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A Magnetic-Field-Free Exciton
Condensate
Experiments suggest that a stable condensate of electron-hole pairs can be obtained without
applying a large magnetic field, simplifying future applications based on this unusual pairing
phenomenon.

by Timo Hyart∗

I n a semiconductor, an electron can bind to a hole (an
empty electronic state with a positive charge) to form
a composite particle known as an exciton. Unlike elec-
trons or holes, excitons are bosons. The particles can

therefore condense at sufficiently low temperatures into a
collective quantum ground state that supports remarkable
transport phenomena [1, 2], similar to the zero-resistance
flow of current in a superconductor. Thermodynamically
stable exciton condensates—condensates that don’t require
a constant input of energy—have been produced in certain
multilayered structures but only with the application of a
large magnetic field, using expensive superconducting mag-
nets. A team led by Emanuel Tutuc at the University of
Texas at Austin now reports strong evidence for a similarly
stable exciton condensate in a magnetic-field-free setup [3].
Their device consists of a pair of graphene bilayers (two
sheets of graphene) separated by an insulating barrier. The
long-sought ability to create an exciton condensate with-
out a magnetic field could greatly simplify studies of this
many-body effect as well as hasten its use in novel electronic
devices.

Making a thermodynamically stable exciton condensate
requires a large number of excitons that don’t quickly re-
combine and produce light. So-called double-layer systems
are promising in this pursuit. These devices consist of two
thin layers of either semiconducting or semimetallic material
that are separated by an insulating barrier. Voltages applied
to metallic gates above and below the device create an ex-
cess of electrons in one layer and an excess of holes in the
other. The Coulomb interaction between electrons and holes
is strong enough in these double-layered systems for the par-
ticles to form correlated states, while the barrier allows the
charge densities in the two layers to be controlled indepen-
dently.

In principle, a condensate of excitons can form in these
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Figure 1: The Josephson effect occurs when two superconducting
regions are separated by a thin insulating barrier (top). The two
superconducting regions will remain in their ground states if an
electron pair is removed from one region and added to the other,
permitting a supercurrent to flow across the barrier. (The
magnitude of the supercurrent depends on the difference between
the phases of the order parameters describing the two
superconductors.) Similar behavior can occur in an exciton
condensate that forms in a double-layer device (bottom): Adding
an exciton to the condensate doesn’t change the system’s energy
and is equivalent to adding an electron to the top layer and
removing it from the bottom layer without applying a voltage. In
principle, this effect can lead to a supercurrent between the layers.
(Here, the supercurrent depends on the phase of the
exciton-condensate order parameter with respect to the phase of
the so-called interlayer tunneling amplitude.) But in systems
involving dissipative processes, the observed feature is not a
supercurrent but a greatly enhanced tunneling conductance [5, 6],
which is what Tutuc and colleagues detect in their experiments [3].
(APS/Alan Stonebraker)

systems, provided that the electron-hole correlations are
sufficiently strong. But in order to achieve this, other techno-
logically challenging conditions have to be met: The layers
have to be relatively free from disruptive impurities and de-
fects; the densities of electrons and holes in the two layers
need to be the same; and the distance between electrons and
holes in different layers needs to be sufficiently short com-
pared with the distance between electrons (or holes) in the
same layer. This latter requirement ensures that correlations
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between electrons and holes dominate over electron-electron
interactions. Researchers have so far succeeded in achieving
these conditions and in producing a condensate by using a
large magnetic field to drive the electrons and holes into a
quantum Hall state [2]. The Landau levels in the quantum
Hall regime have a high density of states, which facilitates
the formation of exciton states. This in turn permits the use
of a relatively wide tunnel barrier, simplifying device fabri-
cation and the control of the relative densities of the layers.

In this previous work with quantum Hall double-layer de-
vices, the evidence for a condensate was primarily based on
observations of two predicted features [2, 4–8]. The first of
these arises from a gradient in the phase of the condensate
order parameter, which produces a current. But since this
current corresponds to electrons (in one layer) flowing in the
same direction as holes (in the other layer), it is equivalent
to electron currents flowing in opposite directions in the two
layers—a phenomenon known as dissipationless counter-
flow. The second experimental feature comes from the fact
that excitons can be added to the condensate without chang-
ing its energy, since all condensed excitons are in the ground
state. Thus, if one applies a tiny bias voltage between the
two layers, the conductance of electrons tunneling across the
barrier is hugely enhanced compared with when the elec-
trons and holes are uncorrelated [2, 5, 6]. This phenomenon
(Fig. 1) is similar to the flow of a supercurrent across a barrier
between two superconducting regions (Josephson effect).

In their system of double-bilayer graphene, Tutuc
and colleagues observed one of these experimental
signatures—Josephson-like tunneling [3]. The device
was built from two sheets of bilayer graphene that were
separated by two atomic layers of the insulator tungsten
diselenide. The researchers used voltage gates on each of
the two graphene bilayers to control the electron and hole
densities. Thanks to several advances, they were able to ob-
tain a window of densities corresponding to the conditions
for an exciton condensate outlined above. These advances
include improvements in the design of the tunnel barrier,
the preparation of an atomically flat substrate to support the
graphene, and methods of aligning the graphene bilayers.
Within this optimal density window, and at a low tem-
perature of 1.5 K, they observed a tunneling conductance
between the layers at small bias voltage that was many
orders of magnitude greater than that predicted for uncor-
related electrons and holes. In fact, the enhancement of the
tunneling conductance grew so large that it exceeded the
limits of their detectors. In a separate test, the team applied
an in-plane magnetic field and confirmed that the tunneling
conductance varied with the field strength, similar to what
was observed in quantum Hall exciton condensates.

The huge tunneling enhancement observed by Tutuc and
colleagues is consistent with the appearance of an exciton
condensate. But as with the quantum Hall devices, re-
searchers will expect other experimental observations, such

as the dissipationless counterflow, to be convinced that the
condensate exists in double-bilayer graphene. Measuring
the counterflow may require a different device configuration
than Tutuc and colleagues have used here.

These are exciting times for exciton condensate research.
In addition to the new work, there has been general exper-
imental progress in observing the condensates in semicon-
ductor quantum wells [9] and in double-bilayer graphene in
the quantum Hall regime [10]. The Coulomb interactions be-
tween the electrons and holes in double-layer systems can, in
principle, be very strong, and it’s conceivable that this fea-
ture will allow the creation of condensates at much higher
temperatures. These systems could also be the basis for
studying topological effects that are thought to exist in ex-
citon condensates [11], like transport phenomena related to
topologically protected states confined to the device edges.
Now that it might be possible to produce a stable exciton
condensate without a magnetic field [3], making electronic
devices that rely on the effect would be much simpler. For
example, the Josephson-like tunneling conductance is sensi-
tive to temperature, gate voltage, and magnetic field, so one
might imagine using these sensitivities to make detectors.

This research is published in Physical Review Letters.
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