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Recent theoretical studies showed that the electronic structure of 17-TaS, in the low-temperature commen-
surate charge density wave phase exhibits a nontrivial interplay between band-insulating and Mott-insulating
behavior. This has important implications for the interpretation of photodoping experiments. Here we use
nonequilibrium dynamical mean-field theory simulations of a realistic multilayer structure to clarify the charge
carrier dynamics induced by a laser pulse. The solution is propagated up to the picosecond timescale by
employing a memory-truncation scheme. While long-lived doublons and holons only exist in the surface state of
a specific structure, the disturbance of bonding states in the bilayers which make up the bulk of the system explain
the almost instantaneous appearance of in-gap states. Our simulations consistently explain the coexistence of a
doublon feature with a prominent “background” signal in previous time-resolved photoemission experiments,
and they suggest strategies for the selective population of the in-gap and doublon states by exploiting the

sensitivity to the pump polarization and pump frequency.
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I. INTRODUCTION

The layered transition metal dichalcogenide 17-TaS, ex-
hibits a complex equilibrium phase diagram, which includes
incommensurate, nearly commensurate, and commensurate
charge density wave (CDW) orders at ambient pressure. In the
low-temperature commensurate CDW (CCDW) state, which
is formed below 180 K, the material becomes insulating and
exhibits a periodic lattice distortion [1]. This distortion leads
to the formation of so-called star-of-David (SOD) clusters
consisting of 13 Ta atoms. In a monolayer of 17-TaS,, these
clusters form a triangular lattice and the band structure ex-
hibits a half-filled narrow band near the Fermi level [2]. The
Coulomb interaction then leads to a splitting of this band
into upper and lower Hubbard bands, which has been con-
firmed experimentally [3]. For many years, 17-TaS; in the
CCDW state has thus been considered to be a (polaronic)
Mott insulator [4]. This view has however been challenged
by recent experimental [5-9] and theoretical [7,10-15] works,
which highlight the importance of bilayer substructures. Ac-
cording to density functional theory (DFT) calculations, the
lowest energy structure exhibits a specific stacking of bi-
layers [13], which leads to a different interpretation of the
bulk insulating properties in terms of a bonding/antibonding
gap. For a termination of the system within the bilayers,
one would get a metallic surface state within DFT, while
correlations turn this surface state into a Mott insulator. If
the termination occurs between bilayers, the entire structure
is band insulating [15]. Indeed, recent scanning tunneling
microscopy [6,7] and photoemission experiments [16] can be
consistently explained by assuming a coexistence of domains
with band-insulating and Mott-insulating behavior near the
surface.
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This evolution in the theoretical understanding of the elec-
tronic structure of 17-TaS, has profound implications for
the interpretation of nonequilibrium experiments [16—18]. In
particular, an analysis based on a simple Mott insulator picture
cannot adequately describe photoinduced states. 17-TaS, has
been extensively studied with pump-probe techniques, and it
has attracted a lot of attention after the discovery of light-
induced hidden phases [5,19].

In this study, we will consider photoexcitation protocols
which do not change the structure of the CCDW phase, and we
mainly focus on electronic processes which are fast compared
to the 400 fs oscillation period [17] of the SOD breath-
ing mode. Our aim is to clarify how the interplay between
Mott-insulating surface states and band-insulating bilayers
affects the photoinduced charge dynamics, using a dynamical
mean-field theory (DMFT) [20] based modeling of a realistic
multilayer structure. This analysis provides a consistent in-
terpretation of the experimental results reported in Refs. [18]
and [16], which showed the appearance of two qualitatively
different features after photoexcitation across the gap: (i) a
relatively narrow peak at an energy near 0.2 eV, which was
associated with the creation of doublons (doubly occupied
sites), and (ii) an unexplained broad spectral feature which
fills in the gap region and extends beyond the doublon peak.
In particular, we will reveal that the doublon feature originates
entirely from the Mott-insulating surface state, while the in-
gap states are the result of a photoinduced “melting” of the
bilayers.

With the use of a memory truncation scheme in the solu-
tion of the DMFT equations, the computational effort scales
linearly in the maximum simulation time, and the solution
can be propagated up to the picosecond timescale. This
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allows us to demonstrate that the photoinduced doublons,
which are pinned to the Mott-insulating surface state, decay
on a timescale which is several orders of magnitude longer
than the lifetime of the excitations created within the bilayers.

The paper is structured as follows. In Sec. II we describe
the dynamical mean-field theory based method used for the
semirealistic description of photoexcited 17'-TaS, multilayer
structures. Section III presents the results for the charge car-
rier dynamics and the nonequilibrium spectra, as well as an
analysis of the sensitivity to the polarization and frequency
of the pump pulse. In Sec. IV we connect the theoretical
results to the existing photoemission data and present the
conclusions.

II. METHOD

A. Inhomogeneous cluster DMFT formalism

The model Hamiltonian considered in this work is based
on a realistic multilayer description of 17-TaS, in the CCDW
phase, which we used in a previous equilibrium study of the
electronic structure [15]. The different layers are arranged in
the vertical direction so as to reproduce a particular stacking
of bilayers that has been identified as the structural ground
state [13]; see Fig. 1. In this so-called AL stacking, the bi-
layers feature vertically aligned SOD clusters, while a shift
along the primitive vector a occurs between two neighboring
bilayers. The resulting stacking vector is T = —2a + 2c¢. The
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FIG. 1. Sketch of the stacking arrangements of the SOD clusters
located on different planes with the two possible terminations. The
figure shows only a fraction of the 16 layers considered in this work.
The shaded region at the bottom represents the semi-infinite bulk. A
two-site DMFT cluster associated with a bilayer is indicated by the
red box.

effective single-orbital Hamiltonian Hgop for the SOD clus-
ters of a single layer was obtained with DFT and maximally
localized Wannier orbitals, as described in Ref. [15], while
neighboring layers are connected via two hopping parameters:
h* = 0.2 eV for hopping processes within a bilayer and h =
0.045 eV for those between bilayers. These values allow to
reproduce the surface spectral functions measured with STM.
Following Ref. [15] the hopping part of the Hamiltonian can
be written in the form

Hap(R) = Hsop(R)8a» — Hyydr.0 — iy, (R), ey

where R is the unit cell vector and the index {a, b} refers to
the layer inside the unit cell. In our previous investigation
we employed GW + EDMFT [15,21,22] to study how the
combined effect of strong correlations and strong interlayer
hybridization controls the equilibrium electronic structure.
The bulk of 17-TaS, was found to be a band insulator, while
a Mott-insulating surface state appears when the structure
terminates with a broken bilayer (L termination). Samples
terminating with an intact bilayer (A termination) remain band
insulating near the surface. Despite the different nature of
the two insulating states, for realistic interaction and hopping
parameters, similar gaps were obtained in the bulk and near
the surface, which partly explains the debate about whether or
not 17°-TaS; should be regarded as a Mott or band insulator.

An interesting question is whether the physically different
mechanisms underlying the gap formation in the equilibrium
spectrum can be disentangled in the time domain, through
characteristic signatures in the dynamics of photoinduced car-
riers. As we will show in the results section, this is indeed
the case. In particular, doublons and holons produced in the
Mott surface state have a longer lifetime than the particle-hole
excitations created within a bilayer.

To study the interacting system in the time domain we use
the nonequilibrium generalization of DMFT [23] in combi-
nation with a solver based on the strong-coupling expansion
(noncrossing approximation, NCA) [24,25]. Given the com-
plexity of the system, which features several sites (layers)
in a unit cell, we adopt a simplified self-consistency which
is adequate for insulating systems. This approach is based
on a Bethe-lattice-inspired real-space construction of the hy-
bridization function [26,27] and has the advantage of being
economical in terms of memory requirement, at the cost of
losing the information on the details of the energy dispersion.

The time-dependent hybridization function for site i can be
written as

A, 6y =Y hiGH @, Hhi(t), )
J

where A(t) is the time-dependent hopping parameter and Ggi]
is the cavity Green’s function for the lattice with the ith site
removed. By replacing the cavity Green’s function with the
local Green’s function—which is an approximation in a sys-
tem with finite coordination number—one obtains a DMFT
self-consistency condition relating the hybridization function
directly to the local Green’s functions, similar to the case
of the infinitely connected Bethe lattice [20]. This procedure
cannot however adequately capture the nonlocal correlations
originating from the strong hybridization within a bilayer,

165102-2



PHOTOINDUCED CHARGE DYNAMICS IN 17-TAS,

PHYSICAL REVIEW B 107, 165102 (2023)

which leads to the opening of the bonding/antibonding gap.
For this reason, we use a two-site cluster DMFT [28], where
the two sites of a cluster represent the two planes of a bi-
layer (Fig. 1). In this cluster approach, the strong intra-bilayer
hopping #* is exactly treated within the impurity model. In
the nonequilibrium implementation, each bilayer is repre-
sented by a two-site impurity model with a 2 x 2 Green’s
function G(z, ") and a 2 x 2 hybridization function A(z, ")
constructed from the DFT-derived in-plane hoppings and the
weak inter-bilayer hopping 4". In the following it is therefore
convenient to express the real-space hoppings in terms of the
bilayer index i and the internal index of the layer o = {1, 2}
so that hé,R(t = 0) = Hsop(R)V {i, a}. Since h* is local and
acts only within a bilayer, it will be written as &', (¢), while
the hoppings between different bilayers A, which due to
the stacking vector extend also outside the unit cell, will be
denoted by k™ (¢). With this notation the in-plane hybridiza-
tion matrix for a given bilayer becomes

hl],RGlllhT,R hll,RGlzhl;R>

Al = § :
I i i
(hz.RGzlhT,R

hi, g Gaohi¥ ©

R 2, RF22 R
where Gfl 50, t') is the 2 x 2 contour Green’s function [23]
of the ith bilayer and the time arguments have been dropped
for simplicity. With this implementation, correlation effects
within each bilayer are well captured provided that the kinetic
energy from the in-plane motion of the electrons is adequately
described.

The local two-site Hamiltonian of the ith bilayer is given
by

Hi(t) = — pu(hn + ) + URir iy + Aizgfiny)
- Z [hiz(t)éj'lgéiZ(r +H.c.], 4)

where U is the local Hubbard interaction and p = % is the
chemical potential.

The different bilayers are connected by the hopping A",
which yields additional hybridization contributions related to
Green'’s functions for adjacent layers,

N Bl Gim i 0
Al=Z<R 2R il it giti ] O
X 0 hy "G

The total hybridization function for each bilayer is then given
by the sum of the two contributions:

A= Aj+ Al (6)

Since h* > k" and the in-plane hopping is small, both the
inter-bilayer and intra-bilayer hybridization contributions are
small, which makes the use of the NCA meaningful.

The solid-vacuum interface is described by setting h ' =
0 for the terminating bilayer. To mimic the embedding poten-
tial from the semi-infinite bulk, we connect the bottom side
of the multilayer setup to a noninteracting bath with the same
(gapped) density of states as the last layer. We start the DMFT
loop by solving separate two-site impurity problems for the
different bilayers. Once all the cluster Green’s functions have
been computed, the hybridization functions for the different

impurity problems are calculated according to Eq. (6) and
used as input for the following DMFT iteration.

The converged solutions of the cluster impurity problems
may then be used to evaluate the different contributions to the
energy of the system:

€ira(t) = = > (Miye] e + Hoc)(0), @)

u'(t) = Z U (figr iy ) (1) — piitg) (1), ®
a=1,2

€l o) = 2Im{Tr[A"x G}~ (1, 1), 9)

where the trace in Eq. (9) is performed over the two lay-
ers of the ith bilayer. The kinetic energy €y, (¢) and local
energy u(t) of the bilayers are obtained directly from the time-
dependent expectation values of the intra-bilayer hopping and
double occupancy. The kinetic energy €y (f) associated with
hopping processes to other bilayers is given by the convo-
lution between the local hybridization matrix and the local
Green’s function matrix. In Eq. (9) the factor of two comes
from the sum over the spin contributions. All energies are
reported in eV.

B. Light-matter interaction

The coupling between the electrons and light is imple-
mented with the Peierls substitution

Hap(R, 1) = Hap(R)e™ i 90 ®D, (10)

Here, the effect of the electric field is described by the vector
potential A(z), whose line integral defines ¢. This choice is
particularly convenient since the model is defined in real space
and the time-dependent phase factors can be included directly
in the hopping parameters. The polarization p = {e,, e,, e;}
of the electric field E(¢, z) = E(t, z)p is explicitly considered
and the amplitude of the pulse has a Gaussian envelope with
maximum value Ej,

E(t,2)=EWt)f(z—1z5) = Eoe*(%)2 sin(wot ) f(z — z5).
(1)

Here, fy indicates the time corresponding to the pump
maximum, wg the frequency of the pulse, which we express in
eV hereafter, and the width at half maximum (whm) is given
by 20'+/In 2. In all our simulations we excite only the surface
region of the multilayer structure by including a function

fe—z)=e 7, (12)

which damps the intensity of the electric field with increasing
distance from the solid-vacuum interface located at z; (z < zy).
Realistic pump pulses would excite many layers. Here, we
set the characteristic length of the decay to y = 0.75. The
reason for this choice is twofold: one of the goals of this study
is to disentangle the local carrier recombination from their
diffusion within the structure. The specific value of y has been
chosen such that the deepest layers of our structure are not
excited. Setting f(z) = 1, which corresponds to a uniform ex-
citation for all the layers, would hide the diffusion within the
bulk. Second, exciting the layers close to the noninteracting
bath mimicking the semi-infinite bulk would result in spurious
carrier recombinations.
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The Peierls phase factor is given by the integral of the
vector potential

At,2) = —f(z—z) / dr'E(t")p
0

= f(z—2z)A@)p 13)

along the path corresponding to the real-space hopping:

R-+r,
%ARJ>=A0)/' Fz—z0p-dr

=A(t){e,, ey, €.} - {sin6 cos ¢, sin & sin ¢, cos 6}

¢
X / f(z—zydr. (14)
0

Note that for f(z) = 1 the integral over dr is equal to the
absolute distance ¢ between the lattice sites connected by the
hopping and the result ¢,,(R,#) = A() - (R+r, —1,) fora
homogeneous vector potential is recovered. For the exponen-
tial decay employed in this study one has

¢ =2z ¢ zs—(za+rcosf)
/ e 7 dr= / e v dr (15)
0 0

£cosf _ s~
= L - e,
cosf

where the angle 6 measures the deviation from the stacking
direction. Note that the hopping within a layer corresponds to
the cos @ = 0 limit for which the contribution from Eq. (15)
is £e~ 7 . In this case the Peierls factor becomes the stan-
dard one multiplied by an exponential damping given by the
distance from the surface:

$aR. 1) =A@M)- R+, —1)e 7. (16)
From Eq. (13) one sees how the electric field polarization p
can be used to excite hoppings in the different directions. For
instance, p = %{l, 1,0} corresponds to excitations (time-
dependent hoppings) within a layer, while any choice with
p: # 0 will produce excitations between the layers with a field
amplitude which depends on the depth inside the structure.
Due to the form of the self-consistency, the model treats the
in-plane motion on an approximate level. For this reason, all
the results presented in this work are averaged over several
different norm-conserving planar polarizations {p;, p,}.

C. Memory truncation

The standard approach to solving the nonequilibrium
DMEFT equations is to discretize the time arguments with a
fixed small time step % so that + = Nh [23]. Because this so-
lution involves Dyson-type equations in which the self-energy
plays the role of a memory kernel, a calculation which retains
the memory back to the initial state is very costly in terms
of memory [O(N?)] and computational complexity [O(N?)
in the NCA case]. To improve the scaling and propagate the
solution to longer times a memory-truncation scheme has
been proposed [29,30], in which the self-energy is stored
only within a time window defined by a sufficiently large
cutoff 7oy = Neyeh. This allows us to reduce the memory and
computational costs to O(NZ2,) and O(N - N2,), respectively.

In a generic nonequilibrium DMFT calculation with NCA
impurity solver, two types of Dyson equations have to be
solved: (i) the lattice Dyson equations, and (ii) the pseu-
doparticle Dyson equations of the impurity solver. In the
present study, since we use the simplified Bethe-lattice-
like self-consistency scheme, we can directly calculate the
hybridization function A of the impurity action from the im-
purity Green’s function Giyp and thus circumvent the lattice
Dyson equation. What remains is the NCA solution of the
impurity problem which involves solutions of pseudoparticle
Dyson equations. The pseudoparticle self-energies are defined
at the NCA level as [25]

SNCAG ¢y = iZ[Ef,G(z, e (1) Ay (£, 1)

— &G, 1NE )AL, 1), 7)

where the tildes indicate matrix objects in pseudoparticle
space. % is the pseudoparticle self-energy, G the pseudopar-
ticle Green’s function, and ¢ is the matrix representation of
the impurity annihilation operator in pseudoparticle space.
Assuming that the hybridization function decays sufficiently
fast, as is typically the case in insulating systems, one
can implement the truncation by setting the hybridization
function to zero for [t —1t'| > fey. Details related to the
implementation of the truncation scheme can be found in
Ref. [30].

III. RESULTS

A. Equilibrium spectra

We simulate a layered setup consisting of eight bilayers
and also consider the case of a system terminating with a
broken bilayer by adding an additional single-site impurity
problem hybridized with the cluster representing the topmost
bilayer. The local Hubbard interaction is set to U = 0.4 eV,
since this value was shown to provide an adequate description
of the electronic structure in Refs. [15,31]. The equilib-
rium spectral functions A(w) = —ImGR(w)/m, obtained by
Fourier-transforming the retarded Green’s functions of the
initial equilibrium system, are reported in Fig. 2 for different
temperatures 7. By comparing the low-temperature spectra
for the simplified self-consistency in Fig. 2 with those com-
puted using the exact lattice self-consistency and an exact
impurity solver [32] (gray shaded regions) [15], one notices
a remarkable agreement, both in terms of the gap sizes and
spectral weight distributions. In particular, the characteristic
differences between the surface spectra for the two types
of terminations are reproduced. From this comparison one
can conclude that the model solved with the simplified self-
consistency approach captures the balance between kinetic
and potential energy and represents a suitable methodology
for the following nonequilibrium investigation.

A striking feature, which even in equilibrium exemplifies
the different nature of the insulating states appearing in the
structure, is the occurrence of in-gap states exclusively in the
bilayers as the temperature is increased. This is a consequence
of the different local physics associated with isolated sites as
compared to those forming bonding-antibonding states. In the
latter case, the addition of an electron (or a hole) to a given site
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FIG. 2. Colored lines: Equilibrium layer-resolved local spectral
functions obtained with the simplified self-consistency at the in-
dicated electronic temperatures. Gray shaded regions: Full GW +
EDMEFT results for the same structures and 7 = 30 K taken from
Ref. [15]. Note the slightly smaller gap, which is due to screen-
ing effects that are not included in the models studied in this
work.

of the dimer creates states inside the gap, and these states can
be thermally populated. In the case of a Mott gap, no such
in-gap states appear. The same physics explains the differ-
ences in the surface A(w) for the two possible terminations:
for the L-terminating structure the peaks closer to the Fermi
level at w &= 0.15 eV stem from the interaction-split quasipar-
ticle band, while the higher-energy peaks at w 0.3 eV are
bonding/antibonding states located at a slightly higher energy
with respect to those present in the A-terminating system at
o £0.25¢eV.

B. Energy absorption and diffusion

All the nonequilibrium calculations are performed at an
initial inverse temperature 8 = 100 eV~! (T = 110 K) using
U = 0.4 eV. Given the position of the peaks of A(w) we
choose the pulse frequencies for the nonequilibrium simula-
tions in the range 0.3 < wp < 0.9 eV. The field amplitude is
set to Ey = 0.1 V/A and we place the center of the pulse
at to = 16.5 fs. We simulate a short pulse corresponding to
an envelope with whm of 9 fs. The total energy associated
with the different bilayers is given by the sum of the three

Eo=0.1V/A, wy=0.4eV
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FIG. 3. Total energy variation in the different bilayers for the
indicated out-of-plane light polarizations. Each panel refers to a
given bilayer and the corresponding energy variation is denoted by
AE;(t), with the exception of the single layer of the L terminating
system which corresponds to AEy(¢). In this figure we report only
the region close to the surface of the two 16-layer-thick setups. The
end of the pulse is marked in each panel by a vertical black line.

terms listed in Eq. (7) and its variation with respect to the
equilibrium value AE;(t) is reported in Fig. 3 for different
choices of the out-of-plane component p, % 0 of the electric
field. The energy absorption reflects the depth dependence
of our excitation: only the first few layers of the system
exhibit an increase in total energy during the pulse, which
ends at the time marked by the vertical black line. In the
fourth bilayer and below the energy increase is not directly
triggered by the pulse, but occurs with a time delay. In par-
ticular, the energy increase in these deeper layers occurs in
a time window where the total energy in the near-surface
layers is already decreasing. This behavior indicates an energy
flow from the photoexcited surface region into the bulk. The
light polarization of the pulse is found to have a significant
effect. When the pump field has a component in the stacking
direction (cos@ > 0), the energy absorption is significantly
increased, especially in the bilayers. We also notice that, for
the same pulse amplitude, the energy absorption in the surface
Mott layer is substantially smaller and the energy within this
layer decays more slowly after the pulse than in the topmost
bilayer. It is also noteworthy that the presence of the surface
Mott layer significantly reduces the energy absorption in the
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FIG. 4. Upper panels: Total absorption of the layered setup as
a function of the pulse frequency wy and polarization angle 6.
The in-plane polarization corresponds to 6 = 90° and the shaded
region shows the real part of the optical conductivity of the 4-site
model. Lower panel: Sketch of the minimal 4-site model and the
possible hopping processes associated with the two dominant energy
excitations.

neighboring bilayer, even if one accounts for the effect of the
depth-dependent pump profile.

We provide a comprehensive picture of how the system
absorbs energy by performing a scan over the incident light
frequency wy and polarization. The total absorption A (wq)
is measured by averaging AE;(t) over ~10 fs after the end
of the pulse and by summing the contributions of all the
bilayers. In the evaluation of Ay (wy) we separately counted
every kinetic energy term by storing the Afl contribution to
Eq. (6) for each layer. In Fig. 4 we report the results for the two
terminations. The different maximum magnitudes (notice the
scales on the y axis) confirm that the surface Mott state signif-
icantly reduces the total absorption. Both panels show similar
profiles with a two-peak structure located at wy ~ 0.45 eV
and wy ~ 0.65 eV that we identified by fitting A (wp). The
relative weight of the two peaks depends on the incident light
polarization.

In order to provide an explanation for the observed absorp-
tion profiles we solve the atomic Hamiltonian of a 4-site chain
with the same interaction and vertical hopping structure as in
the extended system. The cluster model consists of two pairs
of sites which are dimerized by the strong hopping #*, and
which are connected by the weaker hopping /". This structure,
sketched in the lower panel of Fig. 4, mimics the realistic
simulation in the limit of vanishing in-plane hopping and
captures the characteristic excitation energies associated with
electrons perturbing the bonding-antibonding states hosted by
the bilayers (with overall density fixed to four electrons). The
solution of the model at half filling allows us to compute the
real part of the optical conductivity Re o,,(wp) by means of

the exact eigenvalues ¢, and eigenvectors W,

1 1
Re oy (wp) = — Z

wo mn (a)0+£m_£n)2+n2

X [(Wo W) (Wi | 2 | W) (W, 7| W)
— (W0 | o W) (W T ) (W | W0)],  (18)

where J, = i) i hi(éjaéi+10 — H.c.) is the current operator,
n a small broadening, and #; the hopping parameter which
equals either A" or h* depending on the connected chain sites.
The spectra of the 4-site model reveal dominant excitations
at the energies wy; = ¢, — &, =0.45 eV and wpor = ¢, —
em = 0.68 eV. The analysis of the corresponding eigenvectors
shows that the one at wy ; is related to excitations which move
carriers within the bilayers and destroy the bonding state,
while the one at wy ; is associated with electrons hopping be-
tween different bilayers. These results allow us to deduce that
in the realistic simulations, the states available for absorption
are at wg » when the excitation is out-of-plane and at g ; when
the pulse excites electrons between the bilayers or within the
plane (the total in-plane bandwidth is comparable to A"). This
interpretation is corroborated by the absorption profiles, in
particular by the yellow curve of Fig. 4, which refers to pure
in-plane excitation and does not have the peak at wy >, while
for fields with an out-of-plane component, the relative weight
between the two resonances is concentrated at wy ;.
According to Egs. (7)—(9) the total energy can be separated
into potential and kinetic energy contributions. This is use-
ful since it enables us to identify the nature of the carriers
responsible for the energy increase in the system. For the
usual case of photodoped Mott insulators one would expect
an increase in the potential energy as a consequence of the
increased doublon density d(¢) = (fiz7i})(¢) [33]. At the same
time, an increase in the number of carriers should result in
an increased metallicity which manifests itself in a decrease
of the kinetic energy. In our simulations the kinetic energy
is further resolved into contributions coming from the hop-
ping within and between the bilayers. In Fig. 5 we report
such an analysis for a pulse which corresponds to the strong
absorption resonance at wp, = 0.7 eV. The first notable ob-
servation concerns the potential energy variation u(¢) which
is always increased by the pulse but decays very fast in the
bilayers with bonding-antibonding gap. Only the surface Mott
layer of the L-terminating setup exhibits a slow decay, as one
would expect for a system with an interaction-to-bandwidth
ratio of about one [33]. The kinetic energy variation €jpe(#)
associated with hopping processes within the planes and be-
tween the bilayers, indicated by the yellow line in Fig. 5,
is always negative at long times, indicating a photoinduced
metallic behavior. This behavior is qualitatively the same for
all the frequencies and polarizations considered in Fig. 4.
Another noteworthy feature of the photoexcited state is the
significant positive variation in the kinetic energy internal to
the bilayer, €ja(¢), which becomes increasingly prominent
as 0 decreases. We associate this increase in the (negative)
kinetic energy with a decrease in the population of the bond-
ing (singlet) state when the system is photoexcited. The
effective reduction of the intra-bilayer kinetic energy appears
to be mainly responsible for both the strong increase with
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FIG. 5. Energy variation subdivided into intra-bilayer potential
(brown) and kinetic (red) contributions and inter-bilayer kinetic en-
ergy (yellow) for a pulse corresponding to the absorption resonance
with highest intensity.

decreasing 6 in the total energy absorbed by the bilayers, seen
in Fig. 3, and for the energy diffusion into the bulk. As can
be seen from the top layers, especially for the A-terminating
setup, the doublon recombination occurs within a few tens of
femtoseconds after the pulse and the energy diffusion mani-
fests itself mainly in an increase in A€y, (disturbance of the
intra-bilayer singlets).

In Fig. 6 we report for both setups the long-time dynamics
obtained by applying the memory truncation scheme. The
DMEFT equations are solved on the full Kadanoff-Baym con-
tour up to fr = 160 fs, while at longer times a truncation
with 7 = 130 fs is applied. These parameter choices are
reasonable since we considered a pulse with whm of 9 fs
which results in a smooth dynamics beyond #.,;. We confirmed
by comparing against the observables computed on the full
contour that the results obtained with the truncation scheme
are consistent up to five digits, which is the typical precision
of our calculations. The agreement can be further improved
by increasing the truncation window 7. In these simulations,
we employ a pulse with frequency wy ; = 0.4 eV which max-
imizes the doublon production. In the upper panel of Fig. 6
we report the total energy variations AEy(t) and AE;(t) for
each bilayer, similarly to Fig. 3. As mentioned above, one

Ey=0.1V/A, wy=0.4eV, 0=60°

L termination

H

500 0 100 200 300 400 500

A termination

1.3 x 10~ 1

0 100 200 300 400

t [fs] t [fs]

A termination L termination

—1.1x10"1 0 2.8 x 10~ 1

o
=]
]
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t [fs] ¢ [£s]
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FIG. 6. Long-time evolution of the variations in the total energy
E'=¢l ., +u + €, (top) and doublon density (bottom) with re-
spect to the initial equilibrium state for the different bilayers B, and
in the monolayer M, at the surface of the L terminating setup. In both
panels the blue background refers to zero variation. For graphical
purposes the variations have been interpolated along the stacking
direction and a factor of 4 has been applied to the data for the L
termination.

notices that the absorption, which corresponds to a positive
total energy variation, is largest in the bilayer B; closest to
the surface (note that By of the L termination experiences a
weaker pulse excitation because of the depth-dependent pump
profile) and that this excess energy is transferred to the rest of
the structure within 200 fs. The fastest processes appear to be
associated with ballistic transport of charge carriers, since the
wave fronts have an approximately linear time dependence.
The most notable difference between the two terminations
is the almost constant small energy increase in bilayer B
of the L-terminating structure. We associate this behavior to
the slow diffusion of doublons from the neighboring surface
monolayer. To corroborate this interpretation we plot in the
lower panels of Fig. 6 the doublon density variation. For the
L termination, we notice a slowly depleting population of
doublons in the surface layer, whereas the doublons detected
within the bilayers vanish on the 100 fs timescale. It is also
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FIG. 7. Layer-resolved local lesser spectral functions for initial
inverse temperature 8 = 100 eV~ and for the two possible termi-
nations. Different colors refer to different pump-probe delays. For
comparison, the gray shaded areas represent the equilibrium spectral
functions at 8 = 10 eV~' computed from the retarded component of
the Green’s function.

interesting to notice the fact that, in contrast to the total en-
ergy, the variation in the doublon density oscillates between
positive and negative values (see different limits in the color
bars) when evaluated within a bilayer. This is a consequence
of the fact that the double occupation within a layer does not
represent a good quantum number in the presence of a strong
interlayer hybridization.

C. Melting of bilayers

To gain insights into the effects that the suppression of the
intra-bilayer bonding state has on the time-dependent occupa-
tion we compute the lesser component of the spectral function
for each layer,

1 . .
Ai<(tavs (U) = _;Im/dtrelelwlmlGl,<(tv t/)s (]9)

where t,, = (t +1)/2 and t,) =t —t’. We report the results
for different pump-probe delays 7 = t,, — fy in Fig. 7, where
one notices the emergence of a broad metallic peak which fills
the bonding-antibonding gap after the photoexcitation. This
band insulator to metal transition is accompanied by a strong
heating of the system. The latter manifests itself through a
broadening of the spectra over the whole frequency range,

which is highlighted in the figure by plotting the equilibrium
spectral function at ten times the temperature (8 = 10 eV~!)
of the initial equilibrium state. (The “nonequilibrium distribu-
tion function,” obtained by dividing the occupation function
by the spectral function, is still very different from a Fermi
function, even at 7 = 102 fs, and thus it is not yet possible
to define a meaningful temperature, even in the bilayers.) We
will refer to the presence of these two features, i.e., the broad
metallic peak and the increase in the effective temperature,
as the photoinduced melting of the bilayer. The filling of the
gap in the bilayers contrasts with the evolution of the Mott-
insulating surface layer in the L-terminated system, where one
observes an accumulation of doublons at the lower edge of
the upper Hubbard band, but no significant change in the gap
region. Also, the heating effects seem to be reduced in the
Mott layer. The trapping of the doublons in the surface layer
can be explained by the smaller gap, compared to the bilayers,
and the small interlayer hopping i = 0.045.

From the study of the Hubbard dimer on the Bethe lattice
[34] it is known that a reduction of the bonding-antibonding
hybridization in the presence of moderate interactions will
drive the electronic phase from band insulating to metal-
lic with the emergence of a sharp quasiparticle peak, while
Ref. [35] discussed the emergence of in-gap states associated
with the addition or removal of electrons. We therefore argue
that the main effect of pulses with out-of-plane polarization
components is twofold: (i) the photodoped electrons and holes
disrupt the bonding state and populate in-gap states, and (ii)
the resulting fast electron-hole recombination leads to strong
heating. The diffusion that we identified before by the increase
in € () With increasing time and depth of the layer is seen
to be associated with this metallic peak. More specifically,
if we look at the evolution of the occupation in the deeper
layers, one sees that the occupation grows as a function of
time in the energy region of the photoinduced metallic peak.
In the near-surface spectra, the time evolution instead shows
a decrease of the photoinjected charge carriers and their re-
laxation toward the in-gap states. This is particularly evident
for the A-terminating setup without the Mott layer, and in
the topmost bilayer of the L-terminating setup. In agreement
with the above discussion of the potential energy variation,
the population of the surface Mott layer, however, appears to
be almost constant up to the longest simulation times. Some
cooling effect is present there, since hot electrons (doublons)
can escape to the neighboring layer or be converted into low-
energy doublons through impact ionization [27,36].

D. Photoemission

In experiments the pump pulse is expected to penetrate the
sample up to a depth that can be obtained via the Lambert-
Beer law and can be estimated to be of the order of several
tenths of layers. On the other hand, photoemission spec-
troscopy (PES) measurements are collecting electrons emitted
within their mean-free path, which depends on the kinetic
energy they acquire from the photoexcitation. In typical ex-
periments, the signal comes from only the top few layers. In
the following, we thus calculate the weighted average

O M (1, w) = AT (1, w)e /", (20)
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FIG. 8. Average of the occupied states close to the sample sur-
face for the A and L terminating systems, for the two absorption
resonances and different polarizations. The electric field amplitude is
E, = 0.1 V/A and the pulse envelope has a whm of 22 fs. Different
colors correspond to different pump-probe delays. The gray shaded
region shows the occupation of the initial equilibrium state. The
curves are offset for better visualization. In light blue we highlight
the energy region where the doublon signal is experimentally found.

where A AALY (t, w) is the occupation function (19) of the ith
layer and L = 0.75 the mean-free path in units of the inter-
layer spacing. This quantity is related to the photoemission
spectrum, but a quantitative evaluation of the time-resolved
PES signal needs to take into account the envelope of the
probe pulse [37] and the (layer dependent) matrix elements. If
the duration of the probe pulse is short, this leads to a smearing
of the spectral features in time and frequency, compared to
the occupied spectral function (20). Nevertheless, even with
an energy and time resolution at the uncertainty limit, the
features of interest should remain visible. In principle, the
occupied spectral function can be extracted from PES mea-
surements with different pulse shapes [38]. We thus present in
the following the results of Eq. (20) instead of the simulated
PES intensity for one fixed pulse shape.

It is important to specify the different terminations as the
surface spectra, which provide the strongest contribution to
O, behave differently. Given the large spot size of the probe
pulse, it is however reasonable to assume that, in a realistic
measurement, the total PES signal originates from domains
with different terminations. For this reason we show in Figs. 8
and 9 the average of the calculated occupied states associated
with the two terminations.

In order to make a closer link to the available pump-
probe photoemission experiments performed on the CCDW
phase of 17-TaS,, in particular those presented in Ref. [18],
we performed calculations for the same setups described in

0 = 90°

6 = 80°

6 = 70°

6 = 60°

—0.4 0.0 0.4 0.8 —0.4 0.0 0.4 0.8

w—pleV] w—pleV]

FIG. 9. Same as Fig. 8 but with a longer pump pulse with a whm
of 55 fs and weaker amplitude E, = 0.02 V/A.

the previous section but with larger o. We simulated a pulse
with whm of 22 fs and amplitude Ey = 0.1 V/A in Fig. 8,
and an even longer pulse with whm of 55 fs (which spans
the full nontruncated time window which we can handle) in
Fig. 9. In this latter case we also decreased the field amplitude
to Eg = 0.02 V/A in order to be compatible with a fluence of
F ~ 0.6 mJ/cm?. We plot the average of the photoemission
signals coming from systems with both terminations after
exciting them at the two main resonances wy ; and wy », at dif-
ferent incident angles 6. Negative 7 refer to snapshots before
the pump maximum.

In all the setups considered, and for all values of 6, we
found an emergent peak in the spectra located at ~0.2 eV. This
feature is in remarkable agreement with the peak observed
in Ref. [18]. If one looks at the curve corresponding to in-
plane excitations (6 = 90°) in Fig. 8§, it can be noticed that
this signal is more pronounced for the lower pump frequency
wp1 = 0.4 eV, which is in the optimal range for exciting
doublon-hole pairs in the Mott-insulating surface state. This
feature, which we interpret as the doublon peak of the Mott
layer, emerges only for positive 7.

By decreasing 6 the antibonding states of the bilayers get
more and more populated and provide additional contribu-
tions to the total PES, which, given the larger gap associated
with the bilayers, are located at the higher energy ~0.4 eV.
The signal at this energy increases with decreasing 6 and it
is stronger for the higher-energy pump-pulse wp, = 0.7 eV,
which confirms that it originates from excitations within the
bilayers.

Another noteworthy feature, which is again in close agree-
ment with what has been reported in the experimental paper,
is the appearance of a shoulder before the pump maximum
at ~0.1 eV, which is present only for 6 < 90° and wg,. We
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associate this signature with excitations of the singlets in the
bilayer. This interpretation is confirmed by the layer-resolved
time-dependent spectra that we used to compute O(¢, @) (not
shown).

Finally, we notice that the photoinduced metallic state
hosted by the bilayers leads to a continuum of photoemission
weight in the whole energy region below 0.4 eV which grows
with time and eventually covers the signal at 0.2 eV, at least
for small enough 6. This result is compatible with the ex-
perimental observation of a prominent “background” signal,
whose intensity increasingly hides the upper Hubbard band
as the pump-probe delay increases. In Ref. [18] it was sug-
gested that the observed peak at 175 meV is to be associated
with photodoped doublons which, due to an intrinsic doping
of the sample, disappears after 100 fs due to recombination
processes. In their analysis Ligges er al. extracted a 20 fs
recombination timescale by separating the doublon signal
from the smooth, exponentially decaying background through
a fitting procedure. Although this result seems to exclude a
long-lived doublon hidden by a growing signal from in-gap
states, the fitting procedures may become subtle if the doublon
signal becomes very weak. The presence of several nonther-
mal substructures in the background signal obtained from our
model prevents us from performing a reliable estimation of
the two timescales by a similar fitting procedure.

Previous theoretical investigations based on nonequilib-
rium DMFT calculations of the doped single-layer triangular-
lattice Hubbard model [18] captured the observed timescales
for the doublon signature under the assumption of small hole
doping, but could not reproduce the gap filling effect.

IV. CONCLUSIONS

Based on the results presented in this work and in our previ-
ous equilibrium study, we propose an alternative interpretation
of the photoemission data in Ref. [18], which explains both
the ultrafast disappearance of the signal at 0.2 eV and the
appearance of the in-gap states. Consistently with Ref. [18]
we associate the 0.2 eV peak with the upper Hubbard band—
more specifically with the long-lived photoexcited doublons
in the Mott-insulating surface state of the L-terminating sys-
tem. The spectral weight in the gap region, or background,
on the other hand, originates in our multilayer simulations
from the photoinduced disturbance of the singlet states in
the bilayers, which make up the A-terminating structure and
the bulk of the L-terminating system. In these bilayers, the
photoexcitation creates in-gap states, which leads to a fast
recombination of the excited charge carriers, and a strong
heating. As the in-gap states get populated and the bilayers
heat up, the excitation continuum associated with the bilayers
swallows the roughly constant feature coming from the Mott-
insulating surface state. In this interpretation, we can assume
that the system is half filled and that the doublon population
in the upper Hubbard band is long lived, as one can indeed
deduce from Fig. 5. The essential difference to Ref. [18] is
that our study builds on the recent insight [5-7,9-11,13,15]
that 17-TaS; is not a pure Mott system, but except for a
possibly Mott-insulating surface layer, a band insulator whose
gap originates from the strong hybridization within bilayers.
While other processes beyond our low-energy model may

contribute to the background signal, the photoinduced distur-
bance of the singlet states in the bilayers provides a natural
explanation for the appearance of the excitation continuum in
time-resolved photoemission measurements.

We also note that a very recent tr-ARPES study [16] on
1T-TaS, provides detailed information on the appearance of
the in-gap states during the pump pulse, and confirms the co-
existence of a prominent occupation in the in-gap region with
a doublon feature around 100 fs after the pump maximum.
These results are entirely consistent with the time-resolved
spectra reported in our study and the interpretation given here
in terms of in-gap states resulting from the melting of the
bilayers.

By truncating the time window over which the hybridiza-
tion is retained using a sufficiently large cutoff, we were
able to propagate the interacting solution of our semirealistic
multilayer model at a computational cost which scales linearly
in the maximum time. This allowed us to reach the picosecond
timescale and to confirm that the photoinduced excitations in
Mott-insulating and band-insulating substructures with sim-
ilar gaps show very different dynamics and timescales. An
approximate steady state with long-lived doublons in the
photodoped surface state and a melted hybridization gap in
the topmost bilayer is established after about 200 fs, which
corresponds to half an oscillation period of the SOD clusters
[17]. On this (and longer) timescales, the coupling of the
excited electronic system to the breathing mode in principle
needs to be considered. The slow dynamics of the electron-
phonon coupled system may be more adequately treated by a
different methodological approach, e.g., based on the quantum
Boltzmann equation [39], but the present study clarifies the
nature of the nonequilibrium state which enters such a scheme
as an initial condition.

It is worth mentioning that the recombination timescale
for doublons trapped in the Mott-insulating surface layer
might be reduced by processes which are not considered in
our cluster-DMFT approach, such as the coupling to charge
fluctuations. While the multilayer GW + EDMFT analysis of
Ref. [15] includes the feedback from charge fluctuations, this
effect is not prominent in the insulating initial state. However,
as shown in previous nonequilibrium GW + EDMFT studies
[40,41], the coupling to charge fluctuations can produce a sig-
nificant broadening of Hubbard bands in photodoped states.
This could lead to a faster hopping of photodoped doublons
and holons from the surface state into the neighboring bilayer.

The nontrivial interplay between band-insulating and
Mott-insulating behavior can be systematically explored in
time-resolved ARPES by varying the polarization and fre-
quency of the pump pulse. In particular, since the in-gap states
result from the disturbance of intra-bilayer singlets, a field
polarization in the stacking direction leads to a strong energy
absorption and rapid filling of the gap. On the other hand,
in-plane polarized pulses can effectively create doublons and
holons in the Mott-insulating surface layer. Also the pulse
frequency can be used to selectively target the different types
of excitations, since at least within our model the optimal
frequency for the melting of the bilayers is almost a factor of
two larger than the optimal frequency for doublon production.
Future experiments may exploit these two knobs to shed more
light on the photocarrier dynamics in 17-TaS,.
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A more complete experimental characterization of the
photodoped state could be obtained by combining time-
resolved photoemission studies with alternative probes which
provide insights into the dynamics of local state populations.
Promising approaches to estimate the doublon lifetime and the
population of excited dimers are core-level x-ray photoemis-
sion spectroscopy [42], x-ray absorption spectroscopy [43], or
resonant inelastic x-ray scattering [44], for which theoretical
descriptions based on nonequilibrium DMFT have recently
been developed [45-47].
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