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Time- and angle-resolved photoemission spectroscopy (trARPES) is a powerful spectroscopic method to
measure the ultrafast electron dynamics directly in momentum space. However, band gap materials with
exceptionally strong Coulomb interaction such as monolayer transition-metal dichalcogenides exhibit tightly
bound excitons, which dominate their optical properties. This raises the question of whether excitons, in
particular their formation and relaxation dynamics, can be detected in photoemissions. Here, we develop a

fully microscopic theory of the temporal dynamics of excitonic time- and angle-resolved photoemission with a
particular focus on the phonon-mediated thermalization of optically excited excitons to momentum-forbidden
dark exciton states. We find that trARPES is able to probe the ultrafast exciton formation and relaxation

throughout the Brillouin zone.

DOLI: 10.1103/PhysRevB.100.205401

I. INTRODUCTION

We develop a theoretical description of time- and angle-
resolved two-photon photoemission (trARPES) signals to
evaluate its potential to address the temporal dynamics of
Coulomb- and phonon-induced effects on the optically ex-
cited electron and exciton dynamics. As an exemplary mate-
rial, we use two-dimensional transition-metal dichalcogenides
(TMDCs), which exhibit remarkable electronic and optical
properties, including a direct band gap at the K and K’ points
lying at the edges of the hexagonal Brillouin zone [1,2]. As
atomically thin semiconductors, TMDCs possess a reduced
dielectric screening of the Coulomb interaction, compared to
the bulk case, that gives rise to the formation of a variety
of excitons with binding energies of hundreds of meV [3-7].
Because of a complex electronic quasiparticle band structure
[8-11], TMDCs possess a variety of optically addressable
bright excitonic states as well as momentum- [12—-15] and
spin-forbidden [12,13,16] dark excitonic states. In order to
study the relaxation dynamics in this complicated excitonic
landscape, different experimental techniques such as the opti-
cal pump probe [17-19], luminescence spectroscopy [20-22],
and time- and angle-resolved photoemission spectroscopy
[23-25] have been performed. The advantage of trARPES
over pure optical experiments involving solely transitions
between the valence and conduction bands is that in the latter
many possible excitation and relaxation pathways contribute
to the measured signal, which makes the identification of the
major electronic processes difficult. Time-resolved ARPES,
however, possesses a momentum resolution enabling an imag-
ing of the Coulomb-correlated electron dynamics of an opti-
cally excited state directly in the momentum space [26-30].
In this context, for materials like monolayer TMDCs, with
optical properties dominated by excitons, the question arises
whether trARPES is able to discriminate between excitons
as bound electron-hole pair states or electron-hole scattering
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(free) pair states and whether it can follow the exciton dynam-
ics. In particular, recent theoretical studies [31-33] suggested
that trARPES signals arise from the ionization of excitons:
The corresponding signal is located below the conduction
band minimum, reflecting the excitonic binding energy. How-
ever, so far, no description of the exciton scattering dynamics,
including phonon-induced formation and thermalization ob-
served in trARPES, is available.

In this paper, based on a many-particle Hamiltonian
(Sec. II) and the Heisenberg equation of motion formalism
(Sec. III), we present a fully time and angle resolved mi-
croscopic study describing the impact of Coulomb interac-
tion between electrons and holes on the trARPES signal in
two-dimensional semiconductor structures, such as TMDCs,
after optical excitation. As an extension to previous stud-
ies [33,34], we explicitly include not only bright, optically
excitable excitons but also recently introduced momentum-
forbidden dark excitonic states [35] that are generated by the
temporally resolved thermalization dynamics due to exciton-
phonon scattering and contribute to the optical line shape
of TMDCs [14,36,37]. This includes KA and KK’ excitons
with a hole at the K point and an electron at the A point or
K’ point, respectively. After optical excitation, we find first
a trARPES imaging of the excitonic coherence and observe
the succeeding formation of incoherent, scattering-induced,
excitonic signals (Sec. IV). Our theoretical calculations reveal
a method to determine the timescales of exciton formation and
relaxation with direct access to momentum-forbidden dark
excitonic states [35].

II. HAMILTONIAN

The theoretical description of the process of the two-
photon photoemission (2PPE) [38-43] consists of two in-
terfering, partly simultaneously occurring subprocesses [see
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FIG. 1. (a) First, the pump pulse excites a coherent exciton,
and second, the probe pulse simultaneously raises valence and
conduction band electrons in the free continuum states, described
by a manifold of parabolas. During the transition into the vacuum
the in-plane momentum is conserved. (b) Different possible exciton
states considering the complex electronic band structure, including
the bright KK exciton and momentum-indirect K A or KK’ exciton.

Fig. 1(a)]: First, the optical excitation with a visible (VIS)
pump pulse close to the band edge generates correlated
electron-hole pairs in the atomically thin TMDC layer (two-
dimensional electronic band structure for the valence and
conduction bands), followed by the escape of electrons to the
vacuum (three-dimensional dispersion) due to the incidence
of an extreme ultraviolet (XUV) probe pulse. Because of the
electron-hole interaction, the first optical pump pulse gener-
ates tightly bound electron-hole pairs—excitons (exciton mo-
mentum Q dispersion E, q of state u is shown by the dashed
line). Therefore, the optical preparation and the subsequent
dynamics contain valuable information about the excitonic
properties and the time dynamics in the semiconductor. Fig-
ure 1(a) shows the twofold excitation scheme via the transition
amplitudes P% Ld—o for the VIS (blue) and Pli‘f i and Plfuf ® for
the XUV (purple) excitations. Here, only excitons with wave
number Q = kj —kj =0 can be optically excited by the
VIS excitation. After that, excitons with Q # 0, in particular
incoherent excitons, can be generated only by further electron-
phonon scattering events (see below). It is important to note
that the photon energy of the VIS pulse is smaller than the
work function of the material, in contrast to the XUV pulse.
Therefore, the separation of different electronic transitions
excited by pump and probe pulses is ensured by their different
photon energies.

To describe the trARPES signal we discuss the two con-
tributions to the Hamiltonian: (i) the many-band TMDC part,
involving the optical VIS pump pulse, and (ii) the emission

process of TMDC electrons into vacuum states, involving the
XUYV probe pulse.

(i) The many-particle Hamiltonian for the TMDC contri-
butions (index 1) is given by

HY = Hy" + Higy + B, + Hy) + H o (D)

The TMDC band structure contribution Hél),

1 _ ck t& & vEy &
H, Z K ‘K K + Z K Uk Uku @
&Ky &Ky

contains the single-particle energies 5;2( v for valence (v)
and conduction (c¢) band electrons treated in the effective
mass approximation in the vicinity of each high-symmetry
point [9,44,45]. The fully occupied valence band is assumed
to lie at 0 eV, and the conduction band minimum is energet-
ically situated at the free-particle band gap. Here, c( D5 and

v]g)é” annihilate (create) a conduction and valence electron

in valleys &. and &, with wave number k;, respectively. We
explicitly include the high-symmetry points K, K’, A, and A’
[see Fig. 1(b)]. Note that the wave vector k is defined with
respect to the corresponding valley, and the total wave vector
is obtained by adding the valley wave vector kj + §./,. The
spin is assumed to be equal for all electrons. In our analysis,
we neglect the lower valence band at the K valley as well as
the I' valley due to the large energetic separation from the
upper valence band in monolayer TMDCs [9]. The electronic
excitations of the atomically thin TMDC material are confined
in the x-y plane (k). The light-matter interaction reads

1 _ cvE&y
Hpopq = Z dy " -
k. 6c.60

Eyi(t) e vg de. e, + He  (3)

The optical VIS pulse E,;;(¢) generating electron-hole exci-
tations is treated semiclassically in r - E coupling and acts
as a source of the single-particle interband transition Plff” =

v 5 ) between the valence and conduction bands. There-
Kk Ok

fore, ]C(”E"E“ describes the dipole transition matrix element,

and E,;(¢) denotes the optical pump pulse. For the optically
induced interband transition only wave number vertical tran-
sitions occur (kH = kﬁ and &, = £.), and the sum over the
valley indices is restricted to the K and K’ points, considering
an optical near-gap excitation of the TMDC monolayer. The
Coulomb interaction between electrons and holes is included
by

1
n _ L vekEe & FE
HL =5 Z Vi i +qlvk_qvk/ckHJrHc )
&, &,

Ky, ku q
vk e 3 37 . %V,
with the matrix element V' = Vq [d&r [dr K (@

w*ca (r)etar= fh/f”fv(r)l/f;f‘ (r') [46,47]. Here, the Coulomb

potentlal is treated by an analytical model of the dielectric
function within a dielectric environment, including the nonlin-
ear q dependency, beyond the Rytova-Keldysh approximation
[48-51]. Since TMDC excitons are spectrally stable over a
wide doping and excitation range [52,53], a static treatment
of the Coulomb potential captures well all excitonic effects in
the low-density regime. This is different from metals, where
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excitonic excitations are built up on top of an interacting
electron gas [54,55]. The details of the introduced electronic
wave functions wl':u/ oy °, the transition dipole element, and the
Coulomb matrix element are discussed in the Supplemental
Material [56]. To include dissipation, i.e., incoherent exciton
dynamics such as exciton density formation and relaxation
[35], we include the electron-phonon interaction in the TMDC
layer:

HO 4 HY

el—ph
— §a y ok o
= Y hQ b b
&,0,K
C&S o i& &\ (0b—E Tk, —&
+ Z CkHJrKCkH)(bK +05 )
&, &
Ol,kH,K
UELE o §& &\ (106§, Tk, —&,
+ Z Uk Vi) (B ‘l‘b ) ©®
Sv gu
ok, K

Here, bg)‘xé denotes the annihilation (creation) of a phonon

with mode o at the valley & and two-dimensional wave

Sl .
vector K. g C/U e is the electron-phonon matrix element

for electromc transitions from the valley &/, to the valley &,
in the conduction or valence band. The Hamiltonian describes
electrons scattering from &/, + kj to &, + Kk + K under ab-
sorption (emission) of phonons with wave vector &, — &/ et
K (=&, + & . K). The electron-phonon interaction takes
into account intra- and intervalley scattering of electrons with
an effective deformation potential approximation. We include
two acoustic (LA, TA) and two optical (LO, TO) phonon
modes, which show the strongest deformation coupling to
electrons [57-60].

(i1) The next contribution to the Hamiltonian describes
the emission process of Coulomb-correlated electrons into
the vacuum initiated by a XUV pulse. In the following, e{
denotes the dispersion of the free-electron continuum above
the ionization threshold E;,, of the TMDC [61,62]. The tran-
sitions from the semiconductor to the vacuum states are
induced by a XUV ?robe pulse E,., (). We introduce the
electron operators fk annihilating (creating) an electron in
the three-dimensional continuum states of the vacuum:

Hy? = 2: L fie 6)
) cfé. &
Hﬁeld = Z d (Sk“,k"‘ Exuv (1) CkH fk/
&K
+ 4" 8k B fiy +He (7)
&K

The continuum of the vacuum states is described by a three-
dimensional wave vector k € R>. In the course of electron
spectroscopy, the probe pulse excites electrons from the va-
lence and conduction bands to the vacuum states via the

transition amplitudes Plf ’];i = (v]l(f‘ /) and Pliflj = {c l;ﬁ’ fi)s

c/vf&ep _

respectively. Here, the dipole matrix reads d,

—ie [ d°r w:;/vs‘/”Vkl/f]{, where k = (k|, k;). The conserva-
tion of the in-plane momentum K, follows directly from the
optical matr1x element [63]. From the emitted photoelectron
distribution ,ok = fk fi)» due to the conservation of the in-
plane wave vector, we obtain information about the wave
number distribution of valence and conduction band electrons
inside the TMDC material.

III. DYNAMICAL EQUATIONS

In trARPES experiments the detector measures the pho-
tocurrent of electrons, which are emitted by the probe pulse in
a certain direction sensitive to their kinetic energy. Using the
Heisenberg equation of motion, we develop a description of
the time- and angle-resolved photoemitted vacuum electron
distribution [64—-67] as a function of energy 8‘]]; and in-plane
wave number k;:

7)= lim
klI’S{kH.m( ) t—00

Rz ®)

where o /(¢,7) is the vacuum electron density depending
on real time ¢ and the time delay t between the VIS and
XUV pulse. Since the time integral extends to co, we count
all photoelectrons, which reach the detector. In principle, to
derive the two-photon photoemission signal, a detector model
must be considered. Here, defining Eq. (8) as the signal, we
assume a detector sensitive to the final-state occupation to be
the 2PPE signal [43]. We note that the time-integrated final-
state occupation has been used as an alternative definition of
the photoemission signal assuming a detector sensitive to the
total electron number [68,69]. We expect, however, at least for
our calculations, equally informative results for both limiting
situations. The occurring situation is similar to problems in the
definition of nonstationary signals via photon detection [70]
with simultaneous energy and time resolution.

In the following, for all equations the rapid carrier fre-
quency pulse oscillation contribution has been split off in
a rotating wave approximation for each pulse. For the vac-
uum electron distribution, which determines the observable in
Eq. (8), we find

d v v C C
dtle: — —ZIm(Q fElP fSL + Q f& k{&) (9)
where we define the Rabi frequency eI 4y — C/ v Eepo

Eyuw(t)/h and Ey,,(¢) as the XUV pulse envelope. Equatlon
(9) shows that the source of the vacuum electrons is the
transition amplitudes Pﬁ’;j“ and Pﬁﬁl between conduction and
valence bands to the vacuum, referred to as the photoemission
process [see Fig. 1(a)].

In order to take into account the electron-hole Coulomb
coupling for the conduction band electrons in Eq. (9)
we insert a unit operator Il = |0)(0] + ZE K viu v:f +

ZE K cl’f Cpe + (’)(naB) exploiting the completeness relat1on
© Il I

of the Fock space [71-74]. n denotes the pair (surface) density,
and ag is the exciton Bohr radius. Higher-order contributions
to the unit operator are neglected since we restrict ourselves
to the low-density regime. |0) denotes the ground states of
the semiconductor with completely filled valence and empty
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conduction bands. The expansion of c;ﬁ i in Eq. (9), by

inserting the unit operator, yields
T& &e TEl
Ckn Z Ck, vk” vkL (10)

Since we consider the optical excitation of undoped semicon-
ductors below the free-particle band gap, only the second con-
tribution to the unit operator is relevant. With this procedure
the conduction electron operators are expressed uniquely by
electron-hole pair operators. To treat the quantum-mechanical
hierarchy problem arising from the many-particle interaction
we exploit the cluster expansion scheme [75-77]. Analo-
gously, the valence band electrons in vk‘ " f of Eq. (9) need

& & & e
tc;ébe expanded, v:énch }?selds ka fo = ZSL kﬁ kf ci, fi =
vk“‘ - ZE(»,kﬁ vku‘ckL ck; Sy Here, the 1nterband Coulomb

interaction leads to corrections to the dominating vltf fi term.

Since we restrict our analysis to the leading order justified by
a weak optical excitation of the sample such that the valence
band occupation ,ovgl 1 holds for all investigated scenarios,
we can neglect the Coulomb—induced contribution here. For
the vacuum electron density ,o]{ including Coulomb coupling

J

d 1
fé _ f &
Epl:)”,k = — (& — glliu

pr/é

Uva
quv) K.k + oh K.k

we find
d |
f fSL f%‘t Lff‘ E:&y f"i:l vis
dt g’k = 2m QU PU + ':\ P'fu et
+ Z QCfELS PEE[;?LPvf$1> ) (11)
&u.kj

The first term accounts for the photoemission of va-
lence band electrons. The second term stems from inter-
band Coulomb interaction in Hartree-Fock limit and cou-
ples the interband transition with the transition between
the valence band and vacuum. The third term is a cor-

related two-particle quantity § (c;ﬁ;qvkl UE fi)» describ-

ing the Coulomb-correlated photoemlsswn obtained be-

yond the Hartree-Fock limit, 5(a a2a3a4) (a7a3) (a;a4)—
(a a4)(a£a3> + (ata£a3a4) While in the lowest Hartree-Fock
level all correlations between the carriers are neglected, in the
first order the appearing correlated quantity contains the true
two-body interaction describing deviations from the factoriza-
tion. This term includes a sum over the valence band electrons
[see Eq. (11)]. The kinetics of the photoemission of valence
band electrons reads

. n v . c vSc l vis
— QL o — QU B eme (12)

scatt

The solution (12) oscillates with the kinetic energy of the vacuum and valence band electrons and is driven by the electronic
valence band occupation. Schematically, using the notation 8tPlfH{ i |scatt> We include phonons, which lead to a dephasing and a

broadening y of the transition.

The equation of motion of the correlated two-particle quantity reads

& pufe L
CAPEGRLL) = 26l if = aif — e — e )RS PR + AP LD
1 .
Ec&y vy &6y vfE, fcée T6c&y prckyée
+ = ih Ve (pk‘Jrq_pk”qu)(s(PkHqu,kﬁJrqu” > i 8<PkH k‘P ) (13)

The source terms of Eq. (13) are TMDC-interband Coulomb
correlations S(Pk'fflPlffif”) The vacuum electron-induced
Pauli blocking of the tran51tion (13) is assumed to be small
compared to the electron-hole population and is therefore
neglected. For the TMDC interband transitions also occurring

in Eq. (11) we obtain

d
& opbe _ ke V& X -
dt Pku “ih (Sku K 8””) Ky

ve cvgcdy [ vEy ke
+ ath” |scate — le” (pk” pk” )8&,&

1
veEyEe (V€ c&c\ pévée
- _h Zv‘l 2;‘ 'Oku ~ Py )Pku-Hl (14)
q

The attractive Coulomb interaction V”‘E‘ % Jeads to a renor-

malization of the Rabi frequency of the exciting field [78]
and is treated by the Wannier equation after a coordinate
transformation into the exciton basis. Since only the edges of
the hexagonal Brillouin zone are optically excited and only
momentum vertical transitions are valid, the electron and hole

(

valleys of the TMDC interband polarization are restricted to
K and K’, respectively.

To transfer the equations to the excitonic basis [46,74], we
introduce the center of mass momentum Q = kﬁ — kﬁ and the

relative momentum q; = ag"kﬁ + ,Bg"k““ with the mass factors

oé = mh /(mfc +m;") and /SS‘ = msi/(mél + m&) For equal

electron and hole momenta the relative momentum equals the
electron momentum. In this basis, we exploit the Wannier
equation [46,78,79],

Pq?

I e& vegyée &6 uévbe £,

2m om L Vku Crrai+ky = Eg™ oy a’ (5)
ki

to access the exciton wave function (piﬁfl‘l‘ and binding energy

EJ*% of the exciton state w. The reduced mass of the exciton

is denoted by m. By expanding the excitonic polarization
; ; ; ; Evée §véc puée
into solutions of the Wannier equation Pq‘ 0= =y wPiaPro
the relative coordinate q; can be eliminated, and the exciton

dynamics is described by the center of mass momentum Q.
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Using this expansion, we provide Egs. (11)—(14) in the exciton
basis.

In the limit of negligible Pauli blocking, we obtain for the
excitonic transition (14)

d 1
fE BE .\ phé £,
EPIMQ - E( w.Q 8””)PMYQ + a’Pu,Q

— i85 (1) 85y (16)

scatt

with the excitonic Rabi frequency fof(t) and the ex-
citon kinetic energy, which reads Eia = R2Q?/2M&5 +
Egv&, where M55 = mi + mé denotes the exciton mass

and Ej% = Egs + E 155 §s the exciton energy. Because of
the assumed perpendicular excitation geometry only excitons
with a vanishing center of mass momentum couple to the
light field. The phonon contribution leads to a dephasing of
the excitonic transition and to the formation of incoherent
excitons Nﬁf2 = S(Pfg"ij%). A detailed derivation of the
exciton-phonon interaction and the microscopic computation
of the dephasing can be found in Refs. [14,35,36]. The
used electron-phonon parameters stem from first-principles
calculations described in Refs. [57,59,60]. The phonon reser-
voir is treated in the bath approximation following a Bose
distribution.

For the photoemission signal (11), now in the exciton basis,
we obtain

d
f_ f& pvféy féc— p*&c&y puféy
Epk - —ZIm<QE P':u,k +ZQ;J{ P:,O Plfu,k
"
fée FE:E puféy
+ QZ’R,Q8<PM’Q P,fl_Q,k) , (17)
,6,,Q

; ; cfée— _ ocfée vk
with the coupling elements £2 /" = €,> ¢ "\ "¢

Q;f iQ = Q;f E"(p:i?iagQ. Now, we see that the photoemis-
sion of conduction band electrons always occurs via excitonic
states. The TMDC interband Coulomb interaction couples,
through the Fock term, the coherently driven excitonic tran-
sition P*%‘E" with the transition between the valence band
and vacuum (the coherent source is present only for coherent
excitons and XUV field), and most importantly, as a source of
Coulomb correlations, beyond the Hartree-Fock approxima-
tion we identify the exciton-assisted photoemission transition

T6E0 pufés .
S(PM,Q Pku—Q,k)’

1
“ifuist and

d /it pofe 1 16,6, pufE,
ESU)M,Q PkH—Q.,k> = EASR\\-Q,k:‘S(PM,Q Pk”—Q,k>
+ ata(PZ’EgvP]:‘{Ebyk>|scall
. ® fc&'v‘i:c E&,
— zZ QL oM (18)
A

with Aeg, k. = 8]{ - sﬁf”_Q - Eif) — &quv and QiciiQ =

QJEe | p5use 2508 . The oscillation energy of the

k |(p)»,k\ra§;'Q| (p/l»ku*ag:'Q gy
TMDC exciton-assisted valence-band-vacuum transition car-
ries the exciton energy, is driven by the incoherent exciton

density, and therefore carries the information about the bound

TABLE I. Band structure parameters for WSe, obtained from
first-principles calculations [9,61] and the resulting excitonic param-
eters (restricted to spin up).

Parameter Value Parameter Value
mf/mo 0.29 MKK/mo 0.65
mé\/mo 0.56 MKA/mO 0.92
mk Jmy 0.36 My /mg 0.76
E;ff/eV 2.08 E{f{f/eV 0.23
Eg’glg‘//eV 2.075 Eé(l’;,/eV 0.26
Eg’gg//eV 2.057 EI’,(lls(,/eV 0.25
Eg’;g\ /eV 2.208 Egl/; /eV 0.28
Eion/e\/ 5.17 €5i0, 3.9

TMDC excitons and their incoherent scattering dynamics. For
completeness we also provide the equation of motion for Pl':"f f{
in Eq. (17):

d s,
SRR = 2 ey — ) B R e
— QL o =iy QISP (19)
n

: fcée+ — feke E& L vist
with Q%k = Qk. e einvish | o .

Next, we investigate the photoemission signal (8) by ana-
lyzing its individual contributions. As a first attack, we focus

on the lowest-lying 1s A state Pi”gc — ng&- and Nf"é‘ —

Né”g”, justified by the large 1s-2s separation in comparison to
the thermal energy introduced by exciton-phonon scattering-
mediated thermalization [80,81]

IV. TIME-RESOLVED ARPES

For the numerical evaluation of Eq. (8) we choose a VIS
pulse, which resonantly excites the 1s A exciton (1.86 eV ).
The subsequent XUV probe pulse has an excitation energy of
20 eV for the photoemission. The pump and probe pulse field
intensity widths are 35 and 20 fs, respectively. The calcula-
tions are performed for an exemplary temperature of 77 K in
the exemplary material WSe; on a quartz substrate. For higher
temperature we can expect a similar behavior in WSe, except
faster timescales due to a higher phonon occupation and more
efficient exciton-phonon scattering [35]. Table I summarizes
the used electronic and excitonic parameters.

A. Excitonic signal at pulse overlap

To address the coherent signals at pulse overlap first, Fig. 2
displays the result for monolayer WSe, with a pulse delay of
25 fs for the conduction and valence band region. Note that
the k axis has been shifted on top of the K point. We discuss
observed features (1)—(3) in Fig. 2 as follows:

(1) First, in Fig. 2(a) at 0 eV, the valence band electron
dispersion can be recognized. This contribution results from
the valence-band-vacuum transition Plfuf « in Eq. (17). In prin-
ciple, at the band maximum a reduced trARPES signal reflects
the optically excited hole distribution building up 1s excitons.
However, in the low-excitation regime considered here, this
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FIG. 2. The simulated photoemission signal of monolayer WSe, at 77 K for a time delay of 25 fs. Here, (1), (2), and (3) refer to different
aspects of the trARPES signal, which are discussed in Sec. (IV). (a) Conduction band region showing an excitonic signal stemming from
coherent and incoherent KK excitons at the exciton energy. The shadow of the valence band at the exciton energy reflects the presence of
the coherent exciton. The gray dashed lines indicate the conduction band at the free-particle band gap, and the white dashed line sketches the
valence band dispersion at the exciton energy. At 0 eV the fully occupied valence band is visible. (b) Coherent contribution to the trARPES
signal in the conduction band region. (c) Incoherent contribution to the trARPES signal in the conduction band region.

contribution is vanishingly small and cannot be seen in the
plot.

(2) Second, in Figs. 2(a) and 2(b), we find a coherent
excitonic signal at the exciton energy, which features a strong
exciton contribution and a weak shadow of the valence band
dispersion highlighted by the white dashed line at the exciton
energy. To clarify the coherent contribution to the trARPES
signal Fig. 2(b) displays the result for the conduction band
region when setting the incoherent excitonic densities to zero,
Né”é‘ = 0. Consequently, only the first two terms of Eq. (17)
are nonvanishing. This coherent feature results from the cou-
pling of the optically induced coherent excitonic transition
nggu (Q =0 in the coherent limit) and the photoemission

transition Plf”f i” between the valence band and vacuum states,

[see Eq. (17), second term]. Since the optically excited ex-
citonic transition exists only for vanishing center of mass
momentum, this shadow of the valence band is visible only
at the K point. The valence band shadow is illustrated by
arrows in Fig. 2(b). The decrease of the valence band shadow
along the in-plane momentum is determined by the wave
number decay of the exciton wave function |g, |2, which is
obvious from the coupling element equation (17). Therefore,
from Fig. 2, we conclude that in the ultrafast coherent limit
trARPES is a technique to image the exciton wave function
and measure the exciton Bohr radius in momentum space
[33]. To obtain more analytical insights into the dominating
excitonic signal, we can formally integrate Egs. (16), (17),
and (19) assuming exponentially shaped pulses of the form
exp(—|t — t|/o) with width ¢. From the TMDC interband

Coulomb contribution we obtain a resonance of the signal
[Eq. ®)] athy v o gy, |2p;;”5(el{ — exy — EJ° — &) ), where
we assumed vanishing dephasing rates to use strict energy
conservation. Clearly, the trARPES signal scales in k; with
the exciton wave function |¢ 2.

(3) Third, in Figs. 2(a) and 2(c), incoherent KK excitons,
localized at the exciton energy, also generate an excitonic con-
tribution in trARPES. The corresponding signal in Fig. 2(a) is,
like the coherent signal (2), also downshifted by the binding
energy with respect to the single-particle band gap (dashed
line above 2 eV ). Figure 2(c) shows the trARPES result
for the incoherent limit with vanishing excitonic transition
Pg"g” = 0. The exciton population Né"g‘, which is the source
of this signal, is determined by the exciton-phonon-induced
scattering transfer of optically excited coherent to incoherent
excitons [82]. The corresponding equation for Ng& can be
found in Ref. [35]. We consider the high-symmetry points
K,K’', A, and A’ to compute the exciton formation and relax-
ation throughout the excitonic Brillouin zone. Therefore, the
correlated two-particle quantity S(Pg“g“P]f{fb’k) in Eq. (17)
contains information about the exciton dynamics, namely,
formation and relaxation. Obviously, the correlated exciton-
assisted photoemission quantity determines the signal by a
convolution of the exciton wave function and distribution [see
Egs. (17) and (18)] when inserting the definitions for QZCiQ

and Qﬁ‘i‘iQ right below. Together with the sum over the
center of mass momentum along the exciton dispersion the
trARPES signal does not display anymore the exact valence
band shadow at the exciton energy.
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FIG. 3. Energy distribution curve in the low-excitation regime
for WSe, at the K point 25 fs after optical excitation. Besides
the valence band we find a peak at the exciton energy from the
photoemission of conduction band electrons, forming here mainly
coherent but also incoherent KK excitons. Note the logarithmic
scale.

We conclude that the excitonic signal (2) in Fig. 2 has two
excitonic contributions, a coherent one and an incoherent one.
But the main contribution for such short delay times stems
from the coherent exciton since the incoherent excitons first
have to be built up through phonon-induced dephasing from
the excitonic transition [35].

Figure 3 shows the trARPES intensity for a fixed in-plane
momentum k, typically referred to as the energy distribution
curve (EDC), at the K point. As expected from Fig. 2, we
observe two peaks, the first displaying the valence band and
the second showing the exciton. The energetic position of
the conduction band is also depicted as a dashed line for
comparison. The shown result is valid for the low-excitation
regime, reflected by the weak exciton signal compared to
the valence band. Expanding the photoemission term of the
valence band electron in Eq. (17) by inserting a unit operator

2k ks ckp ckr leads to

v _ Uf& S.;Ec &y Sc ¢ fé
Pku ku Z (pku w0 ku
e
&6 EvEe pefée
Z @t 500 P P o) (20)

resulting in excitonic corrections to the dominating electronic
contribution of the valence band P”f & The appearing corre-
lated two-particle quantity, which i 1s drlven by the incoherent
excitons, would lead to a weak excitonic satellite at the exciton
binding energy above the valence band [32]. However, as
already discussed, we focus on the low-excitation regime with
Né”g“ <« 1 and neglect these corrections.

B. Exciton signals at large pulse delays

So far we have investigated only short time delays and have
focused on the optically excited K point. Figures 4(a) and 4(b)
display the result for a time delay much larger than the typical
exciton-phonon scattering times, here taken as 400 fs. Be-
cause of the exciton-phonon scattering, side valleys, such as
the A valleys (k| ~ 6nm~") or K’ valley, get populated. The
reason is that the formation of momentum-indirect excitons,
with a hole at the K point and an electron at the A or K’ point,
is energetically more favorable than the direct KK excitons.
The momentum-indirect incoherent K A excitons can directly
be observed at the KA exciton energy below the conduction
band at the A point (k; ~ 6nm~!) in time-resolved ARPES.
Note that we show the trARPES signal as a function of the
electronic wave number’s absolute value. Therefore, all three
A valleys of the first Brillouin zone contribute to the same
trARPES signal at ky = A. The KK’ excitons have center
of mass momentum Q = K. Therefore, in trARPES, where
we investigate the signal as a function of the absolute value
of the electronic momentum kj, the KK’ exciton overlaps in

1000 1000
2.5 T R T T T T 9 (c) K-point 25 fs ) K-point 112 fs ——
@ S - ~ . - 5 100 A-point 25 fs 100 A-point 112 fs ——
- 2F . N g
% - . 6 £ 10 10
? > 1 1
gsr 1 Z ol 0.1
= 3 E oo 0.01
! 0.001 0.001
s , : 0 0 05 1 15 2 25 3 05 0 05 1 15 2 25 3
‘ T T T T 400 Energy [eV] Energy [eV]
05 - -
1000 - 1000
o 300 e) K-point 200 fs ) K-point 400 fs ——
> = 100 A-point 200 fs 100 A-point 400 fs ——
2, s
& 200 B 10 10 KA
5 o0 . ~ 1
(=1 f
4 g 1 0.1
100 § .
400 fs E 01 0.01
0.5 ! ' ‘ 0 0.01 0.001
2 0 2 4 6 8 05 0 05 1 15 2 25 3 05 0 05 1 15 2 25 3

kj [nm™']

Energy [eV] Energy [eV]

FIG. 4. The simulated photoemission signal of monolayer WSe, at 77 K for a time delay of 400 fs and EDCs for different time delays.
(a) We observe the relaxation of electrons into the A valley, forming momentum-indirect and energetically more favorable K A excitons visible
as an excitonic peak below the A conduction band (dashed) at k; ~ 6 nm~". An excitonic signal remains at the K point due to the formation
of also energetically more favorable momentum-indirect KK’ excitons. (b) The almost unperturbed valence band. (c)—(f) Energy distribution
curves for time delays of 25, 112, 200, and 400 fs showing the relaxation and thermalization of excitons into momentum-indirect excitonic

states.
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momentum space with the KK exciton, and its contribution
to the trARPES signal lies at the K point. In contrast to very
short delay times, at large delays the signal is determined by
the presence of incoherent excitons, and incoherent exciton-
phonon scattering can be investigated. Note that the exciton
dynamics fulfill a detailed balance between coherent excitons
|P§"$" |2, incoherent excitons Né”é‘ , and the radiative decay.

The relaxation into KA states can be seen more clearly
by investigating the energy distribution curves in Fig. 4 for
different consecutive pump-probe delay times around 1.8 eV.
Within approximately the first 100 fs we observe the forma-
tion of incoherent excitons [see Figs. 4(c) and 4(d)] and then
the subsequent thermalization [see Figs. 4(e) and 4(f)].

A different picture can be found in molybdenum-based
TMDCs. Here, due to our calculations the KK exciton state is
the global minimum. Consequently, only intravalley exciton-
phonon scattering, mainly with acoustic phonons, takes place,
leading to a thermalization of excitons [35] and a trARPES
signal at the K point.

V. CONCLUSION

In conclusion, we developed a theory of excitonic time-
resolved ARPES in the low-excitation limit. We found that
interband electron-hole Coulomb interaction strongly influ-
ences the photoemission spectrum, and therefore, we observed
excitonic features in photoemission. We demonstrated that

the photoemission through the optically injected excitonic
transitions leads to unintuitive signals, namely, a shadow of
the valence band at the excitonic energy. Additionally, we
revealed that trARPES is able to probe the exciton dynamics
and the exciton Bohr radius in TMDCs. We expect that our
results are scalable to other two-dimensional structures such
as van der Waals heterostructures, where more complex exci-
ton dynamics takes place, namely, through energy or charge
transfer of the excitons from one layer to another [83-85].
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