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Optical dynamics in van der Waals heterobilayers is of fundamental scientific and practical interest.
Based on a time-dependent adiabatic GW approach, we discover a new many-electron (excitonic) channel
for converting photoexcited intralayer to interlayer excitations and the associated ultrafast optical responses
in heterobilayers, which is conceptually different from the conventional single-particle picture. We find
strong electron-hole interactions drive the dynamics and enhance the pump-probe optical responses by an
order of magnitude with a rise time of ∼300 fs in MoSe2=WSe2 heterobilayers, in agreement with
experiment.
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By stacking a variety of two-dimensional (2D) material
layers together, van der Waals (vdW) heterostructures
offer a novel, versatile platform for exploring fascinating
low-dimensional physics, such as Hofstadter butterfly
states [1], topological phases [2,3], unconventional super-
conductors [4], and strong-correlated insulators [5].
Among the diverse 2D materials, the semiconducting
monolayer transition metal dichalcogenide (TMD) family
has attracted broad interest for photonics and optoelec-
tronics because of their direct band gap properties and
strong light-matter interactions [6]. Particularly, many
TMD heterobilayers exhibit a type-II band alignment,
i.e., the conduction band minimum (CBM) and the
valence band maximum (VBM) reside in different layers.
The type-II alignment provides a rich playground for
investigating various optically induced exciton states
(intralayer excitons on the individual layers and interlayer
excitons across the two layers), as well as their dynamical
evolution from mutual interactions [7–19].
Although recent optical pump-probe spectroscopies

have provided rich experimental signatures on the ultra-
fast optical responses in heterobilayers [7–10], their
accurate theoretical description and understanding remain
to be fully understood. Most previous experimental
interpretations on the interlayer optical dynamics are
based on a “single-particle” picture: independent holes
or electrons transfer from one monolayer to its neighbor
through band hybridization or phonon-assisted scattering
[7]. However, such an independent-particle (IP) picture is
conceptually insufficient: in atomically thin TMD materi-
als, the electrons and holes are known to be strongly
bounded to form two-particle low energy states, i.e.,
excitons (correlated electron-hole pairs) with giant

binding energy, due to enhanced Coulomb interaction
from low-dimensional quantum confinement and reduced
dielectric screening [6,20]. A vast literature of previous
studies has shown that the IP picture cannot describe most
optically induced phenomena even qualitatively in low-
dimensional systems [20–26]. Therefore, a many-electron
picture including electron-hole interactions (excitonic
effects) is important to establish a more comprehensive
interpretation of photoexcitation dynamics in TMD het-
erobilayers. However, this is significantly challenging in
ab initio calculations because both time-dependent non-
equilibrium dynamics and many-body excitonic physics
need be accurately captured simultaneously.
In this study, going beyond the IP picture, we discover a

many-body excitonic mechanism, as an alternative or
additional channel, for the dynamics of converting photo-
excited intralayer to interlayer excitations and for the
associated ultrafast optical responses in TMD heterobi-
layers. We find that the couplings between the intralayer
and interlayer excitonic states induce an ultrafast optical
response, conceptually different from the direct single-
particle charge transfer channel in the IP picture. Through
our ab initio time-dependent calculations, strong excitonic
effects are shown to play a crucial role on the ultrafast
exciton dynamics and the pump-probe optical responses by
enhancing the signal by over 1 order of magnitude with a
rise time of about 300 fs. To investigate the real-time
nonequilibrium dynamics including many-electron inter-
actions and excitonic effects from first principles, we
employ a recently developed ab initio time-dependent
adiabatic GW approach (TD-aGW) [26] with real-time
propagation of the density matrix in the presence of an
external optical field.
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In the TD-aGW framework [26],

iℏ
∂

dt
ρnm;kðtÞ ¼ ½HaGWðtÞ; ρðtÞ�nm;k; ð1Þ

where n and m are band indices, and ρnm;kðtÞ is the density
matrix of the interacting many-electron system in the
Bloch-state basis, which serves as the key quantity to
explore the time-dependent field-driven nonequilibrium
system. HaGW

nm;k ðtÞ is the TD-aGW Hamiltonian defined as

HaGW
nm;k ðtÞ ¼ hnm;k þ Uext

nm;kðtÞ þ ΔVee
nm;kðtÞ: ð2Þ

Here, hnm;k is the equilibrium quasiparticle Hamiltonian
which includes all the equilibrium interactions (before
photoexcitation) at the GW level, and it is independent
of time. The external field part is given by Uext

nm;kðtÞ which
denotes the light-matter interaction and is equal to
−eEðtÞ · dnm;k, where EðtÞ is the optical electric field
and dnm;k is the optical dipole matrix. Importantly, the
photoinduced variation of the electron-electron interaction
is given by ΔVee

nm;kðtÞ which has two parts: ΔVee
nm;kðtÞ ¼

ΔVH
nm;kðtÞ þ ΔΣCOHSEX

nm;k ðtÞ, where the first term is the
Hartree potential and the second term is the nonlocal
Coulomb hole plus screened-exchange (COHSEX) GW
self-energy taken in the static screening limit which
accounts for the time change of the many-electron (quasi-
particle and excitonic) effects. In the TD-aGW approach,
the excitonic effects is accurately captured at the GW plus
Bethe-Salpeter equation (GW-BSE) level [26]. This is
validated by the identical linear optical absorbance spectra
(Fig. S2 in the Supplemental Material [27]) comparing
results from standard GW-BSE calculations with those
from TD-aGW. During the real-time evolution, we focus on
the photoinduced time variation of the various quantities:
ΔρðtÞ ¼ ρðtÞ − ρðeq:Þ, ΔVeeðtÞ ¼ VeeðtÞ − Veeðeq:Þ, etc.,
where eq. denotes the equilibrium quantities (i.e., in the
absence of a time-dependent driving external field). The
formalism and computational details on the ab initio
TD-aGW method can be found in the Supplemental
Material [27].
Figures 1(a) and 1(b) illustrate the theoretical pump-

probe setup. We focus on a representative and well-studied
TMD heterobilayer—MoSe2=WSe2 with a common unit
cell size of lattice constant 3.30 Å. As shown in Fig. 1(c),
its quasiparticle band structure exhibits a type-II band
alignment at the K point (as well as the K0 point): the CBM
(VBM) is mainly from the MoSe2 (WSe2) layer with a
quasiparticle bandgap of 1.77 eV. There is very little layer
hybridization for states near the K point, consistent with
previous work [25]. Figure 2(a) shows the equilibrium
linear optical absorbance of the system, which is computed
by solving theGW-BSE (computational details are given in
Supplemental Material [27]). Without electron-hole inter-
actions, the IP picture fails to capture the main features seen

in experiments (not shown) even qualitatively. On the other
hand, the results with excitonic effects (red curve) show
prominent absorption peaks corresponding to intralayer
MoSe2 excitons (electron and hole reside on the MoSe2
layer), intralayer WSe2 excitons (electron and hole reside
on the WSe2 layer), as well as interlayer excitons (electron
and hole reside on the MoSe2 and WSe2, respectively),
which have lower energies but weak optical response due to
their small optical oscillator strengths.

FIG. 1. (a)–(b) Schematic of the ultrafast optical pump-probe
setup for study of MoSe2=WSe2 heterobilayers with a type II
band alignment. The delay time τ denotes the time separation
between the pump pulse and the probe pulse. Optically pumped
excitation of 1s exciton in the MoSe2 layer leads to the ultrafast
interlayer dynamics which is probed by an optical pulse with
WSe2 1s exciton excitation energy after different time delay τ.
cW , cMo, vW , vMo denote the conduction band of WSe2 and
MoSe2, and the valence band of WSe2 and MoSe2, respectively.
(c) GW quasiparticle band structure. The energy of the top of the
valence band of the bilayer is set to be zero. The color represents
the layer-component projection of each Bloch state to the
different layers.
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Next, we investigate the real-time evolution of the
interlayer and intralayer exciton states after the system is
optically pumped at the MoSe2 1s exciton excitation energy
[1.79 eV, the first peak in Fig. 2(a)], as shown in Fig. 1(b).
In the IP picture, the main dynamics of the system would
be that of independent carriers (e.g., photoinduced holes
transferring fromMoSe2 layer to WSe2 layer) through band
hybridization or phonon-assisted scatterings. However, for
2D materials, the photoexcited holes are physically not
“independent” but bound to the excited electrons forming
correlated electron-hole pairs (excitons) with large binding
energies (>300 meV). Therefore, as another channel for
the dynamics going beyond the IP picture, we propose a
new many-body excitonic picture as shown in Fig. 2(b):
after pumping, the excited 1s exciton of MoSe2 couples to
the corelated-continuum (CC) states of the interlayer
excited states which are in resonance in energy. Our
TD-aGW calculations reveal that the dynamical coupling
between the photoexcited MoSe2 intralayer 1s exciton state

and the interlayer excitonic continuum states in fact gives
rise to a fast and significant time evolution in the system.
The computed real-time dynamics of an averaged

photoinduced electron-hole coherence are shown in
Figs. 2(c)–2(d). Here we define the averaged electron-
hole coherence between two bands hΔρvcðtÞi from the
change in the off-diagonals of the density matrix as
hΔρvcðtÞi ¼ ð1=NkÞ

P
k jΔρvc;kðtÞj2. This quantity pro-

vides a measure of the correlation between the electrons
and holes in the conduction band c and valence band v,
respectively. As discussed below, the individual
k-dependent Δρvc;kðtÞ itself is of course the key quantity
for determining the measured time-dependent optical
responses. As shown in Fig. 2(c), after resonantly
pumping at the MoSe2 1s exciton excitation energy
(1.79 eV), the pump-induced hΔρvcðtÞi demonstrates
two significant evolution dynamics: (i) During the
pump-pulse duration [marked by the gray shadow in
Fig. 2(c), with a full width at half maximum of 100 fs],

FIG. 2. (a) Optical absorbance of the MoSe2=WSe2 heterobilayer computed with (e-h, red solid line) and without (IP, black dashed
line) electron-hole interactions. In both computations, quasiparticle self-energy corrections to the equilibrium band structure at the GW
level are included. The position of the lowest-energy interlayer exciton (IX) is marked by the green arrow. (b) Schematic of coupling
between intralayer (MoSe2) 1s exciton and interlayer correlated-continuum (CC) excited states, indicated by the two-particle (correlated
electron-hole pair) density of states (DOS). (c) Pump-induced real-time evolution of electron-hole coherence, as seen through an average
of the photoinduced variations of the density matrix off diagonals: hΔρvcðtÞi ¼ ð1=NkÞ

P
k jΔρvc;kðtÞj2, where intralayer (red line) and

interlayer (green line) quantities are given by taking vc ¼ vMocMo and vWcMo, respectively. The gray shadow area shows the pump-
pulse duration in time (Gaussian shape). We set the center of the pump pulse as zero of the time line. (d) k-space distributions of
intralayer and interlayer electron-hole coherence magnitudes jΔρvcðk; tÞj at two representative time points: snapshot at 120 and at 600 fs
after the pump pulse, showing significant interlayer dynamics. In the plot, the distributions are shown around the K point.
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the intralayer MoSe2 exciton is excited. The magnitude of
ΔρvMocMo

increases dramatically and reaches a maximum
at the end of the pump pulse (at about 120 fs). In the
upper left panel of Fig. 2(d), at t ¼ 120 fs, a k-space
distribution analysis reveals that the photoexcited intra-
layer ΔρvMocMo

ðkÞ is centered at the K point, showing
typical 1s exciton features. The lower left panel of
Fig. 2(d) indicates a very small interlayer ΔρvWcMo

ðkÞ.
(ii) After the pump pulse ended (>120 fs), the magnitude
of ΔρvMocMo

shrinks with time along with a growth of the
interlayer ΔρvWcMo

, demonstrating the excited system is
evolving rapidly from one of intralayer exciton character
to one with increasing interlayer exciton character.
Interestingly, as shown in the lower right panel of
Fig. 2(d), the interlayer ΔρvWcMo

ðkÞ is not concentrated
at K point, reflecting a resonant coupling between the
intralayer (MoSe2) 1s exciton and interlayer correlated-
continuum excited states as schematically indicated in
Fig. 2(b). In general, for a two-level system, coupling
between the two levels would lead to an oscillatory
behavior in the real-time evolution, such as the oscillation
dynamics between light and heavy hole excitons in
semiconductor quantum well systems [43]. However, in
the present case, the coupling is between the excited
intralayer (MoSe2) 1s exciton and a large set of con-
tinuum interlayer excitons with nearby energies [as
shown in Fig. 2(b)] which gives rise to a smooth
dynamics due to the interference of multiple oscillations.
We note that the coherence between holes in different

layers (ΔρvMovW ) is significantly small, therefore a direct
valence-to-valence band coupling is negligible, verifying
that the single-particle picture of hole transition between
valence bands of the two layers is not significant in
the ultrafast timescale (Fig. S3 of the Supplemental
Material [27]). Very fast phonon-assisted processes are
needed if such mechanism is to be viable in the time regime
of a few tens to hundreds of femtoseconds.
We now will discuss the driving forces that give rise to

the dynamics. In the TD-aGW Hamiltonian [Eq. (2)], there
are two time-dependent terms: the external field UextðtÞ
and the internal electron-electron interaction ΔVeeðtÞ. The
latter can be further spitted into two parts: ΔVHðtÞ and
ΔΣCOHSEXðtÞ, as defined above. In Fig. 3, we compare the
real-time evolution of the expectation values of these
dynamical terms. Our ab initio results show that the
ΔΣCOHSEXðtÞ term which accounts for the excitonic effects
is dominant and much larger than the external field term
and the Hartree term: the maximum magnitude ratios are
hΔΣCOHSEXi=hΔVHi ≈ 10 and hΔΣCOHSEXi=hUexti ≈ 30,
revealing the crucial role of strong excitonic effects.
Therefore, excitonic effects are the dominant driving force
and must be accurately included in the real-time evolution.
Such Coulomb-mediated exciton dynamics is a general and
fundamental mechanism which may also be important in
other excitonic phenomena, such as exciton fission

processes where a spin-singlet exciton transforms into
two spin-triplet excitons [44,45].
In experiments, the ultrafast pump-induced intralayer-to-

interlayer dynamical evolution of the system is measured
by an optical pump-probe setup [8] as shown schematically
in Fig. 1(b): a much weaker optical pulse is employed to
probe one layer (e.g., WSe2) after a time delay τ from a
strong pump pulse on the other layer (e.g., MoSe2), and the
transient probe response signal is used to investigate the
real-time system dynamics. Optically probing the interlayer
excitation might offer another way to track the dynamics
of interlayer excited states, but typically the very small
oscillator strength of the interlayer transitions makes it
experimentally impractical [as seen in the extremely weak
computed interlayer optical response in Fig. 2(a)]. Instead,
the WSe2 1s exciton [1.90 eV, the second peak in Fig. 2(a)]
is optically probed in previous experiments after a
pump pulse is used to excite the MoSe2 1s exciton
[the first peak in Fig. 2(a)]. A widely measured quantity
is the transient absorbance change ΔA=A defined as
½Apump onðτÞ − Apump off �=Apump off , where Apump on and
Apump off are optical absorbances at the probed energy after
delay time τ, with and without the pump field [7–11],
respectively. In our theoretical study, the transient optical
properties are calculated from the polarization PðtÞ ¼
ðe=NkVÞ

P
nm;k ρnm;kðtÞdmn;k, where Nk is the number of

k points in the BZ sampling and V is the volume of the unit
cell. From this expression, it is clear that the optical
dynamics is intrinsically related to the dynamics of
ρnm;kðtÞ discussed above. The pump pulse induces a change
in the polarizability and the band occupation corresponding
to the off-diagonal and diagonal terms of ρnm;kðtÞ, respec-
tively, as well as in a change in the electron-electron
interaction (as shown in Fig. 3). These effects contribute to

FIG. 3. Real-time evolution of various terms in the TD-aGW
effective Hamiltonian. The expectation values of time depend-
ence of different dynamical terms are defined as hFðtÞi ¼
TrfρðtÞFðtÞg, where F is the external optical pump field
(Uext, black line), pump-induced Hartree potential variation
(ΔVH, blue line), or pump-induced many-body COHSEX self-
energy variation (ΔΣCOHSEX, red line).
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the optical absorbance change in the pump-probe mea-
surements. Our ab initio simulations here find that the
dominant physics of the observed transient absorption
change is from the dynamics of the off-diagonal terms
of ρnm;k with n and m corresponding to bands localized on
different layers. This may be understood qualitatively as a
phase-space filling (PSF) effect, leading to a reduction in
the amplitude for excitation of the WSe2 intralayer exciton
at a delayed time after pumping of the MoSe2 intralayer
exciton [46]. More details on the calculation of the transient
optical absorbance from our ab initio TD-aGW method are
given in the Supplemental Material [27].
As shown in Fig. 4, the computed transient absorbance

change ΔA=A (in percents) from TD-aGW including
excitonic effects exhibits a fast and prominent rise during
and immediately after the pump duration (gray shadow in
the plot). By fitting to an exponential form cð1 − e−τ=trÞ we
extract a theoretical rise time of tr ≈ 300 fs, which agrees
well with the experimental measurements of about 200 fs
at 9 K [8]. On the contrary, in the case of TD-Hartree
calculation in which only the Hartree term ΔVHðtÞ is
included but ignoring excitonic effects from ΔΣCOHSEXðtÞ,
there is negligible change in the optical response with the
pump pulse: the magnitude is about 30 times smaller than
the full TD-aGW case and no discernable rising behavior
exists after the pump pulse is subsided, which qualitatively
disagree with experiments [8]. These results further evi-
dence the key role of excitonic effects on the optical

dynamics, which is consistent with the driving forces
analysis in Fig. 3. In experiments, existing literature shows
that difficult-to-control measurement deviations happen
due to variations in relative layer orientation, sample
quality, pump-probe details, and other technical issues,
leading to a range for the value of the rise time from several
tens of fs to hundreds of fs in various TMD heterobilayer
samples [7–13]. Moreover, the effects of exciton-phonon
coupling which lies outside of the scope of this Letter, is
expected to bring additional scattering channels into the
time evolution [14–19]. As a result, it may also contribute
to the rise time which calls for future studies. The predicted
hole transfer rate in MoSe2=WSe2 via a phonon-assisted
process is computed to be approximately 400 fs at 300 K
and exceeds 1000 fs at 100 K [15]; moreover, no signi-
ficant temperature dependence was observed in the
experiments [8].
In summary, we discover a new many-body excitonic

channel for the ultrafast dynamics of photoinduced excited
states and optical responses in TMD heterobilayers.
Employing a recently developed ab initioTD-aGWmethod,
we investigate the real-time evolution of the inter- and
intralayer electron-hole coherence, and demonstrate that
the couplings between the intralayer 1s exciton state and
the interlayer correlated-continuum excited states in a
MoSe2=WSe2 heterobilayer give rise to real-time excited-
state and optical dynamics that are consistent with experi-
ments. The strong excitonic effects in the van der Waals
heterobilayers are shown as a major driving force for their
excited-state dynamics and ultrafast pump-probe optical
responses. The many-body excitonic picture, going beyond
the independent-particle theory, thusprovidesnewinsights to
the ultrafast optoelectronics in TMD heterostructures.
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