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Abstract:

Exciton is a quasiparticle made of one electron and one
hole bound by Coulomb attraction. In systems where
the exciton binding energy exceeds the single particle
band gap, excitons spontaneously form, and the new
ground state is an excitonic insulator (EI): conducting
for excitons but insulating for free electrons or holes.
In this work, we realize a dipolar EI in MoSe2/WSe2
double layers. The formation of excitons results in
perfect Coulomb drag, that is, driving a charge current
in one layer induces an equal and opposite drag current
in the other layer. Upon increasing exciton density
beyond the critical Mott density, excitons dissociate into
an electron-hole plasma and the drag current becomes
negligible. Our work opens pathways to realize exciton
superfluidity and other exotic phases of correlated
excitons.

Summary of Research:

Excitonic insulators (Els) [1] form when the binding
energy of bound electron-hole pairs exceeds the single
particle bandgap in a semiconductor. Unlike charge
insulators, where the charges are immobile, excitons
can flow. However, excitons are charge neutral which
makes driving an exciton current impossible in bulk
Els. Using van der Waals (vdW) semiconductors it’s
possible to fabricate independent electron and hole
contacts by separating the electrons and holes to dilerent
layers of material. This approach has been used to flow
an exciton current in coupled GaAs quantum wells [2]
and graphene double layers [3], however, only in the
quantum Hall regime. In our work, we use dipolar Els
observed in Coulomb-coupled double layers [4] to flow
an excitonic current in the absence of magnetic field [5].

Figure 1A and 1B show a schematic cross-section and
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an optical image of our device, respectively. The device
consists of WSe2/MoSe2 double layers separated by
a thin hexagonal boron nitride (hBN) barrier. WSe2
and MoSe2 form a type-II band alignment as shown in
Figure 1C, that is, the lowest (highest) energy conduction
(valence) band lies in the MoSe2 (WSe2) layer. The
double layer is further encapsulated by two gates made
of hBN and graphite. We use Pt and Bi electrodes that
make Ohmic contacts to holes in the WSe2 layer and
electrons in the MoSe2 layer, respectively. An interlayer
bias, V,, is applied between the layers to tune electron-
hole pair density, n, and the gate voltages allow to tune
electron-hole density imbalance. Our experiment is
performed at equal electron and hole densities.

Figure 2A shows the configuration for the Coulomb drag
measurement. An electron current is driven in the MoSe,
layer while WSe2 layer is connected to an ammeter. In
this configuration, when an exciton current flows in the
system, it’s expected that the drive current in the MoSe,
layer will induce an equal and opposite drag current in
the WSe, layer. This is because a flowing electron in the
MoSe, layer will drag along a hole in the WSe2 layer.

The results for the Coulomb drag measurement are
shown in Figure 2B. Drive current in the MoSe, layer
(black line) is observed when V, crosses a threshold
value and injects electron-hole pairs into the double
layer. At low n, the drag current (red line) in the WSe,
layer exactly traces the drive current. The ratio of the
drag and drive current (blue line) persists to 1 for exciton
density up to ~ 4 x 10" cm™. Upon further increasing
N beyond this density, the drag current abruptly drops
to zero. This corresponds to the Mott limit, beyond
which excitons unbind into an electron-hole plasma due
to larger screening of the electron-hole interaction at
higher densities.
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Figure 1: a, Schematic cross-section of the device. b, Optical microscope image of a double layer device. Scale bar is 5 um. ¢, Type-I1I band

alignment of MoSe, and WSe,.

np (10" cm2)
A B 0.0 ] 02 32 59 76
n il il
} OV 10
0.8
<
Idrive f/ 0.6 '%
z ©
| ) 3 L04 §
/ 3 a
F0.2
+0.0
0.45 0.50 0.55

Vv, V)

Figure 2: a, Circuit for Coulomb drag measurement. b, Drive
(black line) and drag (ved) currents in the MoSe2 and WSe2 layers
respectively measured as a function of V,. The ratio of the currents
is plotted in blue. The black dashed line marks drag ratio = 1.
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Figure 3: a, Drag ratio as a function of temperature and n_. Black
dashed line corresponds to the degeneracy temperature. b, Linecuts
of drag ratio as a function of temperature for dilerent n, Solid lines
are fit to the Saha equation.v
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We measure the temperature dependence of the drag
ratio for varying n, as shown in Figure 3. The drag ratio
remains above 0.9up to 20 K at low n, When excitons
are dissociated above the Mott limit, only frictional drag
is observed with a characteristic quadratic temperature
dependence as expected for two independent Fermi
liquids. Furthermore, the temperature dependence of the
drag ratio can be largely captured by a simple ionization
model (solid lines in 3B) based on the Saha equation.
We also plot the degeneracy temperature (black dashed
line) obtained through compressibility measurements
for each density in Fig 3A. Below the degeneracy
temperature, the exciton fluid is expected to become a
quantum fluid.

Our work successfully realizes exciton circuitry in
the absence of a magnetic field and enables future
studies of exciton transport, including a four-terminal
measurement of the exciton chemical potential that can
directly detect exciton superfluidity.
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