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Time-resolved, angle-resolved photoemission spectroscopy (tr-ARPES) is a powerful technique to access the
ultrafast dynamics of intervalley couplings and population exchanges. In monolayer transition metal dichalco-
genides, this is advantageous due to the fact that excitons have a large binding energy, allowing them to be
resonantly excited by a short-pulse pump without also putting into play a large set of dissociated electron-hole
pairs, while at the same time remaining relatively localized in momentum space so that the outgoing currents
related to different local valleys can be safely distinguished in the energy-momentum resolved tr-ARPES
signal. In this work, we present a detailed theoretical description of the high-energy states that form the escape
continuum for photoejected electrons in a tr-ARPES experiment, paying particular attention to their momentum
dispersions, time-reversal symmetries, and spin characteristics. The analysis of the various symmetries fulfilled
by such unbound states reveals the existence of a momentum-valley locking for the unbound final electron
states, sharing various features with the valley Hall effect. Moreover, the photoextracted current under a
circularly polarized pump ideally presents a robust triple locking of momentum direction, valley origin, and
spin orientation, which permits envisioning an on-demand source of highly spin-polarized electrons on vacuum.
We also present a study of the robustness of such findings against intervalley processes that tend to mitigate
the valley-spin polarization of the intermediate exciton states. To further investigate this aspect, we consider
in detail the role of Coulomb-exchange driven intervalley coupling. That allows us to quantify the dependence
of the tr-ARPES measurements upon various setup parameters, such as the incident angle and light helicity.
Finally, we present a critical discussion about the role of a few intervalley couplings and/or scattering processes.
Our findings have broad implications and are anticipated to be applicable to other two-dimensional structures
and intervalley scattering events.

DOI: 10.1103/PhysRevResearch.6.043243

I. INTRODUCTION

Monolayer transition metal dichalcogenides (ML-TMDs),
which are materials characterized by the chemical formula
MX 2 (where M is a transition metal and X is a chalcogen
atom, M = Mo, W; X = S, Se), have attracted intense interest
in recent decades [1–3]. They show semiconductor charac-
teristics with a direct band gap in the near-infrared spectral
region, involving two energy-degenerate interband transitions
at the two nonequivalent vertices (which we denote K(±) in
the following) of their hexagonal Brillouin zone (BZ) [4].
The concomitance of a sizable spin-orbit coupling and the

*Contact author: mehdi.arfaoui@fst.utm.tn
†Contact author: robson.ferreira@ens.fr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

absence of spatial centrosymmetry is at the origin of a se-
ries of specific, time-reversal related properties involving the
TMD valence and conduction states, among which are the
spin-valley locking (SVL) and the valley Hall effect (VHE)
[5–9]. The SVL results in the possibility to optically excite
carriers at only one of the valleys by using circularly polar-
ized light (optical-valley selectivity effect), and it has been
largely studied in the literature [10–12]. The VHE consists of
a lateral deviation (with respect to the applied bias axis) along
opposite directions for conducting carriers in opposite valleys,
which has also been recently demonstrated experimentally
[7,8]. Both effects involve states around the fundamental band
gap, and they rely on the nonequivalence of the K(±) valleys.
To the best of our knowledge, effects discriminating between
time-reversal symmetry in higher-energy bands as well as
vacuum states have so far not been discussed in the literature.

Excitons play a crucial role in TMDs. The coexistence of a
complex single-particle band structure, characterized by vari-
ous energetically near valleys and important spin-orbit related
effects, with a strong Coulomb electron-hole (e-h) coupling,
gives rise to a rich set of excitonic states [13–17]. In fact,
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compared to conventional semiconductors, the confinement
into a single layer, the reduced dielectric screening, and the
heavier electron and hole effective masses contribute to the
strengthening of the Coulomb interactions, and eventually to
the formation of a robust (against temperature dissociation)
fundamental exciton state with a small Bohr radius ∼ a few
nm and a large binding energy on the order of hundreds of
meV [3,16–21]. Moreover, the interacting electron and hole
may pertain to different valleys, generating strongly corre-
lated but momentum-forbidden (with regard to dipolar optical
transitions) states. The e-h correlations, as measured by the
exciton binding energies, are very often superior to spin-orbit
splitting of the conduction and valence bands. In the same
way, the Coulombic coupling admixes single carrier states
spread over an important fraction of the BZ (typically of the
size of the Bohr radius inverse). A related question that is still
not completely settled is whether the photogenerated excitons
have a predominant valley assignment, and to what extent is
this SVL property robust. In fact, the first optical experiments
used to demonstrate the optical-valley selectivity in undoped
samples were often analyzed in terms of exciton transitions.
In the same way, earlier descriptions of exciton states were
done within the Wannier-Mott model, which treats separately
excitons pertaining to different valleys [22,23]. Such stud-
ies, which support a SVL for excitons, launched the field of
valleytronics, the applications of which actually rely on the
existence of long (∼ nanoseconds or greater) valley lifetimes,
where the carrier imbalance created by selective pumping
of K(+) or K(−) lasts long enough for gate operations to be
performed [5,6,11,24]. However, more recent investigations
point out the existence of an ultrafast sub- to few-picosecond
valley depolarization [25–28]. It turns out that an efficient
valley depolarization can be triggered by different processes,
either intrinsic (related to the following intervalley Coulomb-
mediated couplings: the e-h exchange interaction [25], a
Dexter-like mechanism [29], and multiexciton contributions
[30]) or extrinsic (intervalley scattering by defects [31] or
phonons [32,33]). The vast majority of the studies rely on
quasiresonant (i.e., around the fundamental band gap) optical
experiments, using either one-color or two-color excitations.

The exciton-valley depolarization may alternatively be di-
rectly probed by time-resolved and angle-resolved photoemis-
sion spectroscopy (tr-ARPES) experiments. Exchange-related
coupling leads to the formation of stationary intervalley
exciton states with no clear valley signature [34,35]. The
latter coupling affects only propagating excitons, i.e., with
nonvanishing center-of-mass (COM) wave vector KCMX, as
referenced to a valley extremum like the ones generated inside
the light cone by an oblique photoexcitation. This has been
predicted to lead to efficient exciton valley depolarization
[10,34,36]. However, the latter coherent stationary picture
may be strongly affected by incoherent intravalley scatterings
that alter KCMX during the radiative recombination (exciton
radiative lifetimes ranging from a few picoseconds at 4 K
[36,37] to a few nanoseconds at room temperature [36] have
been reported). As reported in some works, such scatterings
may considerably inhibit the valley depolarization, similarly
to the strong inhibition of the spin-depolarization measured
for independent carriers and excitons in semiconductor quan-
tum wells in the frequent spin-conserving collisions regime,

and described by the D’Yakonov-Perel mechanism [38,39].
As a consequence, the valley-depolarization rate extracted
from time-resolved optical experiments may not give a direct
measure of the coherent intervalley coupling in the general
case, but it appears to be a sample-quality-dependent quantity.

The tr-ARPES technique results are well suited to the study
of exciton states in TMDs, as reported in different theoretical
[12,40–45] and experimental [46–50] works. In the exper-
iments, the electron of the exciton photogenerated by the
pump pulse is extracted out of the TMD layer by a delayed
probe pulse, injected into the vacuum continuum, and then
collected by the analyzer, which measures its momentum and
energy with good accuracy (see, e.g., [51–53] for more de-
tails). Recent measurements clearly demonstrate that excitons
sit energetically below the interband continuum edge, and they
are essentially formed out of one-electron states dispersed in
the reciprocal space around the six corners (the K(±) edges)
of the first BZ, in agreement with predictions. However, cal-
culations and experiments were performed for a restricted set
of pump and probe excitation parameters of the two pulses,
and without paying enough attention to the tight relationship
between the final escape states and the TMD band structure.
Notably, the roles of the incidence angle, the polar angle, and
the polarization state of the two pulses were not analyzed
in full detail. We present below a more detailed analysis of
exciton-mediated tr-ARPES. We pinpoint the importance of
a careful description of the final states (in particular of their
time-reversed characteristics), and we show that the vacuum
photocurrent signal can be highly modulated by playing with
the pump characteristics. Strikingly, we find that the photoe-
jected electrons carry outside the TMD layer the “internal”
spin-valley selectivity of K(±) states, namely that electrons
of opposite spins, extracted from excitons photocreated in
different valleys, propagate along different directions in a
vacuum, and that an on-demand 100% spin-polarized current
can in principle be generated and controlled by the pump po-
larization under normal incidence. We additionally describe a
protocol to obtain direct information on the exciton fine struc-
ture governed by the intervalley coupling, using an oblique
incidence pump excitation and a variable pump-probe delay
T2. It relies on the ability of the probe pulse to extract the
electron from the exciton in a time T2 that is shorter than
typical scattering times, but that can be a significant fraction
of the one for a coherent valley-flip process under the action
of the intervalley coupling.

The paper is organized as follows. In Sec. II, we review
the model calculation of the photoelectron current in the
framework of a second-order perturbation theory, and we
apply it to the case of arbitrary incidence angle and optical
pulses polarizations, and to exciton states described within
the N-electron formalism. We also present our description
of the high-energy states that form the escape continuum
for photoejected electrons, paying particular attention to their
momentum dispersions and time-reversal symmetries. In fact,
electrons extracted from exciton states near one of the K(±)

edges necessarily occupy continuum states with total in-plane
wave vector near the same edge, due to the fact that both the
pump and probe pulse wave vectors are sizeably smaller than
the BZ size. In Sec. III, we consider the consequences of the
various symmetries and approximations on the details of the
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tr-ARPES signal. We stress the existence of a momentum-
valley locking for the unbound final electron states, and we
develop its similarity with the VHE. We also discuss the spin
characteristics of the photoextracted current, and we show that
the latter ideally presents a robust triple locking of momentum
direction, valley, and spin orientation. Section IV is devoted to
the consideration of intervalley exchange effects. We investi-
gate in detail how this coherent coupling modifies the exciton
states and therefore influences the ARPES signal. We show in
particular that the triple-locking property of the photocurrent
can be monitored on demand by playing with the pump and
probe pulse characteristics. Various polarization configura-
tions are considered, and the role of the incidence angle and
delay time T2 is discussed for each case. We also present a
protocol to extract information on the internal exciton spin-
valley depolarization from the ARPES measurements. Finally,
Sec. V presents a critical discussion of the role of various
forms of intravalley and intervalley couplings and scattering
processes (particularly phonon-related ones) on the ARPES
signal, and the possible utilization of the latter technique to
access the dynamics of intervalley processes in a monolayer
TMD.

II. MODEL OF TR-ARPES AND ELECTRONIC STATES

The exciton-mediated tr-ARPES photoemission has been
modeled in a few works [40–43,45]. In the time-evolution
framework, the photoejection probability into a final | f 〉 state
is given by Pf = |A f |2, where A f is the second-order proba-
bility amplitude:

A f ≈
∑

ν

Cf ,ν (T2) ε̂2 · (�2N ) f
ν ε̂1 · (�1N )ν∅, (1a)

Cf ,ν (T2) = r2
0 Iω f ,ων

(T2) e−iων,∅T2 , (1b)

where r0 = −ie/h̄m0, and m0 is the free-electron mass. We
note (�nN )

B
A = 〈A|[exp(iqn · r)p]N |B〉 is a matrix-element be-

tween two N-electron (Slater) states |A〉 and |B〉, where
[exp(iqn · r)p]N = ∑N

j=1 exp(iqn · r j )p j , and r j and p j are,
respectively, the position and momentum of the jth electron.
We also define (�n)

b
a = 〈a| exp(iqn · r)p|b〉 as the usual ma-

trix element between one-electron states |a〉 and |b〉. |∅〉 is
the ground crystal state; | f 〉 is the final state (to be better
characterized later on) with an outgoing free electron and one
remaining hole in the valence band of the TMD layer; and
labels n = “1′′ and n = “2′′ hold for the near-infrared (NIR)
pump and the high-energy extreme ultraviolet (XUV) probe
pulses, respectively, of polarization ε̂n, average pulsation ωn,
and wave vector qn, temporally separated by delay T2. Taking
Oz as the axis perpendicular to the TMD plane, one has ε̂n =
(εn‖, εnz ) and q̂n = (qn‖, qnz ), with ‖ indicating in-plane com-
ponent. The sum is performed over all intermediate exciton
states |ν〉 that can be photoexcited by the pump. A f (and thus
Pf ) is evaluated for times far after the probe pulse, and is then
time-independent. Finally, Iω f ,ων

(T2) is a delay-dependent
function that reduces to the product Ã2(δω2ν )Ã1(δω1ν ) when
the two pulses do not overlap (i.e., when T2 is much larger
than the pulse widths), where Ãn(ω) = ∫ ∞

−∞ dτ cos(ωτ )An(τ )
contains all information on the temporal profiles An(τ )
of the potential vectors, and on the excitation detunings

δω2ν = ω f − ων − ω2 and δω1ν = ων − ω∅ − ω1. We will
not reproduce the short-delay expression for Iω f ,ων

(T2), which
can be found, e.g., in [40].

Let us first focus on the states associated with the di-
rect fundamental interband transition of an ML-MX 2 system,
which can be excited by the pump pulse. The band gap occurs
at the K(τ ) vertices of the hexagonal two-dimensional (2D)
BZ, where τ = ±1 is the valley label. Recall that the K(τ )

valleys are each at the confluence of three BZs, and occupy in
the repeated zone representation the k-space regions near the
vectors K(τ ) = τK0 [colored regions in Fig. 1(a)]. We denote
|B, τ 〉 the state of the B band at the K(τ ) point of the BZ: B =
v(c) for the topmost (lower-lying) one-electron valence (con-
duction) state that defines the fundamental band gap of the
valley τ (the high-energy bands involved in the photoejection
process will be discussed later). We denote correspondingly
|B, k, τ 〉 as a state near the band B extremum of K(τ ) val-
ley, which possesses a total wave vector k + K(τ ) (|k| 

|K(τ )| = K0 = 4π/3a0, where a0 is the lattice constant). We
also mention that the interband matrix elements 〈c, τ |p|v, τ 〉
can be written as 〈c, τ |p|v, τ 〉 = �(τ ) · σ̂∗

(τ ), where σ̂ (±) =
(x̂ ± iŷ)/

√
2 forms an in-plane orthogonal basis (σ̂ (α) · σ̂ (β ) =

1 − δα,β ; σ̂ (α) · σ̂∗
(β ) = δα,β ). This form directly expresses the

SVL effect (see below). Moreover, �(−) = −(�(+) )∗, due to
the time-reversal relation between states of the two valleys.

An interband optical excitation generates an e-h pair, which
interact to form an exciton. The e-h Coulombic coupling has
both a direct and an exchange component. Let us consider
initially the first term and leave the second one to Sec. IV.
The direct term is valley-diagonal and leads to independent
Wannier-Mott excitons associated with either valley, as dis-
cussed in many papers [35,54]. We restrict here our discussion
to excitons related to the fundamental interband transition
(A-exciton), and we use the envelope function approxima-
tion to describe them. S-symmetry states are the only ones
with nonvanishing dipolar coupling to light. We denote |ν〉 →
|nS, KCMX; τX 〉 the nth S-like state with e-h 2D reduced mo-
tion ϕnS (ρ), free COM wave vector KCMX = ke − kh, where
ke (kh) is the wave vector of the electron (hole), and pertain-
ing to the τX valley. Note that the exciton envelope function
ϕnS (ρ) is purely 2D, while |v, τ 〉 and |c, τ 〉 are formed out of
3D atomic orbitals. We have approximately

(�1N )|nS,KCMX;τX 〉
|∅〉 ≈ δKCMX−q1‖

√
S ϕ∗

nS (0) σ̂∗
(τX )�(τX ). (2)

The matrix elements 〈c, k + KCMX; τ | exp(iq1 · r)p|v, k; τ 〉
≈ �(τ ) were evaluated in the dipole approximation
(q1 → 0) and using the K(τ ) extremum wave functions |B, τ 〉.
The Kronecker delta δKCMX−q1‖ reflects the in-plane translation
invariance. Note also that the oscillator strength (per unit
surface) of the nS exciton is proportional to |ϕ∗

nS (0)�(τX =±)|2.
Equation (2) reflects the valley selectivity (the SVL) for the
NIR pump: an ε̂1 = σ̂ (τ1 ) excitation generates excitons only at
the τX = τ1 valley. For arbitrary pump polarization, ε̂1 · σ̂∗

(τX )
should not vanish to generate excitons at the valley τX .

The probe pulse breaks the exciton entity by promoting
its electron into a continuum of high-energy states. Let us
consider such states. One often uses two approximations
to describe them: the final-state Coulombic interaction with
the remaining hole is neglected, and the outgoing state is
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FIG. 1. (a) Scheme of the hexagonal BZ and the regions (colored in red and blue) around the nonequivalent vertices that define the K(+)

and K(−) valleys in the repeated zone representation. The reciprocal-lattice vectors link the three equivalent corners that define the K(+) edge.
(b) Scheme of the triple in-plane dispersion for fixed k f z = 0 and for a given lattice constant a0 = 3.17 Å (e.g., for MoS2) and their projection
at k f y = 0 of free-electron states around a K-edge of the BZ, probed after being circularly polarized by pump excitation σ̂ (+) (upper panel) and
σ̂ (−) (lower panel).

modeled by a plane wave [55–57]. In addition, as shown
below in Eq. (3), the final in-plane wave vector sits near a
K-edge. In the repeated zone representation, the wave vec-
tors for the available final states near the K(τ f ) edge read
k f + K(τ f ) + τ f a( j), with j = 1, 2, 3, and a(1) = 0 and a(2,3)

are the two BZ wave vectors that link K(+1) to its two equiva-
lent vertices [see Fig. 1(a)]. k f = (k f ‖, k f z ) is the propagation
wave vector, with k f ‖ a small in-plane displacement from
the K-edge (|k f ‖| 
 K0), and k f z accounts for the outgoing
motion of the free electron perpendicular to the TMD layer.
We note in the following K(τ, j) ≡ K(τ ) + τa( j) the wave-
vector positions of the three equivalent vertices that form
the K(τ ) valley, which have the same norm |K(τ, j)| = K0 but
point along 120◦-rotated directions in the TMD plane. Of
course, K(−τ, j) ≡ −K(+τ, j) form another set of three vec-
tors, 60◦-rotated with respect to the previous ones. In the
end, the final free-electron states read |k f ‖, k f z; τ f , j f 〉. The
band label j f plays a similar role to B for the bound dis-
persions, while k f z is specific to the 3D final states. The
outgoing electron has total momentum p f = h̄(k f + K(τ f , j f )
and energy E f = p2

f /2m0. The energy dispersions of a free

electron are thus approximately given by E f ,τ, j ≈ h̄2(K2
0 +

k2
f z )/2m0 + (h̄2/m0)K(τ, j) · k f ‖ and form for a fixed k f z a set

of three intercrossing surfaces (roughly planes) in k-space
near each K edge; see Fig. 1(b). For a given valley, each planar
dispersion corresponds thus to a roughly constant in-plane
velocity v f ‖,τ, j = (1/h̄)∂E/∂k f ‖ ≈ (h̄/m0)K(τ, j) of the same

absolute value but directed along the directions of the three
equivalent BZ vertices of the given valley. For comparison, the
energy dispersions of the bound (B = v, c) states are roughly
quadratic around the K-edges and correspond to much smaller
velocities (they actually vanish at the K-edges). The three
intercrossing quasiplanar free dispersions of a K valley are
schematically presented in Fig. 1(b).

The final states pertinent for the photoemission process
correspond to a dissociated e-h pair with the in-plane COM
wave vector KCM f (because of the in-plane translation in-
variance of the problem) and a vacancy (a hole in the
valence band) with 2D wave vector kh f . We write |c f ; τ f 〉 =
|kh f + KCM f , k f z; τ f , j f 〉 for the final electron and |v f ; τ f 〉 =
|v, kh f ; τ f 〉 for the final hole states. Note that they are both
near the same K(τ f ) point of the BZ, as will become clear
below. For the independent e-h pair |c f ; τ f 〉 ⊗ |v f ; τ f 〉 in the
final state, the probe contribution in Eq. (1) reads

(�2)| f 〉
|nS,KCMX;τX 〉 = δKCM f −q2‖−KCMXδτ f −τX

ϕ̃nS (kh f )√
S

(�2)| f 〉
|X 〉,

(3)

where ϕ̃nS (k) = ∫
dρ ϕnS (ρ) exp(−ik · ρ), and (�2)

| f 〉
|X 〉 ≈

〈0, k f z; τ f , j f |p|c; τX 〉 is the interband momentum matrix el-
ement evaluated at the edge of the 2D BZ in the dipolar
approximation (q2 → 0). It turns out that only states near
the BZ corners contribute to the tr-ARPES, notably for two
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reasons: because of the Fourier mapping ϕ̃nS (kh f ), and be-
cause of qn‖ 
 BZ size (even for the high excitation energy
necessary for h̄ω2 to surpass the extraction energy ≈ typically
a few tens eV). Additionally, one explicitly gets in Eq. (3) the
momentum conservation KCM f = q2‖ + q1‖ expected from
the in-plane translation invariance of the problem. One also
gets the valley conservation τ f = τX , indicative of the fact that
the probe is by far unable to flip the carriers’ valley from the
initial exciton one.

Finally, for given pump and probe characteristics (inci-
dence and polar angles, spectral profiles), the possible final
states are characterized by four parameters: the valley τ f , the
free band j f of this valley, the 2D wave vector kh f for the
final valence hole, and the wave vector k f z that characterizes
the final electron Oz motion. The total photoemission prob-
ability should be summed over these four parameters. It is
worth stressing that they appear only in the Cν (T2) function
and/or in the �2 matrix element, but not in the pump matrix
element Eq. (2); we will come back to this point later. In the
following, we discuss some consequences of the previous re-
sults on the spin- and time-resolved exciton-mediated ARPES
measurements.

III. SYMMETRY AND LOCKING PROPERTIES
OF UNBOUND STATES

Let us first consider the current-valley locking for the
emitted electrons. To this end, we restrict ourselves to the
case of a circularly polarized pump under normal incidence,
which can only generate excitons in a given valley, say the
τ = +1 one for an σ̂ (+) excitation (a more general situation
is discussed later). Let us also fix k f z and consider only the
ground state 1S-excitons: in this case, the summation over
|ν〉 in Eq. (1) is restricted to this sole intermediate state.
Moreover, |k f ‖| = |kh f + KCM f | 
 K0, so that the in-plane
projection of the emitted free-electron total momentum is
largely determined by its valley component: p f ‖ = h̄Kτ f , j f .
Electrons are thus emitted within relatively narrow cones in
the in-plane momentum space, centered at the h̄Kτ f , j f mean

directions; in the remainder of the paper, we call such a pretty
directive emission cone (or emission lobe) a “pocket.” Since
K(τ f , j f =1,2,3) corresponds to three vectors with the same norm
K0 but rotated by 120◦ from each other, the outgoing electron
current related to a given valley is actually formed by three
currents, of the same intensities but with polar directions 120◦
rotated from each other. Of course, the same analysis holds
true for the τ = −1 valley under σ̂ (−) polarization excitation,
which also leads to a three-current pattern that is, however,
60◦ rotated with respect to the τ = +1 one. Thus, for each
of the three currents for a given valley, one obtains after light
circular polarization reversal a current with reversed in-plane
direction (since K(−τ, j) = −K(+τ, j)). For a linearly polarized
pump excitation, the two valley contributions to the escape
current combine (see below) to give the six-pocket pattern
recently evidenced in tr-ARPES measurements [48,58]. It is
worth reinforcing this point: a circularly polarized pump un-
der normal incidence is expected to generate a three-pocket
pattern in place of the six-pocket one, indicative of a single-
valley contribution. Moreover, reversing the pump circular
polarization (while keeping everything else constant) would
generate the sole complementary three-pocket pattern related
to the opposite valley. Finally, a π -rotation of the sample (at
constant excitation and detection parameters, or, equivalently,
a π -rotation of the whole experimental setup) interchanges the
+1 and −1 valleys and would lead to probe the reversed cur-
rent. Interestingly, these features for the photoejected electron
outside the sample also characterize the VHE, which involves
currents inside the TMD layer in the presence of an applied
bias (absent in our case). tr-ARPES appears to be a technique
to externally visualize the momentum-valley locking effect.
The analogy with the VHE is further developed below.

For now, let us put the previous discussion on a more quan-
titative basis, using Eqs. (1), (2), and (3) for the probability
amplitude. By considering only 1S excitons and neglecting
small COM (KCMX and KCM f ) and light wave vectors (qn),
one obtains for the integrated (over kh f and k f z) probability
related to the pocket (τ f , j f )

P(τ f , j f ) = P̄j f |ε̂1 · σ̂∗
τ f

|2, (4a)

P̄( j f ) = |ϕ∗
1S (0)�(τ f )|2

∑

kh f ,k f z

|Cf ,1S (T2)ϕ̃1S (kh f ) ε̂2 · 〈0, k f z; τ f , j f |p|c; τ f 〉 |2, (4b)

where f = (kh f , k f z; τ f , j f ) in Cf ,1S (T2). It can be shown that
P̄j f is independent of τ f , due to the time-reversal symmetry
[59] and to the summations over (khf , k f z). A circularly polar-
ized pump ε̂1 = σ̂ (τ ) excites only the pockets (τ f = τ, j f ), and
a reversing polarization ε̂1 = σ̂ (−τ ) also reverses the pockets
profile (more precisely, its in-plane projections). Note that
the small k-space extension imposed by ϕ̃1S (kh f ) (|�kh f | 

K0) and by the energy-momentum resolution of the analyzer
(which may severely limit �k f z) ensures that there is no
pocket overlap, and it allows us to unambiguously define the
integrated pocket current [see Eq. (4)].

Let us now further deepen the analysis of the electron
currents in a tr-ARPES experiment and consider its spin

characteristics. To this end, we recall that the valence and
conduction states |B = v, c; τ 〉 involved in the exciton for-
mation have been shown to be well described by uncoupled
|orbital〉 ⊗ |spin〉 states, which are valley-governed and such
that both the spin and electron orbital momentum projections
along the Oz direction are reversed for the +1 and −1 valleys
(time-reversal symmetry). Since the dipolar coupling to the
probe light is spin-diagonal, the outgoing electron carries the
same spin it had in the initial exciton. As a consequence,
the exciton-mediated tr-ARPES experiments would gener-
ate currents that are ideally 100% spin-polarized and 100%
valley-polarized (again since the different “pockets” are well
resolved by the analyzer with no overlap because of the
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FIG. 2. (a) Schematic representation of the pump and probe sequential excitations for a single electron, showing, in particular, the two
nonequivalent (time-reversed) sets of three final bands in the continuum, around the K(+) and K(−) edges. For circular pump polarization under
normal incidence, the whole process is valley-conserving: the photoejected electron remains near its original edge in the valence band, so that
the available final states for the probe are very effectively filtered by the pump. Note that the fully occupied VB is assumed to lie at Eø = 0 eV
and the CB minimum is energetically situated at the band gap. The envelope of the pump/probe pulse of temporal width σn centered around
time Tn with a Gaussian profile. (b) Illustration of the spin-momentum-valley locking effect, for Mo-based and W-based, expected for the
ARPES current resulting from a circular pump polarization under normal incidence.

important Fourier mapping of Wannier-Mott excitons and
small �k f z). In conclusion, spin-resolved tr-ARPES using
a circularly polarized pump under normal incidence exci-
tation would allow direct visualization of the simultaneous
momentum, spin, and valley locking. This triple locking is
schematically represented in Fig. 2.

It follows from the previous discussions that the pho-
tocurrent from tr-ARPES (that results from a two-excitation
process) is a valley-discriminant process, to be aligned with
interband dichroism and VSL (related to a single interband
excitation). It shares various features with the VHE effect,
such as (i) the bijective links between any two of the three

characteristics: K-valley, spin orientation, and triple (120◦
rotated) current directions, and (ii) the possibility to externally
monitor them (reversing the bias in VHE and the pump po-
larization in tr-ARPES). This common phenomenology is not
fortuitous. Indeed, VHE relies on the Berry curvature of the
conducting states, which is tightly related to the actual carrier
valley (it reverses sign under valley exchange), and analo-
gously, the spin and the propagation directions of photoejected
electrons are closely related to the exciton valley. To further
clarify the analogy, let us consider the average final current
〈p〉 = 〈�|p|�〉, with � the time-evolved wave function [the
same used to obtain Eq. (1)]. For a given pump polarization,
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the vacuum current is proportional to

〈p〉vac ≈
∑

f

h̄K f |A f |2 =
∑

τ f , j f

〈p〉vac(τ f , j f ), (5)

where f = (kh f , k f z; τ f , j f ). The total current on one side of
the TMD layer is thus a sum of six contributions, 〈p〉vac(τ f , j f ).
Its in-plane component vanishes when summed over all
possible final states, since

∑
j=1,2,3 K(τ, j) = 0. For circular

polarization, only three 〈p〉vac(τ f , j f ) do not vanish and give
the three-pockets, as we discussed above. For any j f there is
〈p〉vac(−τ f , j f ) = −〈p〉vac(+τ f , j f ) since K(−τ, j) ≡ −K(+τ, j): the
in-plane current reverses direction for reversed pump polar-
ization, like the in-plane VHE current (or the lateral bias that
it induces) reverses direction (sign) under bias reversal.

IV. INTERVALLEY EXCHANGE EFFECTS

For oblique pump incidence, the photoexcited excitons
have a nonvanishing COM wave vector. Excitons with the
same KCMX but pertaining to different valleys are coupled
by the exchange part of the Coulombic interaction [34,35].
Let us then consider its role in the photoemission process
(we restrict the discussion to a single ν = 1S state, which
excludes 1S − 2S intravalley beatings [60]). The exchange
coupling is due to the long-range part of the Coulomb po-
tential, which is able to admix states of different valleys. The
intervalley excitonic mixing has been discussed in a few pa-
pers [25,34,45,61]. Following these works, the coupling of the
two 1S states |1S, KCMX; τX = ±1〉 (or |±X 〉 in short), with
the same in-plane wave vector KCMX and energy E1S (KCMX)
but attached to different valleys, generates the valley-mixed
states |1S, KCMX; η = ±1〉 (or in short |η〉):

|η〉 = 1√
2

(e−iθCMX |+X 〉 − η e+iθCMX |−X 〉), (6a)

Eη = E1S (KCMX) + η h̄�exc
1S (KCMX). (6b)

They are the symmetrical and antisymmetrical combina-
tions of the two independent excitons |±X〉. θCMX is
the in-plane direction of KCMX, and h̄�exc

1S (KCMX) is
the intervalley exchange coupling (roughly proportional to
KCMX for small COM wave vectors, as calculated, e.g.,
in [34]). Finally, E1S (KCMX) = E1S (0) + h̄2K2

CMX/2MCMX ≈
E1S (0), with MCMX the sum of the electron and hole effective
masses. One has then

A f ≈ C1S (T2)
∑

η

ε̂2 · (�2) f
ηe−iη�exc

1S T2 ε̂1 · (�1)η∅, (7)

where the weak dependence of I (T2) on the small exchange
energy h̄�exc

1S was neglected: Iω f ,ωνη
(T2) ≈ Iω f ,ων

(T2) so that
C1S (T2) is the same as in Eq. (1b). Considering that the final
electron and hole states both sit near τ f (recall that we ne-
glect any Coulombic coupling in the final states), only |τ f X 〉
contributes to the probe-related �2 matrix elements, and one
gets

Aτ f ≈C1S (T2)τ f
e−iτ f θCMX

√
2

ε̂2 · (�2)| f 〉
|τ f X 〉

×
∑

η

e−iη�exc
1S T2 ε̂1 · (�1)|η〉

|∅〉. (8)

The matrix element of �2 is the same as in Eq. (3) (for τX =
τ f ). The pump contribution is the same as in Eq. (2) after the
replacement

σ̂ ∗
(τX )�(τX ) → 1√

2
(e+iθCMX σ̂ ∗

(+)�(+) − η e−iθCMX σ̂ ∗
(−)�(−) ).

(9)
One has then

Aτ f ≈ C1S (T2) τ f ε̂2 · (�2)| f 〉
|+X 〉δKCMX−q1‖

×
√

S ϕ∗
nS (0)�0 e−iτ f θCMX Apump

τ f =±1, (10a)

Apump
τ f

= ε̂1 · (
cos

(
�exc

1S

)
eiθCMX σ̂ ∗

(τ f )π(τ f )

+ i sin
(
�exc

1S

)
e−i θCMX σ̂ ∗

(−τ f )π(−τ f )
)
, (10b)

where we define the phase �exc
1S = �exc

1S T2, and π(τ ) =
�(τ )/�0 are normalized matrix elements that verify π(−) =
−(π(+) )∗, and �0 = |�(±)|. One easily recovers the previ-
ous results for the case of normal pump excitation [i.e., for
�exc

1S (0) = 0]. One already sees that the exchange coupling
brings two effects: it modifies [by a cos(�exc

1S ) factor] the
intravalley probability, and, most importantly, it allows a
valley-flip process [term with sin(�exc

1S ) factor] for propagat-
ing excitons. These effects will be considered at length below.
Apump

τ f carries all information related to the pump excitation
[aside from its spectral profile, included in the C1S (T2) func-
tion]. It does not depend on the final wave vectors kh f and kz f ,
and thus its absolute square appears as a multiplicative factor
when the summation over these wave vectors is performed to
obtain the integrated photoemission probability (or the inte-
grated photocurrent) for a pocket. This parameter allows us
to focus on the control of the electron photoejection process
related to the sole pump excitation. We define correspondingly
the normalized integrated signal Ppump

τ f = |Apump
τ f |2 for any of

the three pockets of the τ f valley.

Role of pump excitation configuration

For an oblique pump with incidence and polar angles θinc

and φinc, respectively, and arbitrary electric field polarization
(EX , EY ) fulfilling |EX |2 + |EY |2 = 1 and lying in the plane
(X,Y ) orthogonal to the wave vector q1 (along the OZ axis),
one has

ε̂1 · σ̂∗
(±) = 1√

2
(EX cos (θinc) ∓ iEY )e∓iφinc , (11a)

ε̂1 · σ̂∗
(τ ) = 1√

2
(EX cos (θinc) − iτEY )e−iτφinc . (11b)

For completeness, we give also the Oz component ε̂1 · ẑ =
EX sin(θinc). Note that σ̂ (±) are defined with respect to the
crystalline axis in the TMD (x, y) plane, and the polar angle
φinc is the angle between the projection of the OX axis in the
(x, y) plane and the Ox axis in this plane (see Fig. 3). For
normal incidence φinc becomes undetermined. The δKCMX−q1‖
in Eq. (2) imposes that θCMX = φinc, so that the final photoe-
jection probability is independent of the pump polar angle,
for any polarization ε̂1. Finally, Ppump

τ f depends on four pa-
rameters: field polarization (EX , EY ), incident angle θinc, and
pump-probe delay T2 [as mentioned, the pump spectral profile,
more difficult to modify in the experiments, appears only in
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FIG. 3. Schematic illustrating of the polar φinc and incidence
angles θinc, as referenced to the crystalline axis. We note (OXY Z )
is the referential for the incoming light, q = qẐ, and polarization
E = EX X̂ + EY Ŷ. (Ox̄ȳz̄) is the referential for projection of (OXY Z )
in the TMD plane, by a rotation of (OXY Z ) around the Oȳ ≡ OY
axis. Oz̄ is perpendicular to the TMD plane. (Oxyz) is the crystal
(real-space) axis, which can be different from (Ox̄ȳz̄) by a rotation
around Oz ≡ Oz̄ axis.

the function I (T2)]. Using the expression of ε̂1 · σ̂∗
(τ ) enables

us to write [62]

Ppump
τ f

= CI I + CQQ + CV V + CUU,

(12a)

CI ≡ CI (θinc) = 1 + cos2 (θinc)

4
, (12b)

CQ ≡ CQ(θinc) = − sin2 (θinc)

4
, (12c)

CV ≡ CV
(
θinc; �exc

1S ; τ f
) = τ f

cos (θinc)

2
cos

(
2�exc

1S

)
, (12d)

CU ≡ CU
(
θinc ; �exc

1S ; τ f
) = τ f

cos (θinc )

2
sin

(
2�exc

1S

)
(12e)

in terms of the four Stokes parameters I = |E2
X | + |E2

Y | =
1, Q = |E2

X | − |E2
Y |, U = 2 Re{EX E∗

Y }, and V =
−2 Im{EX E∗

Y } that completely define the polarization state of
the pump field. As expected, the total integrated probability
per pocket Ppump

+1 + Ppump
−1 = 1 − |ε̂1 · ẑ|2 decreases with

increasing incidence angle. We note the central roles of the
valley-dependent parameters CU and CV , and thus also of
the U and V Stokes parameters, which considerably change
with the pump polarization. In the following, we consider
some configurations of interest, as usually implemented in
polarization experiments.

Circular polarization. For ε̂1 corresponding to a σ̂ (±) circu-
lar excitation, which we denote hereafter �(±), EY /EX = ±i,
and one gets ε̂1 · σ̂ (τ ) → 1

2 [cos(θinc) ± τ ]e−iτφinc , Q = U =
0, V = ±1, and thus

Ppump �(±)
τ f = 1

4
[cos (�θinc) ± τ f τN ]2

∓ τN cos (�θinc) sin2
(
�exc

1S

)
, (13)

where θinc → θN = 0 or π are the two normal incidence an-
gles, and we defined �θinc = θinc − θN as the deviation with
respect to the perpendicular incidence, and τN = cos(θN ). For
the particular case of normal incidence, i.e., for �θinc = 0, the
second term in Eq. (13) vanishes since �exc

1S ∝ sin(�θinc ). It
results from the first term that opposite valleys can be excited
with the same probability by pumps of the same polarization
but impinging normally on the suspended TMD layer from

opposite sides (from above or below): Indeed, for a fixed
pump polarization, an observer looking e.g., at the counter-
propagating direction sees opposite electric field rotations at
the position z = 0 of the layer in each case.

Let us consider now an excitation under oblique incidence
at θN = 0. The first term in Eq. (13) gives, respectively,
[cos(θinc /2)]4 and [sin(θinc /2)]4 for �(τ f ) and �(−τ f ) pumps,
which simply reflects the fact that a circularly polarized light
under non-normal incidence has both σ̂ (±) in-plane compo-
nents (a “geometrical” or “projection” factor). The second
term is due to the intervalley exchange coupling. It vanishes at
normal incidence, while for an oblique excitation it oscillates
with the pump-probe delay with a period �T2 = π/�exc

1S that
decreases fast with increasing θinc. It is worth stressing again
that the second term corresponds to an exciton valley-flip
process. To further clarify this point, let us consider first the
�(−τ f ) contribution to the τ f valley signal for small θinc, as

given by P
pump �(−τ f )

τ f . The first term [sin(θinc/2)]4 represents
a cross-generation process, namely, it comes from the fact
that a �(−τ f ) pulse has a small probability to generate an
exciton directly at K(τ f ), from where the probe photoexcitation
occurs. However, a �(−τ f ) pulse also generates (with much
higher probability) an exciton at K (−τ f ), which suffers an
exchange-assisted valley-flip towards the K (τ f ) valley, from
where the probe photoexcitation occurs. It is now important
to note that for a �(−τ f ) pump under small incidence angles,
the activation of the escape channel with increasing θinc is
largely dominated by the valley-flip process, which gives a θ2

inc
variation, much faster than the θ4

inc one from the geometrical

term. A similar reasoning applied to a �(τ f ) pulse (P
pump �(τ f )

τ f

term) enables us to understand that the exchange process
decreases its photogeneration rate, as compared to the rate
in the absence of exchange coupling, in stark contrast with
the previous increasing rate for a �(−τ f ) pulse [see the sign
of the second term in Eq. (13)]. In conclusion, we state that
(i) the tr-ARPES signal should evolve from a three-pocket
profile at normal incidence, to six pockets, with opposite-
valley contribution increasing with increasing θinc; (ii) the
activation of the time-reversed currents is related not only to
the geometrical factor but also, and principally, to the inter-
valley exchange coupling for propagative exciton, and (iii) for
a given current direction (orientation of the analyzer in one
pocket region) the value of the current can be continuously
varied by changing the pump incidence angle, without losing
the triple momentum-spin-valley locking.

Quarter-wave (λ/4) polarization. Let us briefly consider
the more general pump polarization generated by a quarter-
wave plate. For an initially TM polarized pump (as is often
the case in experiments), the rotated field becomes (EX , EY ) =
(1 − i cos(2�QW),−i sin(2�QW))/

√
2, where �QW is the ro-

tation angle of the plate. For �QW = ∓π/4, one recovers the
�(±) case. We obtain

Ppump (λ/4)
τ f

= A + (
CQ/2

)
cos (4�QW)

+ (CU /2) sin (4�QW) − CV sin (2�QW), (14)

where A = CI + CQ/2. This expression may prove to be con-
venient to check experimentally since the whole setup remains
fixed except for the angle �QW of the polarizer.
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Half-wave (λ/2) linear polarization. A half-wave polar-
izer transforms an initially TM polarized pump into the field
(EX , EY ) = −i( cos(2�HW), sin(2�HW)), where �HW is the
λ/2 rotation angle; in particular, 2�HW = 0[π ] and 2�HW =
π/2[π ] for the TM and TE linear polarizations, respectively.
One gets V = 0 and then

Ppump (λ/2)
τ f

= CI (θinc ) + CQ cos (4�HW) + CU sin (4�HW).
(15)

For perpendicular incidence, the integrated probability is of
course polarization- and valley-independent. Note that the
K(+) and K(−) valleys possess the same excitonic spectrum,
which can be simultaneously excited by a linearly polarized
pump, even at normal incidence. That seems to play against
the observation of the current-spin-valley locking, since the
linear pump generates a coherent superposition of the K(+)

and K(−) degenerated excitons. However, contributions of
excitons from different valleys do not interfere in A f , since
they can never lead to the same final state for the emitted
electron [as discussed above, notably because of the pockets
exclusion (absence of pockets overlap)]. The sole effect of
using a linear instead of a circular pump polarization is thus to
allow simultaneous observation of the full six-pockets pattern
(as reported in the experiments [58]).

Under oblique incidence, one obtains a difference be-
tween TE and TM modes, but both are independent of the
valley-dependent term CU (θinc; �exc

1S ; τ f ). This coefficient may
nevertheless be obtained from the measurement of Ppump (λ/2)

as a function of the λ/2 plate orientation �HW at non-normal
incidence.

In conclusion, a continuous variation of pump polarization
(as, e.g., modulated by a λ/2 or λ/4 plate) would lead to
a continuous evolution of the tr-ARPES pattern and escape
probability, which would in turn enable us to extract (via, e.g.,
a fitting procedure) valuable information about the valley-flip
exchange coupling.

V. DISCUSSIONS AND CONCLUSION

Scatterings may prove detrimental to the observation of
the effects discussed above by introducing bright-to-dark
population exchanges and damping any initial coherent su-
perposition of the K(±) exciton states. We shall not consider
in detail scattering processes, which are well beyond the
scope of this work, but only address a few qualitative
considerations in relation to the exciton-mediated ARPES
experiments. The pump excitation generates excitons inside
the light cones around the K(+) and/or K(−) transitions, and
thus 0 � KCMX � KCMX(MAX). At the cone edge (KCMX =
KCMX(MAX)), one has that h̄�exc

1s is roughly in the meV range
[34,54,63], corresponding to a characteristic coherent valley-
flip time Tν f = π/�exc

1s in the ps timescale for the 1S excitons.
This is much smaller than radiative lifetime τrad at moderate
and high temperatures [37]. To discuss the role of scatter-
ings, it is convenient to distinguish between intravalley and
intervalley processes. Let us start with the first case, and
consider first elastic processes characterized by a momentum
scattering time τsc. Under the favorable condition Tν f , T2 <

τsc, τrad (as is possibly the case for clean molybdenum-
based samples at low or moderate temperatures), the pulse
at delay T2 is able to extract the electron from the exciton

before scattering occurs, allowing us to probe the coherent
valley-flip process under the action of the intervalley cou-
pling. In the opposite limit of frequent intravalley scatterings
such that τsc�

exc
1s 
 1, the valley-flip becomes highly inhib-

ited, with a rate τsc(�exc
1s )2/2 (motional narrowing regime

or D’yakonov-Perel’ mechanism [38,39]). Inelastic (phonon-
assisted) intravalley processes may also play an important
role. Since the typical phonon energy is much smaller than
the 1S − 2S detuning, such scatterings generate incoherent
1S excitons with much bigger KCMX (i.e., well beyond the
light cone), for which the intervalley coherent coupling is also
much bigger. If the spectral resolution of the experiments is
lower than the energy distribution of the phonon-broadened
population (of the order of the phonon energy), both exciton
populations inside and outside the light cone contribute to the
measured ARPES signal from a given valley. Scatterings in
this case are thus expected to sizeably increase the intervalley
exchange effect on the photocurrent signal.

Phonon-assisted intervalley scatterings may efficiently re-
distribute the pump-generated exciton population among the
various K and Q valleys, in a time τiν of a few hundred fs
[32,48,64,65]. Such processes generate intervalley (or valley-
dark) excitons by transferring the electron towards either
the K(−τ ) or some of the Q valleys [48,65,66]. We quote
two main consequences for the ARPES signal: they de-
crease the initial exciton population by a factor of the order
of exp(−T2/τiν ), and they trigger the appearance of pock-
ets from other valleys (the opposite K valley and/or the Q
valleys). Q-related pockets were actually experimentally ob-
served [48]. The K(+) ↔ K(−) population exchange decreases
the pump-induced intensity contrast of time-reversed pockets,
as well as breaking to some extent the triple-locking effect
discussed above. In fact, phonon scatterings are essentially
spin-conserving processes. For instance, K(+) → K(−) events
transfer spin-up electrons into the K(−) valley, from where
they are extracted, thus contributing to a decrease of the
spin-polarization of this valley. Note that the energy of the
extracted electrons differs by roughly one phonon energy from
the “native” K(−) ones (assuming the same binding energy for
the bright and valley-dark excitons), and they could in prin-
ciple be distinguished from each other. However, the ARPES
experiments reported so far were not able to resolve between
the two exciton species, suggesting that the energy shift ac-
companying the phonon-related valley-flip of the electron is
sizeably smaller than intrinsic and/or inhomogeneous pocket
broadenings. Note that tungsten-based materials are more
subject to the phonon-mediated intervalley redistribution than
Mo-based ones, as shown in [67]. However, in both materials,
any intervalley transfer should lead to the concomitant appear-
ance of “opposite” K pockets and/or of Q-related ones, in the
same timescale, providing a direct (external) assessment of the
internal dynamics of the intervalley processes.

In conclusion, we have considered a detailed theoretical
description of the high-energy states that form the escape con-
tinuum for photoejected electrons in a tr-ARPES experiment,
paying particular attention to their momentum dispersions,
time-reversal symmetries, and spin characteristics. The analy-
sis of the various symmetries fulfilled by such unbound states
reveals the existence of a momentum-valley locking for the
unbound final electron states, sharing various features with the
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VHE. Moreover, the photoextracted current ideally presents
a robust triple locking of momentum direction, valley origin,
and spin orientation, which permits envisioning an on-demand
source of highly spin-polarized electrons on vacuum. We have
also presented a first study of the robustness of such findings
against intervalley processes that tend to suppress (or at best
to decrease) the valley-spin polarization of the intermedi-
ate exciton states. To this end, we considered in detail the
role of Coulomb-exchange driven intervalley coupling. That
has allowed us to quantify the dependence of the tr-ARPES
measurements upon various setup parameters, such as the
incidence angle and light helicity. Finally, we have presented
a critical discussion about the role of a few intervalley cou-
plings and/or scattering processes. tr-ARPES appears to be a
powerful technique to access the fast dynamic of intervalley
couplings and population exchanges. This is largely due to
the fact that excitons in ML-TMD have a large binding en-
ergy, allowing them to be resonantly excited by a short-pulse
pump without putting also into play a large set of dissociated

e-h pairs, while at the same time remaining relatively local-
ized in momentum space (as compared to typical intervalley
distances in the BZ) so that the outgoing pocket currents
related to different local valleys can be safely distinguished in
the energy-momentum resolved tr-ARPES signal. Our model
contains different approximations, such as the use of plane
waves for the outgoing electrons, or the neglect of any single-
particle spin-mixings affecting the initial exciton state and of
any spin-orbit coupling in the final electron state, which may
degrade to some extent the final current polarization purity.
We hope that our work will stimulate experiments and further
theoretical implementations.
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