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Chasing the Exciton Condensate
Unusual interactions between charges have been observed in two closely separated
graphene bilayers, a promising system in which to create a condensate of electron-hole pairs.

by Michael S. Fuhrer∗ and Alex R. Hamilton†

S uperfluids (fluids with zero viscosity) and super-
conductors (materials with zero resistance) have a
common ingredient: bosons. These particles obey
Bose-Einstein statistics, allowing a collection of them

at low temperatures to collapse into a single quantum-
mechanical state, or Bose-Einstein condensate. Bosons in
superconductors consist of two paired electrons, but the
pairing is weak and only occurs at low temperatures. In
a quest to build devices that carry electricity with low dis-
sipation at higher temperatures, researchers have therefore
explored the possibility of engineering electrical conden-
sates [1] out of strongly bound pairs of electrons and holes,
or excitons. Now, two research groups have, independently,
fabricated and characterized a graphene-based device that
is thought to be a promising platform for realizing an exci-
ton condensate [2, 3]. Neither group has yet found evidence
for such a condensate—the ultimate goal of such experi-
ments. But their measurements lay the groundwork for
future searches.

Excitons form in semiconductors and insulators. The
binding energy between the exciton’s electron and hole
can be quite strong, greatly exceeding their thermal energy
at room temperature. Unfortunately, excitons recombine
quickly, too fast to allow a condensate to form. Although ex-
citons coupled to light confined within a cavity can form hy-
brid particles (exciton-polaritons) that do live long enough
to condense [4], such condensates require a continuous in-
put of light.

Another option for preventing recombination is to sim-
ply separate the electron and hole in different semiconductor
layers. This approach carries enormous technical challenges:
the electron and hole must be closer to each other than to
their neighbors in the same layer, requiring an interlayer
spacing of a few nanometers. Exciton condensates have
been realized in spatially separated semiconductor quantum
wells. However, such devices either involved impractically
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Figure 1: A Coulomb drag experiment measures the interactions
between charges in two closely spaced layers. The experiment
entails running a current through the ‘‘drive’’ layer (here, the top
layer) and measuring the resulting flow of charge in the ‘‘drag’’
layer (the bottom layer). The panels indicate three (of many)
possible drag scenarios associated with two sheets of bilayer
graphene (grey). At left, exciton pairs form between holes (red) in
the drive layer and electrons (green) in the drag layer, giving rise
to a large drag effect. At center, holes drag electrons in the same
direction (positive drag) because of momentum transfer between
the charges in different sheets. At right, holes drag electrons in the
opposite direction (negative drag), an observation in bilayer
graphene that is yet to be explained. (APS/Joan Tycko)

high magnetic fields [5] or low temperatures [6].
The availability of atomically thin materials, such as

graphene and insulating hexagonal boron nitride (hBN),
which can be precisely assembled in layered structures, has
renewed interest in searching for exciton condensates. Sev-
eral years ago, theorists proposed that two graphene mono-
layers separated by an insulating layer could host a conden-
sate above room temperature [7], though this prediction now
appears optimistic [8]. More recent work has pointed out
that for a condensate to form, strong electron interactions
within each layer are needed. This condition can be satisfied
by making each layer out of bilayer graphene, which con-
sists of two graphene monolayers stacked in atomic registry
[9].

The new experiments, led by Cory Dean from Columbia
University, New York, and by Emanuel Tutuc from the Uni-
versity of Texas at Austin, are significant because they are the
first to explore such a system of two bilayer-graphene layers.
Both teams prepared devices in which the bilayers are elec-
trically isolated from one another by a hBN layer that is just
a few nanometers thick. The only communication between
the two bilayers is the Coulomb force between charge car-
riers. Their experiments entailed running a current through
one bilayer, the “drive” layer, and measuring a voltage in the
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other bilayer, the “drag” layer (Fig. 1). The ratio of the volt-
age to current is called the Coulomb drag resistance, and it
is a measure of how much the charges in one layer drag the
charges in the other layer along with them. The quantity is a
sensitive probe of the charge carriers and how they exchange
energy and momentum with one another.

Both groups measured the drag resistance as a function of
the carrier density in each of the two bilayers, which they
controlled with voltages applied between the bilayers or to
metallic gates above or below the bilayers. The telling sig-
nature of an exciton superfluid (Fig. 1, left) would be a drag
resistance that diverges when the bilayer system enters the
condensate phase. Although neither group found evidence
for this divergence, they did find surprising results that are
unanticipated theoretically and that differ dramatically from
observations in devices with monolayer graphene.

Dean’s team studied devices at temperatures above 70 K,
warmer than the approximately 10 K at which an exciton
condensate is expected to form [9]. They observed three
drag regimes as they varied the carrier density in the lay-
ers. In the first, associated with a high carrier density in
both layers, the drag behavior is as expected for momen-
tum exchange between charges in layers that are described
as conventional Fermi liquids. The second regime corre-
sponds to both layers having a carrier density near zero.
Here, the authors saw a positive drag: holes in one bi-
layer pull electrons in the other bilayer in the same direction
(Fig. 1, center). The magnitude of the drag is similar to that
observed in monolayer-graphene devices, which has been
explained as an energy-exchange effect between charges
[10]. The idea is that disorder—from trapped charges or lo-
cal strain fields—causes the formation of local puddles of
electrons and holes, resulting in local hot and cold spots in
the drive layer when a current is run through it (the Peltier
effect). These spots induce local thermal gradients in the
drag layer, in turn producing a voltage (the Seebeck effect).
Finally, the authors identified a third regime at intermediate
carrier density, in which charge carriers moving in the drive
layer force carriers in the drag layer to move in the opposite
direction (Fig. 1, right), regardless of the sign of the carriers.
This inverted drag hasn’t been seen in other 2D systems and
requires a new explanation.

Tutuc’s group focused on graphene bilayers with lower
carrier densities and at lower temperatures, down to 1.5 K, a
temperature at which an exciton condensate could have con-
ceivably formed. They also observed unusual effects. First,
they found that when the carrier density in both bilayers is
zero, the drag resistance is huge—close to the resistance of
bilayer graphene itself. (Normally, the drag resistance is a
small fraction of either layer’s resistance.) Such a huge drag
resistance is unanticipated by theories that describe the bi-
layers as Fermi liquids. The second surprising observation
is that the drag is negative. Negative drag is expected when
charge carriers of the same sign exchange momentum be-

tween the layers, thus any contribution from excitons can
likely be ruled out. (See additional note in Ref. [11].)

To explain the anomalous drag, the Tutuc group also
postulates that disorder-driven energy exchange plays a
role [10]. Indeed, by independently measuring the carrier-
density dependence of the Peltier effect between layers in
samples with varying amounts of disorder, they were able
to predict the onset of negative drag in several samples of
double bilayer graphene. However, with graphene bilayers,
the effect is orders of magnitude larger than with graphene
monolayers, grows with lower temperature, and has an
opposite sign. This may indicate a qualitatively different
source of disorder than in monolayer-graphene devices and
in the samples from Dean’s group, in which positive drag
is seen when both bilayers were charge neutral. Until the
sources of disorder in the two experiments are resolved, it re-
mains an open question whether a detailed theory of energy
or momentum exchange can explain both groups’ findings.

What do these observations mean for the search for ex-
citon condensates with graphene? This first successful
fabrication of double bilayer-graphene devices gives hope
for future studies using cleaner samples, or systems with
even stronger Coulomb interactions. The latter could be
achieved either with a thinner dielectric between the two
layers, or using materials in which electrons and holes have
an increased effective mass, suppressing the zero-point ki-
netic energy of the charges that shakes excitons apart. These
changes could lead to the observation of new many-body
states and possibly the realization of exciton condensation at
high temperatures.

Some of the differences between the two groups’ find-
ings might be because they performed their measurements
at different temperatures, or because their samples had dif-
ferent amounts of disorder and distinct geometries. Either
way, even in the absence of seeing an exciton condensate,
the many unexplained observations by both groups point to
new physics to be discovered and understood in strongly in-
teracting double bilayer-graphene systems.

This research is published in Physical Review Letters.
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