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Excitons in the One-Dimensional Hubbard Model: A Real-Time Study
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We study the real-time dynamics of a hole and doubly occupied site pair, namely, a holon and a
doublon, in a 1D Hubbard insulator with on-site and nearest-neighbor Coulomb repulsion. Our analysis
shows that the pair is long-lived and the expected decay mechanism to underlying spin excitations is
actually inefficient. For a nonzero intersite Coulomb repulsion, we observe that part of the wave function
remains in a bound state. Our study also provides insight on the holon-doublon propagation in real space.
Because of the one-dimensional nature of the problem, these particles move in opposite directions even in
the absence of an applied electric field. The potential relevance of our results to solar cell applications is

discussed.
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Introduction.—In most band insulators and semiconduc-
tors, a single particle picture is sufficient for a qualitative
grasp of transport and optical properties. This simplicity
was crucial for an early understanding of their electronic
structure and for discoveries such as the transistor and
semiconductor solar cells. An equivalent progress for
strongly correlated electronic materials (SCEM), such as
Mott insulators, has marched at a slower pace since com-
plicated many-body interactions govern their behavior, and
the one-electron picture breaks down [1]. Nevertheless,
gigantic optical nonlinear properties, potentially useful
for applications, have been reported in 1D Mott-Hubbard
materials, such as Sr,CuO; [2]. However, the majority of
SCEM research has focused on fundamental science is-
sues. While interesting technologies might emerge as a
result of the exotic transport properties and complex phase
diagrams of SCEM [3], their optical properties have been
largely regarded only as a probe of the ground state.
Whether SCEM can be of use for applications in solar
cells, photocatalysis, or solid-state-lighting devices will
depend on our basic understanding of their optical proper-
ties and specifically on the dynamics of the optical
excitations.

The market of light-to-energy conversion is currently
dominated by semiconductor materials, silicon, in particu-
lar. Composite tandem solar cells have been fabricated to
take maximum advantage of the solar spectra [4].
However, semiconductor solar cells are very sensitive to
defects in the crystal lattice, which implies that cost re-
mains a major limiting factor [5]. Current efforts to reduce
the cost of solar cells include the exploration of other
alternatives such as composites of polymers, quantum
dots, and their combinations [6]. In these novel devices,
excitons dissociate into electrons and holes at the interface
of two materials with different band offsets.
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It is frequently claimed that to date “all photovoltaic
technologies use semiconductor materials’” [7]. While
ideal solar cell materials have to fulfill a number of prop-
erties [8], note that having a gap between 1.1 and 1.7 eV, of
any origin, is the basic requirement. The fact that photo-
catalytic processes are not quenched in composites involv-
ing manganites [9] raises hope for many highly correlated
oxides to be technologically useful for light-to-energy
conversion. To control the values of their potentially useful
intrinsic gaps, transition metal oxides can be grown in
complex layered superlattices [10,11].

However, one can argue against these highly correlated
oxides as candidates for solar energy harvesting materials,
since the optical gap arises only as a result of electronic
correlations: They would be metallic otherwise. As a re-
sult, the ground state is magnetic with low-energy excita-
tions, which, in principle, can provide a path for the exciton
decay. Excitons in SCEM have received much theoretical
attention [12,13], but most of the efforts have focused on
the exciton formation and its properties. They have also
been observed experimentally in 1D Mott insulators [14].
A real-time study of the excitation propagation in real
space, accounting for its decay in addition to the bound
state formation, has not been presented before to our
knowledge.

In this Letter, we study the dynamics of holon-doublon
excitations in the 1D extended Hubbard model by using the
recently developed time-dependent density-matrix renor-
malization group (tDMRG). We find the following. (i) The
mechanism for exciton decay into magnetic excitations is
very inefficient, for the holon-doublon pair is long-lived.
This suggests that 1D SCEM can, in principle, be used to
generate power or promote chemical reactions at the sur-
face, adding to its previously discussed potential role as
optical switches [2]. (i) At least in quasi-1D systems,
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despite the absence of an electric field, the holon and
doublon move in opposite directions even in the presence
of a finite attraction. (iii) In agreement with previous
calculations, a fraction of the pair forms a bound state.

Model and technique.—We investigate an open Hubbard
chain of L sites with on-site and nearest-neighbor (NN)
Coulomb repulsion. The number of electrons is set to L;
i.e., the system is at half-filling. The Hamiltonian is given
by

L-1
H=—1, Z (c?aciﬂa + Hc.)

o,i=1
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+V Z(ﬁi — DA — 1), (1)
=

where #;, is the hopping integral and U and V are the on-site
and NN Coulomb repulsion, respectively. The rest of the
notation is standard. The ground state |W,) of H is calcu-
lated by using static DMRG [15,16]. This state has a charge
gap at U # 0 and spin antiferromagnetic quasi-long-range
order.

Light excitation of solids is a complex process in which
an energetic electron-hole pair is created by absorbing a
photon. In general, the first pair created involves wave
functions not included in the Hubbard model, which takes
into account only a narrow window around the Fermi level.
In most solids, these “hot” electrons and holes quickly
dissipate energy into phonons until they reach the quasi-
particle energy minimum. By having opposite charge, they
find each other because of the long-range part of the
Coulomb interaction. We are not modeling the evolution
of the state that results from the initial absorption of light.
Instead, our goal is to investigate whether the electron and
hole will recombine nonradiatively when they find each
other. We model this situation by creating an excited
state |W,) formed by a hole and a doubly occupied site
on two neighboring sites at the center of the chain: |W,) =
hpd} W), where Al = (1/4/2) ,¢;0(1 = n;5) and
dt = (1/v2)3 ,¢l n;s create a holon and a doublon, re-
spectively [17]. Nearest neighbors holon and doublon is the
most favorable case for an eventual recombination. This

state does not correspond to the extended state that light
creates but to one that can form after multiple collisions
with the lattice. |W,) is time-evolved under H, |W(r)) =
e~ ) Because of the third term in H, the holon and
doublon experience an attraction V. However, the system
will try to equilibrate by delocalizing the excitation via the
kinetic energy term in A. In the results shown, the mea-
surements are done on |W(z)). To time-evolve the many-
body wave function, the Suzuki-Trotter (ST) decomposi-
tion version of tDMRG is employed [18,19]. Unless stated

otherwise, we use L = 40, M = 200 DMRG states, ¢, =
0.2, and the ST time step 7 = 0.05 [20].

Results.—To study the decay of the excitation in real
time, we follow the time evolution of the total double
occupation N, = 3 nd = S (ad) = ¥ (AzA;y) [21]. In
the results for N, and the correlation function shown
below, the corresponding ground state value is subtracted.
Figure 1(a) shows the time evolution of N, for different
values of U/1, at V/t, = 0. A small portion of the holon-
doublon pair recombines at short times, while the remain-
ing fraction survives indefinitely [22]. As U/t increases,
the holon-doublon recombination becomes negligible, in
spite of the availability of the spin excitations channel; in
the strong-coupling limit, the holon-doublon pair is con-
served. Figure 1(b) shows the asymptotic value of the
recombined fraction of the pair. For large U/, this frac-
tion scales as 72/U? or J/U, where J = 41;/U is the
effective spin coupling. This confirms that the recombina-
tion does involve spin excitations in the magnetic back-
ground. However, while several spin excitations could be
created, leading to the decay of most of the holon-doublon
pair, it is surprising that their number, proportional to the
slope of the curve, is small. This is mainly due to the 1D
nature of the system, which allows for holons and doublons
to freely propagate even in a spin-staggered background, as
opposed to the well-known trapping of holes in 2D anti-
ferromagnetic backgrounds due to ‘‘string” excitations
[23]. Figure 1(c) shows N, for two different chain lengths
with L =40 and 80. The results are nearly identical,
indicating that the holon-doublon recombination is inde-
pendent of the system size. Overall, Fig. 1 indicates that the
mechanism of the holon-doublon decay into spin excita-
tions is inefficient, and a major fraction of such a pair
survives even for moderate values of U/t),.
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FIG. 1 (color online). Decay of the holon-doublon excitation.
(a) Time evolution of the total double occupation N, for V = 0
and U/r, = 5,6,7,8, 10, and 15 (bottom to top). Note that, even
for moderate values of U, the decay is rather small (less than
15% for U = 51;). (b) The recombined fraction 1 — Ninal vg
U/t, for 8, = U =40t,. 1 — NIl gcales as 1/U?. For
U/t, = 40, the recombination is negligible, and the system is
in the strong-coupling limit. (¢c) N, for U = 8¢, and two chain
lengths L = 40 (solid line) and L = 80 (dashed line). The results
are independent of the system size.
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It is also interesting to study the nature of the holon-
doublon interaction, in particular, the formation of a
bound state. For this purpose, we measure the NN holon-
doublon correlation function Cy, = 3 (ATA4, | + AdAk, ).
Although this correlation function beyond NN can be finite
(i.e., the average holon-doublon distance can be larger than
1.0), a finite C,, indicates the formation of a bound state.
In the strong-coupling limit, the Hamiltonian reduces to an
effective two-body problem, namely, two spinless fermions
on a tight-binding chain with NN attraction V. Previous
studies in this limit [13] suggest that a bound state at K =
* 7 is formed for any V > 0, whereas, for K = 0, a bound
state is formed only if V = 2¢,, where K = k; + k, is the
total wave vector of the holon-doublon pair. The exciton
has the dispersion E(K) = U — V — (415/V)cos*(K/2).
Our results agree with the above analysis. However, since
the two wave packets contain all possible wave vectors, the
holon-doublon wave function is expected to split into
bound and continuum states depending on V/¢,,. Figure 2
shows the time evolution of C,, in the strong-coupling
limit for different values of V/¢,. As expected for V /1, =
0, Cy, decays to zero at long times; i.e., no bound state is
formed. For nonzero V/1,’s, C,, shows a clear saturation.
For large V/1,,, the saturation value approaches 1.0; i.e., the
holon and doublon remain bound at NN sites. For com-
parison, an effective model of two spinless fermions on a
tight-binding chain with NN attraction V was also studied.
The initial state, with the two particles at NN sites, is time-
evolved exactly under the simplified Hamiltonian, and the
NN charge-charge correlation function is calculated. The
exact results of the simplified model (shown in Fig. 2) are
in very good agreement with the full model tDMRG
results.

Figure 3 shows the doublon propagation in real space.
For a small V, such as V = 0.5¢;,, most of the wave packet
propagates to the right [24], suggesting that a major frac-
tion of the initial holon-doublon wave function was in
continuum states. The motion of the holon is simply the
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FIG. 2 (color online). Time evolution of the NN holon-
doublon correlation function C,, in the strong-coupling limit
(U = 40t,) for V/t, = 0, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 (bottom
to top). C,y, saturates at a finite value; i.e., a bound state is
formed, for any V > 0. The open circles show the NN charge-
charge correlation function in the simplified model of two
spinless fermions (see text for details).

reflection of the doublon motion around the center of the
chain. Note that, in principle, the holon and doublon should
move symmetrically in both directions. However, the
movement to the left is prevented by energy conservation,
which forbids these particles from crossing each other via a
virtual recombined state. In other words, the holon acts as a
hard-wall potential causing the doublon to move in one
direction (similar arguments hold for the holon motion).
Note that, in addition to the dominant fraction that moves
in one direction, there is a long tail of small weight that
moves in the other direction. This tail contains a mixture of
continuum and bound states of finite K, and this behavior is
observed for 0 = V < 2¢,,. For larger V, suchas V = 31, a
smaller fraction of the doublon propagates to the right. The
dominant part forms a symmetric wave packet that remains
centered at the same site. Results for other values of V/¢,
show that the transition from the small to the large V
regimes occurs at V = 2¢, [25]. Note that, for V > 21, a
bound state can be formed for any K. Thus, the symmetric
wave packet observed is a mixture of bound states, with all
values of K. The bound and continuum states are clearly
separated in space for V > 2¢;,. Even though C, increases
monotonically as V/t, is increased, note that the doublon
propagation in real space falls into two distinct regimes of
small and large V/t,. From the practical point of view, the
amount of charge that can be collected at the ends of the
chain is not affected by the bound state formation as long
as V <2t,.

The results shown above remain valid as couplings are
reduced. Figure 4 shows N, and Cy, for U/t, = 12 and
several V/1,’s. The values of V are chosen such that the
system is in the Hubbard insulator regime and far from the
charge-density-wave (CDW) instability: The transition be-
tween the two regimes occurs at V. = U/2,i.e., V = 61, in
this case [26]. The final value of N; shows a nonmonotonic
behavior as a function of V/z;,. This can be understood as
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FIG. 3 (color online). Doublon propagation in space, in the
strong-coupling limit (U = 40¢;,). For V = 0.5¢,, most of the
doublon propagates to the right (i.e., most of its wave function is
in continuum states). For V = 3¢, the major portion forms an
excitonic wave packet. The transition from the small to the large
V behavior occurs at V = 21;,. The holon motion, shown in the
lowest two panels, is the reflection of the doublon motion around
the chain center.
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FIG. 4 (color online). (a) N, and (b) C, for U/t, = 12 and
different couplings V/t,,. The final value of N, shows a non-
monotonic dependence with V/t,, suggesting a competition
between two tendencies. Note, however, that the changes are
small for the values of V/t;, used. C,;, shows the same behavior
as in the strong-coupling limit. Two plots were deleted from the
upper panel for clarity.

the result of the competition between two tendencies. On
one hand, for a finite V, the energy added to the system
upon creating the holon-doublon pair is U — V, to zeroth
order in t;,. That is, at large V, less energy is supplied to the
system; thus, N, can relax to smaller values. On the other
hand, V increases the CDW tendency in the ground state.
As energy is supplied to the system (by creating the holon-
doublon pair), the weight of the higher energy states (the
CDW states in this case) increases, thus increasing N.
Note, however, that the effect of V on N, is small as long as
the system is in the Hubbard insulator regime. Cy,, on the
other hand, exhibits the same behavior as in the strong-
coupling limit: A bound state is formed for any V > 0. The
holon and doublon propagation in space is qualitatively the
same as in the strong-coupling case (Fig. 3).

Conclusion.—We studied the time evolution of a holon-
doublon pair in a 1D extended Hubbard model. The naively
expected decay mechanism of the holon-doublon pair to
spin excitations is shown to be inefficient, particularly at
large U/t,, and the pair survives for long times [27].
Depending on the value of the NN Coulomb repulsion,
the holon-doublon wave function splits into bound and
continuum states. Although a bound state can be formed
for any finite NN repulsion, there is a qualitative difference
in the real-space propagation between the weak and strong
V regimes. It is very important to remark that much of the
above results arises from the 1D nature of the problem. The
spin background affects much less the holon and doublon
propagation in 1D than in higher dimensions [28], where
antiferromagnetic links are broken in the direction perpen-
dicular to their movement, creating ‘“‘strings” [23]. Thus,
the decay by spin excitations of the holon-doublon pair in
1D is expected to be less likely than in higher dimensions.
For these reasons, the main conclusion of our present
theoretical effort is that 1D Mott-Hubbard insulators could
potentially join semiconductors and polymers as gapped
materials of potential relevance for solar cell devices.
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