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Coherent excitonic quantum beats in time-resolved photoemission measurements
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Coherent excitation of materials via ultrafast laser pulses can have interesting, observable dynamics in
time-resolved photoemission measurements. The broad spectral width of ultrafast pump pulses can coherently

excite multiple exciton energy levels. When such coherently excited states are probed by means of photoemission
spectroscopy, interference between the polarization of different exciton levels can lead to observable coherent
exciton beats. Here, we present the theoretical formalism for evaluating the time- and angle-resolved photoemis-
sion spectra (tr-ARPES) arising from the coherently excited exciton states in the regime of zero overlap between

the pump and probe pulses. We subsequently apply our formalism to a simple model example of hydrogenic
exciton energy levels to identify the dependencies that control the quantum beats. Our findings indicate that the
most pronounced effect of coherent quantum excitonic beats is seen midway between the excited exciton energy
levels and the central energy of the pump pulse provides tunability of this effect.
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I. INTRODUCTION

Light-matter interaction is fundamental to probe the prop-
erties of materials both in and out of equilibrium. Light-
induced polarization in matter leads to interesting and relevant
coherent and incoherent phenomena. Studies based on this
interaction have revealed a plethora of information in regards
to the excited quantum states [1,2], the coupling between
various degrees of freedom [3], and the dynamical timescales
associated with fundamental processes in materials [4]. While
this interaction is significant to explaining fundamental coher-
ent phenomena like entanglement [5], inversionless lasing [6],
and Rabi oscillations of excitons [7], it also has applications
in optoelectronics [8].

Coherent quantum beats is an important spectroscopic sig-
nature, providing information about excited quantum states.
These are coherent in the sense of simultaneously exciting
two or more discrete excited energy levels, thereby creating
a superposition quantum state, which in turn leads to inter-
ference between the time-dependent polarizations of these
excited levels. These quantum beats are observed as periodic
oscillations (with period given by the inverse transition energy
between the excited levels) in time-domain measurements
and are particularly useful in the understanding of coherent
light-matter interaction. Quantum beats have been observed
for different time resolutions through control of the excitation
pump pulse duration and has been particularly important in
measuring molecular constants. Shorter temporal pulses with
wider frequency spectrum have been useful in monitoring
the real-time vibrational dynamics [9] and the transition
states in molecules [10]. On the other hand, longer temporal
pulses with narrower frequency spectra have applications in
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determining molecular structural parameters like spin-orbit-
coupling constants [11] and dipole moments in excited states
[12,13]. Typically, coherent excitonic quantum beats have
been observed in diffraction-, absorption-, and transmission-
based optical measurements like four-wave mixing (FWM)
and photon echo experiments on semiconductor quantum
wells following photoexcitation by a ultrafast laser pulse
[14-17], in hybrid organic-inorganic perovskites [18], and
most recently in atomically thin layers of RSe; [19].

One of the disadvantages of the diffraction-, absorption-,
and transmission-based optical measurements is that the ob-
servations made are momentum averaged. Time- and angle-
resolved photoemission spectroscopy (tr-ARPES) is known to
provide energy, momentum, and time resolution [20]. This
experimental technique thus provides complementary infor-
mation to the conventional optical methods. Femtosecond ul-
trafast laser pulses can simultaneously excite multiple exciton
states into a coherent state. The photoemission intensity from
the coherent state can show exciton beats with frequency
set by the difference in exciton energies. Transient exciton
creation and their subsequent dynamics have been observed in
both metals and semiconductors [21,22]. Analogous coherent
beat oscillations in time-resolved two-photon photoemission
(2PPE) on metal surface has been observed [23], where the
photoelectron couples to its image charge partner, forming a
bound state.

Recent studies on the signatures of both coherent and
incoherent excitons via tr-ARPES at varying levels of com-
plexity have raised interesting possibilities [24-27]. The po-
tential of resolving excitons through tr-ARPES opens up
interesting opportunities to characterize them by means of
the momentum-resolved photoemission spectrum. The co-
herent excitation of the exciton states has raised the pos-
sibility of observing the coherent excitonic quantum beats
via photoelectron spectroscopy and is the focus of this

paper.
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Here, we present our work evaluating the signatures of
coherent exciton beats observed in tr-ARPES. This paper is
organized as follows: In Sec. Il A, we set up the formalism
for coherent exciton-state generation by the pump pulse.
Following that, Sec. II B applies the semiperturbative theory
of photoemission to the coherent exciton state. In Sec. III, we
apply the developed theory to a model example calculation
where the lowest two Rydberg exciton states are excited by
the pump and subsequently probed by photoemission spec-
troscopy. Finally, we summarize our conclusions in Sec. I'V.

II. THEORETICAL FORMALISM

Excitons are bound states of electron-hole pairs, which
dominate the subband gap optical spectrum of a semiconduc-
tor in addition to the unbound electron-hole pairs at energies
above the band gap. These bound composite particles along
with the unbound electron-hole pairs form the excitation spec-
trum of the semiconductor. The composite Bosonic excita-
tions can be directly excited by the pump pulse for appropriate
choice of laser energy (subband gap). In such a scenario, we
can effectively describe the system by an effective system of
excitons coupling to the optical pump field. Such an effective
Bosonic model describing a system of interacting Fermions
works well in the limit of low density and temperature [28,29].

A. Coherent exciton state

With the advent of ultrashort femtosecond pulses which
have a broad energy spectrum, it is possible to coherently
excite multiple exciton levels simultaneously (see Fig. 1). For
simplicity, we can assume that there are two exciton states |1)
and |2) with energies w; and w,. The Hamiltonian describing
the subband gap composite Bosonic excitons coupling to the
electromagnetic (EM) field is [30-33]

H =Hy— VE(t)P, (1

where the unperturbed Hamiltonian describes the exciton
energy levels and the unbound electrons and holes in the
conduction and valence bands (H},)

Hy = 0,ATA; + iAJA; + Hep. (2)

The polarization P that couples to the applied EM
field considering that the optical field energy is subband

Exciton 2
’ , Exciton 1

Pump
Spectral Width

FIG. 1. Schematic of the excited exciton levels by the ultrashort
pump pulse (large spectral width).

gap is
P= Il a0+ 2l + 4y, 3
Vv vV
where V is the volume of the system. Here, AIT /A; correspond
to the creation-annihilation of the composite Bosonic exciton
i ={1,2}, and G,/G, is the electric dipole matrix element
corresponding to coupling of photons to excitons labeled 1/2.
Since we are considering coherent optical excitation of exci-
tons by photons, the excited excitons are predominantly the
ones with zero center-of-mass momenta. Thus, the composite
exciton operators can be written in terms of the fundamental
electron-hole operators [34]

Al =" dubhap )

p

where b; corresponds to the creation of electron in conduc-
tion band (CB), a, corresponds to the annihilation of electron
in valence band (VB), i.e., creation of a hole, and ¢;, is
the envelope wave function for the exciton eigenstate. The
solution to the time-dependent Schrodinger equation with
Hamiltonian H when the pump excites only exciton states is
expressed as [35]

|W(r)) = e Ho! H e KiOAT o= IKiOF /210y
i={1,2}

&)

where K;(t) = VVG; [*_dt' E(t')e".
The pump pulse of temporal width o, and central fre-
quency €2, centered around time £, is

E(t") = Ege™ =127 cos[Q(t' — 1,)]. (6)

Following the timeline shown in Fig. 2, the pump acts at
some earlier time 7, (such that there is no overlap with the
probe pulse) and forms the coherent state. Since the pump is
narrow, K; are constant for all positive times

0
Ki(t =0) = VVG; / dt' E(t")e"

o]

o
~ \/VG,-/ dt’' E(t")e'™"

o]

| ,
~ EEO \/VGiO_petw,-t,,efaﬁ(w,-—Q)Z/Z’ (7)
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FIG. 2. Timeline of the pump-probe photoemission measure-
ment. The pump acts at earlier times, creating a coherent state at time
t = 0, following which the probe pulse is used for measurements.
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where we have neglected the negligibly small exponential
term ~e % @+2°/2 Since we consider the coherent signa-
tures of exciton in time-resolved photoemission measure-
ments, we do not consider any loss of coherence.

The coherent state formed by the pump is our starting point
for the photoemission spectrum evaluation. Thus, the wave
function of the exciton coherent state at any finite time ¢ > 0
is

. . to. t

(W(1)) = Ne~ "t efidiefor ), ®
where the normalization N = ¢~ /K1I"/2¢=1K2'/2 The wave
function can be further simplified by expressing the coherent
state in number basis

|W(t)) = NefiHoteiK]A;eiKgAgl())
-N Z [iK, ()" [iK (1))
o ! !
— NeiK]([)AIeiKQ(I)AaO% (9)

where kl/z(l‘) = Kl/ze_iw'/zt.

|ny;ny)

B. Photoemission theory

The theory of photoemission [36] which was previously
applied to study the contribution of incoherent excitons in
photoemission measurements [25] is now used to evaluate the
tr-ARPES spectra for coherent excitons:

[W(r)) = U(t. 10)[¥(1)) (10)

is the time-dependent wave function due to the effect of the
pump governed by the time-evolution operator

.
U(t, to) = Tr exp [—%/ dﬂHpump(ﬂ)]. (11)
0]

In presence of both pump and probe, the wave function is
given by

|Wr (1)) = U(t, 10)|¥(t)) 12)

where the time-evolution operator for pump and probe fields
is

_ i [’ , ,

U, 1) = 7;3XP <_£ / dt/[Hpump(t )+ Hprobe(t )]) (13)
to

We assume the probe pulse to be weak and linearize the time-

evolution operator

7 i ! / / !
Ulr, 1) = U(1,10) — ﬁ/ dt" U(t, ") Hprone (U (1, 10),

I

° (14)
where for photoemission, the probe Hamiltonian annihilates a
CB electron (by) and creates a free photoelectron ( flj )

Hprobe(t) = $(t)e™" ™ My i £ by, (15)

where k = {k, k;} and k" = {k, k/}, thereby conserving the
parallel component of momenta but not the perpendicular
one. Given the uncertainty in the z component of momen-
tum, there is an unknown offset in the perpendicular mo-
mentum. Therefore, we set k’ = 0, noting that with varia-
tions of the probe photon energy, the c-axis dispersion can

be mapped, given the unknown offset. The probe pulse is
centered around energy wp and has a temporal profile s(z).
To probe the time evolution of the nonequilibrium system,
the probe pulse is applied at different delay times and the
photoemission intensity is measured. The probability to find
the photoemitted electron with momentum k in a solid angle
d Qk is

Kdkd 2

Q) P(t); P(t) = Z|<\pl}1<;k’%(t)>‘;

! (16)

1) = lin

Therefore,

P@6) =Y [(w=s k| wr )

= 3 (Wr | WA KWL= K e (1)

t t
:/ dt / dtzS(tl)S(tz)eiwo(lzftl)e*i(weJrW)(tz*ll)
fo fo

X My o (W (22) bl U (2, 1)by [ W(21)), a7

where w, is the kinetic energy of the photoemitted electron
while W is the energy lost in overcoming the work function
of the material. We consider the photoemission process to be
instantaneous, which is a valid assumption for high-energy
photons causing photoemitted electrons with high kinetic
energies, i.e., the sudden approximation [20]. The sudden
approximation justifies the absence of renormalization of the
outgoing photoelectron. The state |\IJ,L<;k) = |‘~Ilrln<) ® |k) is
the direct product of the material wave function with one
less electron |\IJ,}1<) and the free photoemitted electron with
momenta k.

It is important to highlight that in the following evaluation
of the photoemission spectra, the coherent state eigenvalue
K; is taken to be constant since we have considered that
the pump acts at earlier times. This makes it easier to calculate
the spectra; however, we should note that the results of the
subsequent calculations with time-independent eigenvalue K;
are valid only when the probe pulse acts after the duration of
the pump pulse and there is no overlap between the two. The
expression for the photoemission intensity involves the probe
temporal profile which is centered about 7, > 0; thus, we can
simply move forward with the calculation assuming #;, , > 0.
We now consider the evaluation of the ARPES spectra by
evaluating the action of the CB electron annihilation from the
coherent exciton state, given by

b |W(1)) = iN[Kx (1)) o + Ki(t1) 1]

% akreik' (1)A] iR (1)A] |0) (13)

using the commutation relation
5 + _ e §
(b, M ON) = iKi(Ogge™ May i = (1,2} (19)

Now we consider the next step in evaluation of the re-
quired matrix element to get the action of time-evolution
operator U(fp,t;) on the CB electron annihilated coherent
exciton state by |\W(t;)). Here, we note that the choice of no
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overlap between the pump and probe pulses and the temporal
profile dependence of the photoemission intensity implies that
U(ty, 1)) = e Ho®=1) gince 11, t, > 0. Therefore,

U (t2, 11)by W (1))
= iN[K> (1)) + K1 (1)1
% eis‘,_kr (=1 )eikl (12)A] eikz(tz )Azak/ 0), (20)

where the state ay|nj;ny) has nj/n, excitons in level 1/2
and an absence of electron with momentum k' from the
VB. Thus, we set the unperturbed energy of this state
to be njw| +nywy — ¢, y, where g, is the energy of
the VB state with the absent electron. Hence, the matrix
element is

(W(t2)[6],U (12, 11 )by | W(11))
= N?[K; ()3, + K ()¢7, ]
X [Ka(t)) o + K1 (1)) 1erw 2=

% (O|a]’ge—il?z*(tz)Aze—iI?f‘(tz)A]eiKI (tz)A;reiKg(tz)A;ak,|O>. 1)
Using the commutation relation
[e7 KA g ] = iR} (1) e K iy, (22)
and the Baker-Campbell-Hausdorff formula

e 5 §
e—lKi*(tz)AielKi(lz)A,- —¢

iRi(12)A] p=iR} (12)A; GIRi(12) (23)
we can find the matrix element in photoemission intensity to
be

(W(t2)|b,U (12, 1)by |W(11))

= TRy (1) o + K1) ]
x [K5 ()¢5, + K ()¢ ], (24)

which clearly indicates four contributing terms to the
photoemission intensity. The two terms of the forms
K3 (1)Ko (1) |* and K (1)K, (1) |* capture the in-
dividual contributions from the exciton levels where
the mixing terms of the forms Kj(5)K,(1)¢}, ¢ and
K} (12)Ka (1)}, b capture the interference between the po-
larizations of the two excited exciton levels.

Assuming the probe temporal profile to be Gaussian center
around time ¢, with temporal width o,

(l‘_tpr)2
s(ty=e 20% . (25)

We can take the long time limit for the integrals + = co and

the initial time #) = —oo since the probe pulse is narrow

and the integral measure will be predominantly zero, exclud-

ing the regiont,, — 50 < ti2 < t, + 50. We can evaluate the

time integrals by Wigner transforming the time arguments into

average time ¢, = (t; + t1)/2 and relative time t, =1, — t;.
The probe pulse profile can be expressed as

(tu - tpr)z (tr)2
s(ty)s() = e o2 e 402

(26)

Hence,
00 0o '
P(fd)=/ dtI/ dt, s(t))s(ty)e' @B
—o0 oo

x e M OAWIETI N P (W) D], U (12, 1)by |W(1))

> Py 27)

i,j=12

where P;; is the contribution to photoemission spectra from
the individual exciton levels (i = j) and the cross terms, i.e.,
interference terms (i # j). These are given by

00 00 4
bij = / dn / dt, S(tl)s([z)e’wo(fzﬁl)
—o oo

@AW ) (ta— 25 _
% e i(w.+W)(t tl)|Mk,k’| Ki*(IZ)Kj(tl)¢;(’¢jk’
; 2 2
— 27[0—|Mk,k’|ZI{i*Kj¢;€’¢jk/el(wi7wf)tpr670 (wi—wj)~ /4

x e~ @ Wte, pt(@itw)/2) (28)
The interference between the polarizations of the two exciton
levels leads to cross terms Py and P»;. The significance of
the interference comes in the harmonic time dependence with
frequency set by the energy difference of the exciton levels.
There are two linewidth-like decaying exponential factors,
suggesting two physical implications. The exponential with
the difference in the exciton energies incorporates the fact that
the interference effect probed is suppressed when the exciton
levels are far apart in energy. The other exponential that looks
like energy conservation suggests that the most pronounced
effect of the interference term is midway between the exciton
levels.

The incoherent exciton contributions to the photoemission
spectra are accounted for by the terms P;; and P»,. These
were discussed in previous theoretical studies on the exciton
contribution to ARPES in semiconducting materials [25,27].
The key aspects of the contributions is that they have spectral
intensity below the conduction band displaced by the exciton
binding energy and their width in momentum is controlled by
their corresponding wave-function spread.

The cross-term contributions are from the interference of
polarizations between the two exciton levels. Since the two
cross terms involve different exciton levels i # j, there is a
harmonic time dependence as seen in Eq. (28).

The coherent state eigenvalues Ki—(; 2y [Eq. (7)] can be
expressed as

Kiz(1.2) = Kiz1.2€"", (29)

and assuming that the wave functions are real, then the pho-
toemission spectrum is

2 2
P(ty) = Z 2ﬂO|Mkwk'|Ki2¢,‘2k’e_6 (wo—we—W e, 1 +w;)
i=1,2
2
—+ 47TU|Mk’k’| K1K2¢1k’¢2k’ COS[(C{)Z — w1 )(tpr — tp)]

x e~ (@ —wz)z/4e—02(wo—we—W-k—sv,kr-0—(w1-?-wz)/2)27 (30)

where the oscillatory term depends on the difference between
the probe and the pump ?,, — t, = tdclay, 1.€., the delay time
between the pump and probe. It is clear that the beating
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FIG. 3. ARPES spectra at different delay times. The different time snapshots display the time dynamics of the coherent exciton state. The
region where the beat oscillations are most pronounced is at the energies between the two exciton energies marked by dashed horizontal lines.

frequency is given by the energy difference between the two
exciton energies wy — w;. The expression for the factors «;
implies that the pump energy €2 being closer to one exciton or
the other can determine the relative weight of the contribution
of exciton levels and thus provides tunability of the strength
of coherent quantum excitonic beats. We note that the energy-
frequency w in the the ARPES spectrum is the difference in
energy of the material before and after photoemission, i.e.,
w = w, + W — wy, the energy that remains in the system.

III. APPLICATION TO A SIMPLE EXAMPLE

To determine the signature of coherent exciton state, we
assume that the coupling of excitons to the pump field is the
same for both exciton levels. Consider the 1s and 2s wave
functions with close energies

P1:(r) = ——n —r/ap
T[CZB
hos(r) ! (2 ’) —r/2ay 31)
. = — — — |€é .
» 4\/27111133/2 ap

where ap is the exciton Bohr radius and their corresponding
energies in terms of excitonic Rydberg

In Fourier space, the wave functions are

Wtk

¢1s,k = P
(1 + kzalzg)2
32 1— 4k2a123
sk = —32V2may ————. (33)

(1 + 4k2a§)

Choose the parameters typical for transition metal dichalco-
genides: energy gap E, = 0.8eV, exciton Rydberg Ry =
100 meV, pump energy 2 = 0.73eV, electron mass m,
0.4794 mg, hole mass my;, = 0.8184 my, exciton Bohr radius
ag = 11.2 A, and the pump and probe temporal width o, =
o =30fs. It is clear from Eq. (30) that the excitonic beat
frequency is set by the difference between the exciton energy
levels wpeat = w1 — wy. Thus, the time period of the oscilla-
tion is T = 27 / Wpeat-

We note that since the larger quantum number wave func-
tions are more spread in real space, keeping the normalization
of wave function in mind implies that the larger quantum
number wave functions are narrower in momentum and conse-
quently have larger amplitudes. We can therefore use the laser
pump energy to be closer to the lower exciton level such that
the contribution from the second exciton is suppressed as seen
by the expression for «;:

R aV 20O

w1y = E; — Ry, @y = E — Ty. (32) ki1 % \| - EoGiope 1, (34)

Woeat tdelay= (2n+1) i Wheat Ldelay= (2n+2) i Wheat Ldelay= (2n+3)
3.0 i i 3.0 i 1 3.0 7 i
1st 1 2s 1st 1 2s 1st 1 2s
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-‘iz.of i i 3;2.0— i i 3;2.0— i i
~ i i ~ i i ~ i |
= 1.51 i i = 151 i i = 151 i i
X~ | | v i | v i i
O 1.0 ! | O 1.0 ! ! T 1.01 ! !
— i i — i i — i i
0.5 i i 0.5 i i 0.5 i i
i i i i i i
0.0 ! -, 0.0 | . 0.0 ! .

0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9

w [eV] w [eV] w [eV]

FIG. 4. Momentum-integrated spectra at different delay times displaying the oscillation in the ARPES intensity which is most prominent

in the energy range between the two exciton energies.
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FIG. 5. False color plot of the momentum-integrated spectra. The
horizontal dashed lines are at the exciton energy levels considered.
The momentum-integrated spectra clearly shows coherent excitonic
quantum beats in the energy range between the exciton levels.

With these two exciton levels, we apply the formalism
developed in Sec. IIB. We have consistent signatures of
excitons to ARPES as highlighted recently [25], as seen in
Fig. 3. However, due the coherent excitation of the two exciton
levels, there is additional interesting oscillations seen in the
photoemission intensity (see Fig. 3). The most pronounced
effect of the oscillations is in the energy range between the

two exciton energies. This can be seen more explicitly in the
momentum-integrated ARPES spectra as shown in Figs. 4
and 5.

In this work, we have implicitly assumed the existence
of one or more coherent excitons and have not included the
presence of the electrons and holes in the conduction and
valence bands. The generation of excitons and the transfer of
spectral weight between the free and bound states remains an
open question which may be addressed in a future work.

IV. CONCLUSIONS

In conclusion, we have considered the signatures of co-
herent exciton states in photoemission measurements. The
ultrashort pump pulse allows for simultaneous excitation of
energetically close exciton levels, the interference of whose
polarizations show up as beats. The exciton beat shows up
as oscillations in photoemission intensity and this signature
is most pronounced in the energy range between the two
exciton energies. With coherent control of these oscillations
in mind, the tunability of the pump laser pulse energy allows
for dominantly exciting one exciton over the other.
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