

U
R

G
H

 F
A

L
K

 L
IB

R
A

R
Y

 /
H

E
A

L
T

H
 S

C
IE

N
C

E
S

 o
n
 J

an
u
ar

y
 1

3
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 1

3
0
.4

9
.1

6
4
.1

9
.



PNAS  2023  Vol. 120  No. 47  e2307671120 https://doi.org/10.1073/pnas.2307671120   3 of 9

indirect e- h pairs are very small, their signal will be silent in the 
optical spectra. Therefore, instead of the optical spectra, we plot 
the joint density of states (JDOS) of the indirect e- h pairs in the 
upper panel in Fig. 2C. Thus, the direct e- h pair signal can be seen 

from the optical absorption spectra and the JDOS includes the 
contribution from both the direct and indirect e- h pair. One can 
see that there is a peak in the absorption spectra contributed by 
different direct e- h pairs along Γ- Z in the range of 3.6 to 3.9 eV, 
corresponding to the bright direct exciton. The largest contribu-
tion to its density is from the Z/2- Z/2 e- h pair, with 3.70 eV 
energy. Significantly, there is a lower energy peak in JDOS con-
tributed by the Γ- X e- h pair at 3.40 eV. Its energy is 197 meV 
lower than the indirect QP band gap obtained by G0W0, indicat-
ing the existence of a strongly bound momentum- forbidden dark 
exciton. The binding energy of the dark exciton is smaller than 
that of the bright exciton by 19 meV at 0 K. The QP band gaps, 
exciton energies, and exciton binding energies of the bright and 
dark excitons are summarized in Table 1. We notice that the exper-
imental measurements reported 3.2 eV as an indirect absorption 
gap (54, 55), which is smaller than the theoretical value. The 
deviation may be due to the influence of defects, doping, and 
polaron formation (42). There is also a possibility that G0W0 
calculation overestimates the QP band gap (56–59). The QP and 
optical band gap, however, mainly affect the diagonal elements 
of the BSE Hamiltonian (see more details in Materials and 
Methods). The off- diagonal elements, which determine the exciton 
dynamics, are barely affected by the possible small overestimation 
of the band gap.

To further understand the strongly bound dark exciton, the 
excitonic squared modulus of electron and hole wavefunctions are 
plotted in Fig. 2D. The electron and hole wavefunctions for the 
bright exciton are also plotted for a contrast. It can be seen that 

Table 1. The QP band gaps, and direct bright and indirect 
dark exciton energies, binding energies, and radii in ana-
tase TiO2

T (K)
Direct Indirect

1 × 1 × 1 2 × 2 × 1 ref. 12 2 × 2 × 1

QP band gap 
(eV)

0 3.92 3.92 3.96 3.60
100 3.94 3.57
300 3.99 3.55

Exciton  
energy (eV)

0 3.69 3.70 3.76 3.40
100 3.75 3.38
300 3.80 3.36

Exciton  
binding  
energy  
(meV)

0 223 216 200 197
100 197 191
300 194 198

Exciton  
radius (nm)

0 // (001) (e) 2.4 2.2
// (001) (h) 2.4 2.5
⊥ (001) (e) 1.3 1.5
⊥ (001) (h) 1.6 1.9

The data are obtained for different unit cells and temperatures. The results reported in 
ref. 12 are also listed.
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E) and momentum (F and G) spaces. The upper (lower) panel in (D and E) corresponds to electron (hole) wavefunctions when the hole (electron) (represented 
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and holes, respectively. The size of the dots corresponds to the magnitude of the e- h pair distribution.D
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in the real space, whether it is a bright exciton or a dark exciton, 
the wave functions of their electron and hole are diffuse parallel 
to the (001) atomic plane. The difference appears in the direction 
perpendicular to the (001) plane, where the wavefunction of the 
bright exciton is relatively localized, exhibiting quasi- 2D charac-
teristics, while the dark exciton is more diffuse. The localized dis-
tribution in the real space corresponds to a diffuse distribution in 
the momentum space. Therefore, in Fig. 2 F and G, we can see 
that the bright exciton is contributed by multiple e- h pairs in the 
Γ- Z direction [perpendicular to the (001) plane], exhibiting a 
relatively diffuse characteristic in the momentum space. On the 
other hand, the dark exciton is contributed by electron at the Γ 
point and hole near the X point, showing a relatively localized 
behavior in the momentum space. Using a hydrogenic model, we 
have fit the radii of the electron and hole wavefunctions parallel 
and perpendicular to the (001) atomic plane. The results are shown 
in Table 1. From the binding energy and spatial nature, we con-
clude that the dark exciton has an intermediate character between 
the Frenkel and Wannier–Mott regimes.

Exciton–Phonon Interaction. In the GW + rtBSE- NAMD approach,  
phonon excitation is simulated using AIMD within periodic 
boundary conditions, and only phonons at the Γ point of the 
supercell Brillouin zone are included. Therefore, the sampling of 
phonon momentum depends on the size and shape of the supercell. 
For this purpose, we use a 2 × 2 × 1 supercell to perform the AIMD 
simulation. Based on the rigid dielectric function approximation 
(see more details in Materials and Methods), the exciton energies 
along the AIMD trajectory can be obtained; the exciton energy 
fluctuation provides a measure of the exciton–phonon coupling. 

We analyze phonon frequency dependence of the exciton–phonon 
coupling strength by representing Fourier transform (FT) spectra of 
the fluctuation amplitude. In Fig. 3, we plot the time- dependent QP 
and exciton energies along an AIMD trajectory of the supercell at 
300 K and their FT spectra. The band unfolding technique is used 
to assign the corresponding band and k- point index in the primitive 
cell of all the states of the supercell. The VB is twofold degenerate 
along the Γ- Z and X- P line. In addition, the X, P, and Z/2 have two 
equivalent k- points when they are folded to the Brillouin supercell 
(BZ) of the supercell. Therefore, in the supercell, the points Γ and Z 
are two- fold degenerate, while the points X, P, and Z/2 are fourfold 
degenerate. During the AIMD simulation, the degeneracy is lifted, 
resulting in two energy levels at points Γ and Z, and four energy levels 
at points X, P, and Z/2. The energy fluctuation amplitudes of VB@Γ, 
CB@Γ, VB@Z/2, CB@Z/2, and VB@X QP energies range within 
0.1 to 0.25 eV, while for the dark and bright excitons, they fluctuate 
by approximately 0.4 eV. This implies when an electron and a hole 
form an exciton, its coupling with phonons is enhanced compared 
with the uncorrelated electron and hole. For both the bright and 
dark excitons, there are three major peaks in the FT spectra, which 
are located at approximately 70, 330, and 500 cm−1. The peak at 
70 cm−1 is attributed to acoustic phonons, while the 330 and 500 
cm−1 peaks are assigned to A2u and A1g optical modes. In addition, 
the small peak at around 830 cm−1 originates from the LO phonon 
at the X- point.

Phonon excitation also affects the band gap and exciton binding 
energy (60). As shown in Table 1, when temperature is increased 
from 0 K to 300 K, the direct QP band gap has a blueshift of 70 
meV, while the indirect QP band gap has a redshift of 50 meV. The 
optical band gap corresponding to the bright exciton has a blueshift 
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of 100 meV. Baldini et al. observed a 40- meV blueshift of the optical 
band gap when the temperature increased from 20 to 300 K, which 
is in line with our calculation. The binding energy for the bright 
exciton decreases to 194 meV, while change in the binding energy 
for the dark exciton is negligible. Therefore, the bright and dark 
excitons have very similar binding energies at room temperature.

Bright–Dark Exciton Transition. To simulate the bright–dark 
exciton dynamics, we choose a representative exciton state at 
approximately 3.7 eV at the major peak of exciton absorption 
as the initial state. As shown in Fig. 4, the largest component 
of the initial exciton is the Z/2- Z/2 component, which has an 
approximately 30% contribution. The direct e- h pairs at Z/4- Z/4 
and 3Z/4- 3Z/4 and indirect e- h pairs at Z/2- P also contribute. 
Fig. 4A shows the time- dependent exciton population projected on 
different e- h pairs. It can be seen that the population on Z/2- Z/2 
decreare to zero in the first 100 fs. The Z/2- P component increases 
from 10% to 20% in the first 20 fs and then also decreases to zero 
in the first 100 fs. Subsequently, the Z/4- Q component increases 
from 2% to 25% in the first 70 fs and then slowly decreases to less 
than 10% within 200 fs. In the same period, the Γ- X component 
increases from zero to approximately 60%, as the equilibrium is 
reached. By fitting the decreasing curve of Z/2- Z/2 and increasing 
curve of Γ- X, we obtain the respective timescales of 34 and 81 fs.

The exciton relaxation pathway is determined by the NAC 
between different e- h pairs, which includes the contribution by 
e- ph interaction, the Coulomb interaction W, and exchange inter-
action vex, according to Eqs. 1 and 6 in Materials and Methods. 
Fig. 5A shows the total NAC elements averaged over the AIMD 
trajectory, while Fig. 5 B–D display the individual contributions 
by W, vex, and e- ph, respectively. The color bar indicates the mag-
nitude of NACs. One can see that vex and W have a similar law of 
change, but vex is two orders of magnitude smaller than W, sug-
gesting that the contribution of the exchange interaction can be 
neglected. W, however, has a comparable effect to the e- ph inter-
action. It can be seen from Fig. 5A that for the Z/2- Z/2 e- h pair, 

the NAC with Z/2- P is the largest, which stimulates the fast tran-
sition from Z/2- Z/2 to Z/2- P in the first 20 fs. Then, Z/2- P has 
a relatively large NAC with Z/4- Q, leading to the transition from 
Z/2- P to Z/4- Q. It also has a small probability of transferring to 
Γ- X directly. Finally, the Z/4- Q e- h pair will relax to Γ- X due to 
the large NAC. Thus, we can determine the major exciton tran-
sition pathway as (Z/2- Z/2) – (Z/2- P) – (Z/4- Q) – (Γ- X). In 
addition, there is a minor exciton transition pathway as (Z/2- Z/2) 
– (Z/2- P) – (Γ- X). From Fig. 5 B–D, one can see that the first 
step (Z/2- Z/2) – (Z/2- P) is motivated by e- ph coupling, and the 
other exciton transformations are driven by the many- body 
Coulomb interaction W. A schematic diagram of the exciton tran-
sition path from Z/2- Z/2 to Γ- X is summarized in Fig. 4C.

We have also studied the exciton transition by setting the initial 
exciton at approximately 3.85 eV, where a small peak mainly con-
tributed by Γ- Γ e- h pair shows up in the absorption spectra. 
Choosing such an initial state is easy to compare with the 
single- particle hole scattering process from Γ to X. The exciton 
dynamics results are shown in Fig. 4D. Compared to the averaged 
NAC elements, the major exciton transition pathway can be deter-
mined as (Γ- Γ) – (Z/4- Z/4) – (Z/4- Q) – (Γ- X), whereas the (Γ- Γ) 
– (Γ- X) transition plays a minor role, as schematically shown in 
Fig. 4F. The timescales for Γ- Γ decreasing and Γ- X increasing are 
43 and 85 fs, respectively. The e- ph interaction is dominant in the 
minor transition path (Γ- Γ) – (Γ- X), and the Coulomb interaction 
W plays the dominant role in the major exciton transition path-
way. From Fig. 5, one can see that the e- ph- induced NAC between 
Γ- X and Γ- Z is large, which is due to the small energy difference 
between VB@Z and VB@X. Despite the large NAC between Γ- X 
and Γ- Z, the coupling between Γ- Z with other e- h pairs are rela-
tively small. Therefore, Γ- Z does not play a dominating role in 
the major exciton relaxation route from Z/2- Z/2 or Γ- Γ to Γ- X.

The momentum- resolved dynamics results affirm that the 
many- body effects play a crucial role in the exciton relaxation 
dynamics of anatase TiO2. For further understanding, we use 
the single- particle TDKS- NAMD method to investigate the e- h 

Fig. 4. Time evolution of the population on major e- h pairs and the schematic diagram of the exciton dynamics channels with different initial exciton states 
(Z/2- Z/2: A- C and Γ- Γ: D- F) at 300 K (A and D) and 100 K (B and E). Red and blue arrows in C and F represent the contributions of W and e- ph coupling, respectively.D
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pair relaxation process from Γ- Γ to Γ- X. Ignoring the e- h inter-
action, this process is equivalent to hole scattering from Γ to X 
stimulated by e- ph scattering. In this case, because the hole 
energy at Z is between the Γ point and the X point, hole scat-
tering can occur among Γ, Z, and X points, and the NACs shown 
in the Inset of Fig. 6A are contributed by e- ph coupling. Direct 
(Γ- Γ) – (Γ- X) is the major route, and (Γ- Γ) – (Γ- Z) – (Γ- X) is 
a minor route. Since the NAC between X and Z is quite large, 
the hole relaxes very fast from Z to X. Therefore, we hardly see 
a temporary occupation of Z point in Fig. 6. Since the many- body 
e- h interaction is not included, e- ph coupling defines the hole 

relaxation. The timescale of hole scattering from Γ to X is 
approximately 300 fs, which is slower than the exciton relaxation 
because all the relaxation mediated by the many- body interaction 
is suppressed.

In general, the magnitude of e- ph coupling is influenced by 
temperature, but the relationship between many- body effects 
and temperature is still unclear. In order to gain a deeper under-
standing of this point, we study the bright–dark exciton transi-
tion process at 100 K. The time- dependent QP and exciton 
energies along the AIMD trajectory at 100 K and their FT spec-
tra are shown in SI Appendix, Fig. S5. Compared to the results 
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at 300 K (Fig. 3), the energy fluctuation of the QP and exciton 
energy at 100 K are not as pronounced. The FT spectra show 
that only the A2u phonon mode at 330 cm−1 plays a dominant 
role at 100 K. All these results suggest a weaker exciton excitation 
and electron–phonon coupling at 100 K. The results of bright– 

dark exciton transition are shown in Fig. 4 B and E. The corre-
sponding NACs between different e- h pairs are shown in 
SI Appendix, Figs. S3 and S6. Compared to the results at 300 K, 
one can see that the bright–dark exciton transition at 100 K 
occurs on similar timescales. The major transition pathways are 
also the same. The most distinct difference is that the tempera-
ture decrease suppresses the e- ph coupling between Γ- Γ and Γ- X 
(10.3 to 7.6 meV) but enhances the many- body Coulomb inter-
action induced coupling between Γ- Γ and Z/4- Z/4 (15.3 to 23.8 
meV). The enhancement of the W term may be associated with 
the small atomic structure change by phonon freezing at 100 K. 
Thus, when Γ- Γ e- h pair is set as the initial state, the W derived 
exciton transition route (Γ- Γ) – (Z/4- Z/4) – (Z/4- Q) – (Γ- X) 
plays a more dominating role compared to the e- ph leading (Γ- Γ) 
– (Γ- X) path at 100 K.

To further understand the role of many- body effects, we also 
simulate the single- particle hole scattering process at 100 K. The 
results are shown in Fig. 6B. It can be seen that since the e- ph 
coupling of Γ- X and Γ- Z are suppressed as the temperature 
decreases, the timescale of hole scattering from Γ to X extends to 
800 fs. Therefore, we can further conclude that the many- body 
effects play a crucial role in the fast bright–dark exciton transition 
at low temperature.

Discussion

Until now, there has been no direct time- resolved measurement 
that can be directly compared with the GW + rtBSE- NAMD 
simulation. Experimental measurements of the bright exciton 
decay and the dark exciton risetime are both challenging. The 
lifetime of bright excitons, however, can be estimated from the 
experimental width of its absorption spectra. Baldini et al. 
obtained an absorption peak with a width of approximately 200 
meV at 300 K, which if interpreted as uncertainty broadening 
corresponds to a 3- fs decoherence time (12). The linewidth is 
closer to that expected from the many- body exciton relaxation 
timescale than the single- particle relaxation timescale. The broader 
linewidth, suggests that it is affected by factors other than energy 
and momentum scattering that affect the exciton coherent quan-
tum dynamics. For example, in the simulation, we chose one 
exciton state as an initial state. In the experiments, multiexciton 
states can be excited. As a n- type semiconductor, the defects con-
tributed by oxygen vacancy and interstitial Ti generally exist 
(61–63). The exciton- defect scattering may affect the exciton 
dynamics. In addition, it is known that the large polaron can be 
formed in anatase TiO2 (64), which can change the dielectric 
environment. Finally, the electron–electron scattering is not con-
sidered in the simulation, which also may be a factor contributing 
to the experimental linewidth.

The GW + rtBSE- NAMD method predicts that when the elec-
tron and hole are bound together, forming an exciton, the e- h 
interaction leads to additional relaxation channels compared to 
those of single particles, which can significantly accelerate exciton 
relaxation process. The NAMD simulation based on LR- TDDFT, 
which can also capture the exciton character, suggests that exciton 
effects accelerate charge relaxation in different systems (65). In 
our previous GW + rtBSE- NAMD study on MoS2, we found that 
the e- h exchange interaction enhances spin- valley depolarization 
(50). Here, by contrast, the exciton in anatase is not spin- polarized, 

and we reveal that the screened Coulomb interaction plays the 
dominant role in the carrier energy and momentum scattering. 
The Coulomb interaction plays a vital role in anatase, and by 
extension to other indirect solid systems, where it not only influ-
ences the bright exciton energy, but also shortens its lifetime lead-
ing to formation of the band gap dark excitons.

In the applications to light harvesting, anatase TiO2 is known 
to enable energy transduction with high conversion efficiency  
(62, 66, 67). The existence of bright exciton ensures good light 
absorption properties in the near- UV spectral region. After the 
e- h pair forms a bright exciton, our work suggests that instead of 
e- h recombination, they undergo ultrafast relaxation to form 
 indirect dark excitons. The momentum- forbidden indirect dark 
exciton is expected to have a longer lifetime than the direct e- h 
pair, which favors the photocatalytic activity of anatase TiO2.

The role of many- body e- h Coulomb interactions suggests that 
the exciton dynamics will strongly depend on the electron and 
hole density, which can be controlled by the photoexcitation or 
the doping density. The effect of high carrier density is not 
known and needs to be investigated. On one hand, high carrier 
density can affect the e- h Coulomb interactions, and thus 
 accelerate the bright exciton transformation, and on the other 
hand, reduce the exciton binding, with untested effect on the 
dark exciton population and lifetimes. The present GW + 
rtBSE- NAMD simulation has been performed for single e- h pair 
excitation but can be extended to investigate the effect of electron 
or hole doping. Moreover, if one considers dark excitons as car-
riers of quantum information, GW + rtBSE- NAMD methods 
can be used to investigate their decoherence by momentum scat-
tering. The same methods can be extended to 2D quantum mate-
rials, to analyze their spin and valley scattering, as well as 
semiconductors with potentially interesting optically dressed 
topological properties (68, 69). The example of anatase TiO2 
dark exciton formation is an unappreciated example of optically 
induced metastable phase formation, that is capable of transduc-
tion of light to chemical energy. Anatase is also known to form 
electron polarons (70), which have not been considered in the 
present calculations. It would also be interesting to extend the 
simulations to investigate the effect of polaron response on 
screening of the Coulomb interaction on the exciton binding 
energy and bright–dark transformation.

In conclusion, by using the GW + rtBSE- NAMD method, we 
have investigated the bright–dark exciton transition in anatase 
TiO2. First, based on the GW + rtBSE- NAMD approach, the decay 
of bright excitons to form Γ- X momentum- forbidden dark excitons 
can be investigated with energy, momentum, and time resolution. 
The binding energy of dark excitons is large, similar to that of the 
bright exciton, which identifies it as the catalytically active species 
in photocatalysis. GW + rtBSE- NAMD simulation suggests that 
the bright–dark exciton transition occurs in an ultrafast manner in 
100 fs. Interestingly, the bright–dark exciton transition does not 
occur dominantly by e- ph coupling. Instead, many- body e- h 
Coulomb interactions activate additional fast relaxation channels 
and distinctly accelerate exciton relaxation. The insights into the 
dark exciton formation and ultrafast bright–dark exciton transition 
in anatase TiO2 will be critical for advancing its applications in 
optoelectronic devices and light- energy harvesting.

Materials and Methods

GW+BSE for the Properties of the Dark Exciton. A G0W0 calculation based 
on the DFT Kohn–Sham (KS) wavefunctions using the Perdew–Burke–Ernzerhof 
(PBE) functional (G0W0@PBE) (71) is performed using a primitive cell with 8 
× 8 × 8 k- points by the Vienna Ab initio Simulation Package (VASP) (72–74). D
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The BSE calculation is performed with the self- developed Hefei- NAMD code 
(50, 52), where GW + rtBSE- NAMD is implemented. The BSE Hamiltonian is 
constructed as

 
[1]

⟨
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⟩
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where v∕c represents the index of the valance hole and conduction electron, 
and EQP
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 and EQP
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 are their G0W0 QP energies. �kcv ⟩ = Ψkc

�
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�
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�
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�
 is the 

e- h pair basis set. W  and v
ex

 represent the screened Coulomb and exchange 
interaction between the electron and hole, respectively, which can be written 
as
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Here, �−1
GG

�

(

k − k�
)

   is the inverse dielectric function from the G0W0 calculation 

using random phase approximation (RPA) (75, 76). G   is the reciprocal lattice vector, 

and the Bloch integral, B   , is defined as B�kn
�k�n�

(G) =
⟨
u
�kn |eiGr |u�k�n�

⟩
   , and is 

calculated from the KS basis sets. The exciton energy and exciton wavefunctions 
are obtained by diagonalization of the BSE Hamiltonian. To calculate the binding 
energy of dark excitons, we establish a 2 × 2 × 1 conventional supercell to perform 
the BSE calculation with 4 × 4 × 4 k- points. This enables the X point, near the VBM 
in momentum space, to be folded into the Γ point. The three lowest CBs and eight 
topmost VBs are included to solve the excitonic Hamiltonian. To verify the reliabil-
ity of the self- developed BSE approach, we compare our calculated bright exciton 
energies to those reported in ref. 12, as shown in Table 1, and find good consistency.

Bright–Dark Exciton Transition According to GW + rtBSE- NAMD. The GW + 
rtBSE- NAMD is an extension of single- particle ab initio nonadiabatic molecular 
dynamics based on the time- dependent Kohn–Sham equation (TDKS- NAMD). It 
combines GW+BSE with real- time NAMD simulation using the surface hopping 
scheme (77) and classical path approximation (CPA) (78). In this approach, the 
real- time BSE Hamiltonian needs to be constructed from the time- dependent 
W  and v

ex
 terms, as well as the QP energies, as expressed in Eq. 1. Based on CPA, 

the trajectory of the nuclear motion R(t) is predetermined by ab initio molecular 
dynamics (AIMD). Based on the AIMD trajectory, the time- dependent KS basis 
sets can be obtained to calculate the exchange term v

ex
 as expressed in Eq. 3. 

During the AIMD simulation, the rigid dielectric function approximation is used, 
under the assumption that it remains unchanged by molecular dynamics (50). The 
inverse dielectric function �−1

GG�
(k − k� ) is obtained from the single- point G0W0 

calculation with a primitive cell, and the screened Coulomb term W  is calculated 
using the inverse dielectric function and time- dependent KS orbitals, as indicated 
in Eq. 2. Finally, the energy difference ΔEGW- PBE between the QP energies from 
the single- point G0W0 calculation using the primitive cell and KS energies using 
the PBE functional is obtained. The QP energies along the AIMD trajectory are 
obtained using the scissor operator by adding ΔEGW- PBE to the PBE KS energies. 
The real- time BSE Hamiltonian is constructed with W  , v

ex
 , and QP energies. From 

that, the time- dependent two- particle Schrödinger equation follows

 
[4]iℏ
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(
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)
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= H (R(t) )Φ
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.

In the e- h pair basis set, the excited state wavefunction is written as

 [5]Φ
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,

where Ψkc (re) and Ψ∗

kv
(rh) are the KS orbitals of the electron and hole. The time 

evolution of the coefficient Akcv (t) is expressed as
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where ⟨kcv �H �k′ c′ v′ ⟩ is the BSE Hamiltonian. In this representation, the excited 
state is described as an e- h pair by KS orbitals.

The solution of Eq. 6 describes the coherent time evolution of excitonic 
states coupled to the nuclear subsystems, which is expressed by a superposi-
tion of different basis sets. Such a superposition is not measurable because a 
quantum mechanical measurement projects it onto just one pure state. Similar 
to previous studies, stochastic surface hopping can be applied to the system to 
overcome this limitation. Specifically, we use the fewest switches surface hop-
ping (FSSH) scheme developed by Tully (77). Within the framework of surface 
hopping, the nonadiabatic coupling elements (NACs) fdetermine the hopping 
or transition probability from one quantum state to another. In the TDKS- NAMD 
method, the NAC is calculated as (79)
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in which ΨKS

j
 and ΨKS

k
 are the KS orbitals, and EKS

j
 and EKS

k
 are the KS energies. The 

e- ph interaction 
⟨
Ψ

KS

j
|∇

R
H |ΨKS

k

⟩
 is captured in the NAC from the KS evolution 

along with the AIMD.
In the GW + rtBSE -  NAMD approach, the NAC includes the off- diagonal ele-

ments of
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in Eq. 6 where
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This equation jointly includes the e- ph interaction contributed by both the elec-
tron and the hole, as an extension of NAC in TDKS- NAMD. In addition to the e- ph 
part shown in Eq. 9, ⟨kcv �H �k′ c′ v′ ⟩   contains the off- diagonal contributions 
from W    and v

ex
   (Eqs. 2 and 3) that are included in NAC. Their inclusion reveals 

that they play a crucial role in the bright–dark exciton transition in anatase TiO2, 
as discussed above.

Data, Materials, and Software Availability. The code can be downloaded 
at the following GitHub, https://github.com/realxiangjiang/paraHFNAMD (80). 
All data associated with this study can be downloaded at the following GitHub, 
https://github.com/AoleiWang/Datasets- of- Anatase- TiO2 (81). All other data are 
included in the manuscript and/or SI Appendix.
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