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Vertically coupled dipolar exciton molecules
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While the interaction potential between two dipoles residing in a single plane is repulsive, in a system of
two vertically adjacent layers of dipoles it changes from repulsive interaction in the long range to attractive
interaction in the short range. Here we show that for dipolar excitons in semiconductor heterostructures, such

a potential may give rise to bound states if two such excitons are excited in two separate layers, leading to the
formation of vertically coupled dipolar exciton molecules. Our calculations prove the existence of such bound
states and predict their binding energy as a function of the layers separation as well as their thermal distributions.
We show that these molecules should be observed in realistic systems such as semiconductor coupled quantum
well structures and the more recent van der Waals bound heterostructures. Formation of such molecules can lead
to new effects such as a collective dipolar drag between layers and new forms of multiparticle correlations, as
well as to the study of dipolar molecular dynamics in a controlled system.
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Two-dimensional (2D) fluids of quantum dipoles are
currently central to recent theoretical and experimental
efforts to explore many-body physics in the quantum
regime. Research on such fluids ranges from atomic and
molecular systems [1,2] to condensed-matter semiconducting
heterostructure systems [3—7]. In the latter, dipolar excitons,
also known as indirect excitons (IXs), are quasiparticles com-
posed of a Coulomb-bound electron-hole pair, where each of
the constituents resides in a separate material layer. Excitation
of many such IXs results in the formation of a two-dimensional
(2D) layer of oriented dipoles, with a repulsive interaction
between particles. Due to their bosonic character and relatively
long range interaction, these particles display a rich phase
diagram, with collective phases and correlation regimes, such
as liquidity, dark condensation, and complex spin textures
[8-14] which are absent in weakly interacting Bose gases.
In the last decade, there has been significant progress in the
formation, control, and understanding of dipolar IX quantum
fluids in GaAs-based bilayers, consisting of biased double
quantum well (DQW) structures. Recently, new material
systems such as GaN-based polar quantum wells [15] and
van der Waals (vdW) heterostructures [16,17] enable the
formation of dipolar IXs at elevated temperatures, with dipole
sizes ranging from few to tens of nanometers. With such
systems, the collective quantum phenomena might even be
observed up to room temperature [18]. In all these systems
the dominant in-plane repulsion limits the formation of more
complex structures, such as biexcitons or charged complexes,
to a narrow, hard-to-access parameter range and to very low
binding energies [19-22], suppressing potential observation of
interesting phases that may arise from such pair correlations.

Here, we propose a double bilayer structure, composed of
two vertically stacked DQWs separated by a small vertical
distance L [see Fig. 1(a)]. This proximity results in an
attractive part for the out-of-plane dipole-dipole interaction
between the dipolar IXs formed in each of the bilayers. As
we show hereafter, this attractive interaction results in the
formation of vertical IX molecules, which are composed
of bound pairs of two IXs from the two vertically coupled
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DQWs as illustrated in Fig. 1(b). This finding opens up new
possibilities, such as observing a transition from unbound,
single IXs gas to a molecular gas when the temperature
goes down or as the density is modified, and the possibility
of attractive dipolar drag between IXs in the two coupled
layers.

In the case of two oriented IXs residing in a single layer,
there is a repulsive force between them at all lateral separation
distances r. This repulsion gives rise to the well-known
blueshift of the exciton emission spectrum [9]. However, the
electrostatic interaction between two oriented IXs residing in
different yet proximate layers is qualitatively different: for
small lateral distance r the two IXs experience an electrostatic
attraction that gradually changes to repulsion for large lateral
distances. This Coulomb interaction potential U, (r) between
the two IXs is given by
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where d;» are the vertical sizes of each of the two IXs, L
is the vertical separation between the centers of the dipoles,
and ¢ is the dielectric constant [it is implied here that
L > (d\ +d»)/2].

The potential in Eq. (1) is plotted in Fig. 2(a) and has
the following generic features: it reaches a minimum at zero
lateral separation where U;(0) < 0, and remains negative up
to a distance of the order of L, signifying attraction for r <
L. As for larger distances where r 2 L, the potential U,(r)
turns repulsive and decays as Uy(r) & did»/r> as expected
for the interaction of the two in-plane aligned dipoles. Finally,
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FIG. 1. (a) A system of two dipoles of size d;,d, residing in
different layers. L is the separation between the centers of the
dipoles and r is the in-plane distance. (b) An illustration of a vertical
IX molecule (dashed oval) together with unbound IXs in the two
separated layers.

we note that the potential in Eq. (1) is neutral on average,
[d*rUq(r) = 0.

Any net attraction in two dimensions results in a bound
state [23]. However, the neutral potential U,(7) is also known
to produce a weakly bound state [24,25]. Therefore the
question is, Can experimentally significant bound states of
this type exist? We thereafter consider two realistic systems
of vertically coupled indirect excitons: electrically biased
GaAs coupled quantum wells and vdW heterostructures.
As we demonstrate below, the binding energies of these
vertically coupled IX molecules, which we denote by I1X,,,
are significant and experimentally relevant. We further argue
that the formation of complexes which consist of more
than two IXs is impossible in the considered double bilayer
system.

The Schrodinger equation for the relative in-plane
center-of-mass separation between the two IXs, p =7/L,
reads

R 1 V203 e’ - o . )

EE V(o) + —Uap)¥(p) = EY(p),  (2)

where 1 is the reduced mass of the two IXs and U, is
the potential given in Eq. (1) with ¢?>/eL factored out.
First we estimate the typical scales of the problem. For
GaAs heterostructures L ~ 30 nm, while for vdW material
systems the typical interlayer separation is L ~ 1 nm [26].
The Coulomb interaction is characterized by the energy
scale e?/eL ~ 12 meV/(L/10 nm) for GaAs-based bilayers
(using & ~ 12), and by e?/&'L ~ 230 meV/(L/1 nm) in
vdW coupled heterostructures (taking the effective dielectric
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FIG. 2. (a) Interaction energy of the two dipoles shown in Fig. 1,
inunits of e? /¢ L, as a function of the lateral distance measured in units
of the vertical separation between the two quantum double wells, r/L.
Here the sizes of the dipoles are d; /L = 4/9,d,/L = 7/18. The inset
shows a zoom around zero energy to emphasize the transition from
attraction to repulsion beyond r ~ L, together with a comparison to a
pure dipole-dipole repulsive interaction ~d;d,/r> (red, dash-dotted).
(b) An exemplary numerical solution of the Schrodinger equation
showing the probability density of the relative in-plane displacement
p=(x/L,y/L) of the two excitons in the bound state, with
the potential given in (a), assuming a GaAs material system with
L =300 A.

constant & ~ (1 + €g;)/2 ~ 6.35 for a system placed on a
Si substrate with €g; = 11.7 [17]). The kinetic energy scale
in GaAs-based bilayers is h?/uL? ~ 8 meV/(L/10 nm)>,
where the reduced mass is u = %(me—i—mhh) (with the
electron mass m, = 0.067m and the heavy-hole mass my; =
0.11mg, and mq is the bare electron mass). For vdW het-
erostructures the effective exciton mass is approximately
mo [27], so the kinetic energy scale is estimated by
h*/3moL* ~ 150 meV/(L/1 nm)>.

We find the bound state of the two IXs by numerically
solving Eq. (2). An exemplary solution of the probability
density | (p)|?> in the lowest energy bound state is shown
in Fig. 2(b). Below we discuss the dependence of the binding
energy of X, on arange of (realistic) geometrical parameters
for the two studied exemplary material systems (GaAs and
vdW). For the symmetric configuration d; = d, the calculated
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FIG. 3. (a), (b) Binding energy of the IX, molecule as a
function of the dipole separation L in GaAs and vdW materials. (a)
dy = dy = 120 A (blue, solid), d, = d, = 140 A (red, dash-dotted),
and d, = d, = 160 A (yellow, dashed). (b) di = d» = 1.2 nm (blue,
solid), d; = d, = 1.4 nm (red, dash-dotted), and d; = d, = 1.6 nm
(yellow, dashed). Insets: full width at half maximum (FWHM) of the
probability density |1/ (5)|?, measured in units of L. (c), (d) Binding
energy of the IX), molecule formed in GaAs and vdW materials as a
function of the structure asymmetry (d; — d,)/2L at fixed L = 300 A
(c) and L = 3 nm (d). In both panels (d, + d,)/2L was fixed to 6/15
(blue, solid), 7/15 (red, dash-dotted), and 8/15 (yellow, dashed).

binding energy as a function of the dipole separation L
is shown in Figs. 3(a) and 3(b) for three different dipole
sizes. The binding energy increases (in absolute value) with
decreasing interlayer separation L and larger dipole size d, as
the attraction between two aligned dipoles scales like d?/L>.
In addition, the insets of Figs. 3(a) and 3(b) show the full
width at half maximum (FWHM) of the probability density,
which is a measure for the molecules’ Bohr radius. One can
see that the FWHM is of the same order of L and increases
with it. The calculation is performed in a limited range of
interbilayer separation L, since for L values that are too small
the binding energy tends to exceed that of the unbound IX
itself, thus making our treatment inaccurate. Furthermore,
from the practical side, making L too small might increase
the electron interbilayer tunneling rate.
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Next we study the effect of asymmetry between the two
bilayers. Asymmetric layers are of practical interest and
importance since different layer thicknesses lead to different
exciton energies so that the excitons in the two layers can be
optically addressed and resolved independently. Figures 3(c)
and 3(d) show the calculated binding energy as a function
of the difference d; — d,, for a few fixed values of d; + d»
and L. The dependence of binding energy on d; + d, at fixed
L is qualitatively understood as follows: the overall increase
in binding energy with d; 4 d, is explained by the growing
attraction between the electron and the hole in the upper and
the lower bilayer respectively, given explicitly by the last term
of Eq. (1). The decrease in binding energy with d; — d, at fixed
di + d, and L is because the attraction part above remains
unaffected by d; — d,, while the repulsion part contained in
the first two terms of Eq. (1) grows. It follows that symmetric
structures yield the maximum binding and are in principle
favorable; however, practical considerations might require a
slightly asymmetric structure.

Next, we consider the possibility of the formation of bound
complexes that contain more than two IXs. Consider the
situation depicted in Fig. 4(a), where one IX resides in the
upper bilayer at a lateral location r;, and two other IXs
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FIG. 4. (a) A system of three IXs: one resides in the upper DQW
and the two others are in the lower DQW, with lateral distances of
12, 113, and 7,3, respectively. The optimal configuration minimizing
the repulsion for given values of rj, and ry3 requires that the three
excitons reside on the same straight line (when viewed from the
top), such that rp3 = 1 + r13. (b) The interaction potential of three
dipolar excitons U3 (712,713,723 = 12 + r13). The minimum is reached
for rip(13 — 00 and ry323) = 0.
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reside in the lower bilayer at lateral locations r, and rsj,
respectively. Denoting r;; = |r; — r |, we can describe the
total electrostatic interaction energy by

Us(r12,713,723) = Uqg(ri2) + Ug(r13)

2e2 (1 1
E(L- ) o
N NG

The first two terms are the interaction between the two IXs
at different bilayers, Eq. (1), while the third term is the
same-bilayer dipole repulsion. This last term is minimized
for fixed r; and ri3 when all three excitons are arranged
along a single straight line when the system is viewed from
above, i.e., when r; —r; | r; —r3. In this case we have
r23 = rip + ri3. In particular, for a symmetric configuration
rip =ri3 = rp3/2 =r, the three-body potential Us(r,r,2r)
reaches a minimum Us ;, < O at some value of r = r,,. This
might indicate that a bound complex can exist. However, as can
be seen in Fig. 4, Us pmin < 01s not a global potential minimum
but rather a saddle point, and the true minimum is achieved
when one of the IXs escapes to infinity. Therefore, a complex
of three IXs is impossible. On the contrary, stacking more than
two bilayer structures vertically may result in more complex
bound states of more than two IXs. Since the same argument
applies to complexes with more than three IXs, we conclude
that in double bilayer structures bound states of more than two
excitons do not exist. Therefore only unbound IXs and IX,,
should be considered here.

Finally, we estimate the relative fraction of IX,, under
realistic quasiequilibrium conditions in the dilute exciton
gas limit where interactions are negligible and a Boltzmann
distribution applies. Under these assumptions it is possible to
derive a Saha-like equation (see Appendix):

ny 27 B2

_ oE/ksT (4)
niny ukgT

)

where ny,n, are the unbound exciton densities in the two
separate bilayers, respectively, ny is the molecule density,
and E is their binding energy (in absolute value). In Fig. 5
we plot the fraction of molecules out of the total exciton
density as a function of temperature for the case n; = nj.
There is a significant IX,, population at temperatures and
densities readily achievable experimentally in both material
systems. Therefore, a clear experimental signature of molecule
formation is expected in the form of a new emission line in the
photoluminescence spectrum: the recombination of one exci-
ton in a molecule will result in a redshifted photoluminescence
energy relative to unbound IXs due to the finite binding energy
of the molecule. Owing to the residual kinetic energy of the
remaining exciton, this redshift might be larger than just the
molecular binding energy. As the calculated values of E can
be larger than the IX linewidth, this emission should be easily
detectable.

In conclusion, we found that vertically coupled dipolar
molecules can form in vertically coupled bilayer QWs, with
a typical binding energy of a few Kelvins for GaAs-based
systems and up to tens of Kelvins in vdW-based systems,
and that such molecular species should have a significant
population within a realistic range of experimental parameters,
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FIG. 5. The relative fraction of IX,, density as a function of
temperature for different total IX densitiesn, = n; + ny = ny + ny,
in the specific case where n; = n,. Solid lines: a GaAs-based system
with £ = 0.1 meV. Dashed lines: a vdW structure with £ = 2 meV.

allowing a clear spectroscopic signature. Such systems can
open up opportunities for establishing quantum fluids with
more complex interactions, as well as a means for realizing
dipolar drag and dipolar chains between two or more stacked
layers of dipoles. As the observation of single IXs in a trap
was recently reported [28] in a single GaAs bilayer structure,
observing single trapped IX,;, molecules in a similar trap
geometry but with a vertically coupled bilayer structure could
be the next step to realize complex exciton manipulations and
study dipolar molecular dynamics in a well-controlled system.
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APPENDIX: EQUILIBRIUM DENSITY OF IX,,

In the case of low density both exciton and exciton molecule
gases are nondegenerate, and multiparticle interactions are
small [9]. The free energy of exciton gases in the first and
second bilayers are

2emT

Fi(n,T) = —Am,TIn , (Ala)
ﬂhzl’ll
2emT

en (A1b)

Fy(np, T) = —AnyT In ——,
2(n2,T) ml i

where A is the cloud area and n; and n, are the exciton
densities in the different layers, respectively (here e is the
natural logarithm base and a unit system with kg =1 is
utilized). Compared to a single-component gas, a factor of 4
appears in the argument of the logarithm due to four possible
spin states of excitons.
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Similarly, it is possible to write the free energy of exciton
molecular gas with density 7 ;:

16emT
FM(HM,T):—AHME—AVLMT In ,
wh2ny

(A2)

where E is the molecular binding energy. Note that there are
16 possible spin states of exciton molecules and that the mass
of a molecule is 2m.

Excitons in both layers can be pumped separately and their
densities are independent. The total density of excitons in each
layer is then

ny =ny+ny, Ny =ny+ny. (A3)

Given ny, and ny,, the condition of equilibrium is a minimum
of the total free energy,
F=F+F+ Fy, (A4)

that is, the chemical potential of the molecular gas equals the
sum of chemical potentials of the exciton gases:

i+ 2 = [, (A5)
where
1 0F, Tl 2mT (A6a)
=— —=—-T1In , a
H A anl nhznl
1 0F, 2mT
=— —~=—-Tlh—, A6b
Ha A 8}’12 n ﬂﬁznz ( )
1 0Fy 16mT
= — =—E-T1 . A6
Hm A Ony nnh2nM (Ab)
The substitution of Eq. (A6) in Eq. (AS5) gives
4w h?
ny = id eE/Tnlnz. (A7)
mT
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Substituting the reduced mass pu = m/2 yields Eq. (4) of the
main text. The elimination of n; and n, with the help of
Eq. (A3) leads to an equation for n:

T
4nh2€7E/TnM +nyny =0. (A8)

The solution to Eq. (A8) is

2
Ny — (n1; + nony —

ny + no; mT

_ —E/T
ny ) g2’
T 2
_‘/<n1t;nzt + 8’:117126E/T) e (89

where the sign is chosen to satisfy the condition that at 7 = 0
the maximum possible number of molecules is formed, that is,
ny = min(ny;,ny).

The above result is valid as long as the exciton gases are
nondegenerate, that is,

mT
2w h?’

In GaAs DQWs with an exciton mass m = 0.21m,, tempera-
ture T = 1K, and £ = 0.1 meV we have

niny K (A10)

mT 9 -2
m =3.8x10" cm s
e BT =031,

mT
2m h?
For example, exciton concentrations of ni, =ny =

10? cm~2 meet all of the above conditions and give an exciton
molecule concentration of 1y, & 0.5x10° cm 2.

e BT ~1.2%x10° cm™2.
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