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Exciton condensation, a Bose-Einstein condensation of excitons into a single quantum state, has recently been
achieved in low-dimensional materials including twin layers of graphene and van der Waals heterostructures.
Here we examine computationally the beginnings of exciton condensation in a double layer comprised of
coronene, a seven-benzene-ring patch of graphene. As a function of interlayer separation, we compute the
exciton population in a single coherent quantum state, showing that the population peaks around 1.8 at
distances near 2 Å. Visualization reveals interlayer excitons at the separation distance of the condensate. We
determine the exciton population as a function of the twist angle between the two coronene layers to reveal
the magic angles at which the condensation peaks. As with previous recent calculations showing some exciton
condensation in hexacene double layers and benzene stacks, the present two-electron reduced-density-matrix
calculations with coronene provide computational evidence for the ability to realize exciton condensation in
molecular-scale analogs of extended systems like the graphene double layer.

PACS numbers: 31.10.+z

I. INTRODUCTION

Exciton condensation—a Bose-Einstein condensation
of particle-hole pairs into a single quantum state—
has generated considerable experimental and theoretical
interest1–19 due to the resultant superfluidity20–23 of the
constituent excitons (particle-hole pairs) allowing for the
dissipationless transport of energy24,25, which presents
the possibility for uniquely energy efficient materials.
Further, the greater binding energy and lesser mass of ex-
citonic quasiparticles relative to particle-particle Cooper
pairs indicates that exciton condensation should occur
at higher temperatures26 relative to the temperatures
at which traditional superconductivity—i.e., the conden-
sation of particle-particle pairs into a single quantum
state27–30—occurs.
Exciton condensates, nonetheless, have proven diffi-

cult to experimentally observe as excitons often have
too short of a lifetime to allow for the simple formation
of an exciton condensate; however, recent literature has
established bilayer systems as being capable of demon-
strating exciton condensation16,17,31–41 likely due to the
spatial separation of electrons and holes increasing ex-
citonic lifetimes and causing them to act like oriented
electric dipoles whose repulsive interactions prevent the
formation of biexcitons and other competing exciton
complexes such as electron-hole plasmas39,42. Specif-
ically, van der Waal heterostructures4,33,39,43 as well
as graphene bilayers17,31,44 demonstrate promise in the
search for higher-temperature exciton condensate phases,
with the tuneability of electronic states afforded by twist-
ing graphene layers relative to each other being particu-
larly of interest in recent literature35,41.
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Small, molecularly-scaled systems have also been re-
vealed to support exciton condensation via theoretical
explorations utilizing a signature of such condensation
found in the modified particle-hole reduced density ma-
trix (RDM)8–11. These molecular systems are able to
be treated using theoretical approaches at lower com-
putational costs and can be used as an analog for sim-
ilar larger-scaled systems; moreover, molecular-scaled
exciton condensation in and of itself may have poten-
tial applications in the design of more energy-efficient
molecular-structures and devices. As such, a coronene bi-
layer system45,46—where each coronene layer is a seven-
benzene-ring patch of graphene—is an ideal candidate
for theoretical study of molecularly-scaled condensation
phenomena. Exciton condensation in extended graphene
bilayers indicate the likelihood that, similarly, coronene
bilayers demonstrate correlation consistent with exciton
condensation. Conclusions drawn from such a study
may prove useful in understanding the mechanism by
which exciton condensation occurs in benzene-ring and
graphene bilayers in general.

In this paper, we computationally examine the begin-
nings of exciton condensation in a double layer composed
of coronene. Utilizing variational 2-RDM theory47–58,
we explore the largest eigenvalue (λG) of the modified

particle-hole reduced density matrix (G̃)—which corre-
sponds to the largest population of excitons in a sin-
gle particle-hole quantum state—for various coronene-
bilayer geometries, such that an eigenvalue above the
Pauli-like limit of one indicates exciton condensation as
more than one exciton is occupying a single state and
a larger eigenvalue indicates a higher degree of exciton
condensate character. We compare the maximal exciton
populations (λG) as a function of distance between the
layers of coronene and note that, near 2 Å, the popula-
tion peaks at around 1.8 with interlayer excitons being
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noted via our visualization technique at this distance.
Additionally, exciton populations as a function of twist
angle between the two layers are computed in an effort
to reveal any “magic angles”. Overall, this molecularly-
scaled exploration of coronene bilayers provides compu-
tational evidence of the beginnings of exciton condensa-
tion in molecularly-scaled systems that is related to the
condensation found in extended systems like graphene
bilayers.

II. THEORY

Condensation phenomena occur when bosons—or
quasibosons—aggregate into a single, low-energy quan-
tum ground state when adequately cooled59,60, which
results in the emergence of superfluid properties20,21.
For traditional bosons, a computational signature of
so-called Bose-Einstein condensation occurs when the
largest eigenvalue of the one-boson reduced density ma-
trix (RDM)—expressed as

1Di
j = 〈Ψ|b̂†i b̂j|Ψ〉 (1)

where |Ψ〉 is an N -boson wavefunction and b̂
†
i and b̂i are

bosonic creation and annihilation operators for orbital i,
respectively—exceeds one61. As the eigenvalues of the
one-boson RDM correspond to the populations of one-
boson orbitals, the largest eigenvalue corresponds to the
maximum number of bosons occupying a single quantum
state, i.e., the degree of condensation.
However, condensation in fermionic systems occurs

via different mechanisms as multiple fermions cannot
occupy a single orbital62. In traditional superconduc-
tivity, superfluidity arises due to correlations within
quasibosonic particle-particle (electron-electron, Cooper)
pairs, causing the constituent Cooper pairs to flow with-
out friction27,29. The signature of particle-particle con-
densation is the largest eigenvalue of the particle-particle
RDM (2-RDM)63,64 given by

2D
i,j
k,l = 〈Ψ|â†i â

†
j âlâk|Ψ〉 (2)

where |Ψ〉 is an N -fermion wavefunction, where each
number demonstrates both the spatial and spin compo-
nents of the fermion, the indices i, j, k, l correspond to
one-fermion orbitals in a finite basis set of rank r, and â†

and â depict fermionic creation and annihilation opera-
tors, respectively. The largest eigenvalue of the 2-RDM
corresponds to the largest population of a single particle-
particle quantum state (called a geminal63–68), i.e., the
degree of particle-particle condensation.
Similarly, exciton condensation results from particle-

hole pairs (excitons) condensing into a single quan-
tum state3,69. The signature of exciton condensation—
denoted as λG—is a large eigenvalue (λG > 1) of a
modified version of the particle-hole reduced density

matrix8,70,71, with elements given by

2G̃
i,j
k,l =

2G
i,j
k,l −

1Di
j
1Dl

k

= 〈Ψ|â†i âj â
†
l âk|Ψ〉 − 〈Ψ|â†i âj |Ψ〉〈Ψ|â†l âk|Ψ〉 (3)

where 1D is the one-fermion reduced density matrix (1-
RDM). After modification—which removes an extrane-
ous ground-state-to-ground-state transition—the largest
eigenvalue of the particle-hole RDM corresponds to the
number of particle-hole pairs (excitons) that occupy a
single particle-hole quantum state and hence signifies
presence and extent of exciton condensation.

III. RESULTS

Extended graphene bilayer systems have been iden-
tified as a major candidate for the creation of
macroscopically-scaled exciton condensates17,31,44. In
this study, we extrapolate this framework to a
molecularly-sized system and use bilayers of coronene—
where each layer is composed of seven, joined benzene
rings—in order to probe a molecularly-scaled system
whose similarity to graphene bilayers make it both a
promising contender for a molecularly-scaled exciton con-
densate as well as an ideal analogue for exploring the
correlation in layers of graphene using a system that can
be directly explored by current theoretical techniques for
strong electron correlation. As such, we explore relative
amounts of correlation in coronene bilayer systems as a
function of both interlayer distance and twist angle.

A. Exciton Population with Distance

To gauge the relative extents of exciton condensation
as a result of varying interlayer distances between each
layer of coronene and thus probing a significant range
of van der Waals interactions between each layer in an
attempt to identify an ideal distance for maximal corre-
lation, interlayer spaces are varied from 1.0 Å to 2.5 Å,
and the signature of condensation—λG, i.e., the number
of excitons condensed into a single particle-hole quantum
state—is probed in the STO-6G basis using variational
2-RDM theory with a [24,24] active space.
As can be seen in Fig. 1—where the blue data indicates

variational 2-RDM complete-active-space self-consistent-
field (V2RDM-CASSCF) [24,24] calculations with [X,Y]
denotes an active space of X electrons in Y orbitals and
the pink data indicates configuration-interaction-based
complete-active-space self-consistent-field (CI-CASSCF)
[10,10] calculations—coronene bilayer systems demon-
strate character of exciton condensation (λG > 1) for
a wide variety of interlayer distances with the maximal
excitonic populations in the bilayer peaking at 1.824 at
2 Å, although a relatively-wide plateau is noted in the
range of 1.8-2.2 Å, indicating that exciton condensation
is relatively robust in that region of distances. Distances
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in the neighborhood of 2.0 Å are hence ideal for the study
of exciton condensate phases in bilayer systems composed
of coronene, at least for twist angles around 0 degrees.

FIG. 1. A scan over the exciton population in a single
coherent quantum state (i.e., the largest eigenvalue of
the modified particle-hole RDM) versus the distance
between the two coronene layers for V2RDM-CASSCF
calculations using a [24,24] active space (blue) and
CI-CASSCF calculations using a [10,10] active space
(pink). A STO-6G basis is utilized for both calcula-
tions.

Figure 2 allows for the visualization and comparison
of coronene bilayer systems with differing degrees of ex-
citonic condensation. For the particle-hole wavefunction
associated with the large eigenvalue, we visualize the
probability distribution of the hole (gray-violet) for a par-
ticle location in a 2pz orbital of one of the symmetrically-
equivalent carbon atoms in the interior benzene ring
(gold) using the methodology described in B for each
geometry. The density cut-off for the probabilistic loca-
tion of the hole differs between all three visualizations,
so the magnitudes of the densities can not be directly
compared between computations; however, the general
trends in hole density locations can be established. For
the 2.0 Å calculation, which shows the maximal exci-
tonic character of the set, the excitonic hole is highly
delocalized between both layers, demonstrating a highly
correlated interlayer exciton; for the 2.5 Å calculation, an
interlayer exciton is still observed, however, the degree of
delocalization is highly decreased—with the majority of
the hole population being focused on a single layer—,
consistent with a lower degree of correlation and a lower
signature of condensation; finally, for the 1.0 Å calcula-
tion, which does not demonstrate any exciton condensa-
tion, the hole’s probabilistic location is highly localized
with the majority of the population in the same layer as

the particle. As such, the delocalization and the inter-
layer location of the hole seem to be strong indicators of
high degrees of exciton condensation and indicate that
both factors may be necessary for a condensate to form.

Note that, while the signature of exciton condensation
is depressed in the [10,10] CI-CASSCF calculations rela-
tive to the [24,24] V2RDM-CASSCF calculations—which
is expected as the higher active spaces allow for higher
degrees of correlation, which can lead to higher signatures
of condensation—the overall trends between the two sets
of data are consistent, especially in the region of maximal
condensation. As the results are consistent and as the
[10,10] calculations are less computationally-expensive,
[10,10] CI-CASSCF calculations are used throughout the
exploration of the effect of twist angles on the presence
and extent of exciton condensation.

B. Exciton Population with Twist Angle

To obtain a more complete understanding of the con-
ditions under which exciton condensation occurs, we ex-
plore the effect of rotations between the two layers of
coronene on the excitonic population in a single quan-
tum state (i.e., λG).

As can be seen from Fig. 3a—which scans the exciton
population as a function of angles from 0 to 60 degrees,
the full range of rotation before an identical configuration
is obtained, for coronene bilayer systems with an inter-
layer distance of 2.0 Å—maximal condensation character
is noted in the range of no offset. However, as shown in
Fig. 3b, the large degree of condensation is relatively sta-
ble in the region of small angles, particularly of interest in
magic-angle graphene studies [at around 1.1 degrees,72],
with the largest degree of condensation occurring at 0
degrees but with all angles scanned—from 0 degrees to 2
degrees by 0.5 degrees—the maximal exciton population
remains above 1.45.

Additionally, in order to determine whether the op-
timal interlayer distance is consistent between different
twist angles, Fig. 2c shows a scan of the degree of conden-
sation versus the distance between the two coronene lay-
ers for twist angles of 0 (blue), 15 (pink), and 30 (green)
degrees. Interestingly, the optimal interlayer distance for
both the 15 and 30 degree twist angles is decreased from
2.0 Å to 1.5 Å, with the 15 degree maximum at 1.5 Å
being significantly decreased from that for the unrotated
maximum at 2.0 Å and the 30 degree maximum at 1.5
Å being significantly higher—showing a maximal exciton
population above two, indicating that more than two ex-
citons are occupying a single quantum state, even using
the [10,10] active space with fewer degrees of correlation
relative to the [24,24] active space previously used to scan
degree of condensation versus interlayer distance for the
unrotated bilayer system in the analysis in the preceding
section.
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(a) 1.5 Å, λG = 1.031 (b) 2.0 Å, λG = 1.824 (c) 2.5 Å, λG = 1.408

FIG. 2. Visualizations of the non-rotated coronene bilayer systems for (a) 1.5 Å, (b) 2.0 Å, and (c) 2.5 Å where
the gray-violet represents the probabilistic location of the hole in the particle-hole wavefunction associated with
the large eigenvalue for a particle position in a fixed atomic orbital (gold). Variational 2-RDM calculations with a
[24,24] active space and STO-6G basis set are utilized for each visualization.

(a) 2.0 Å, Large Angle Scan (b) 2.0 Å, Small Angle Scan (c) 0(blue)/15(pink)/30(green) Degrees,
Distance Scan

FIG. 3. A scan over the exciton population in a single coherent quantum state (i.e., the largest eigenvalue of the
modified particle-hole RDM) versus (a)small or (b)large angle variations are shown in the left-most and middle fig-
ure, and a scan over exciton population versus interlayer distance for twist angles of 0 (blue), 15 (pink), and 30 (de-
grees) is shown in the right-most figure. Activespace SCF calculations with a [10,10] active space with a STO-6G
basis are utilized for each plot.

IV. DISCUSSION AND CONCLUSIONS

In this study, we theoretically probe the presence and
extent of exciton condensation—via the use of a quantum
signature measuring the exciton population of a single
particle-hole quantum state—for a variety of coronene
bilayers. In these coronene bilayer systems—which are

molecularly-scaled analogues of extended graphene bi-
layer systems—, we optimize the excitonic character ver-
sus the distance between the bilayers and find an ex-
citonic populations of around 1.8 for interlayer distances
around 2.0 Å when the coronene layers have a twist angle
of zero degrees; this signature of condensation is seen to
be relatively robust in the region of 1.8-2.3 Å, which while
shorter than experimental bilayer distances of around 3.0
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Å46, may be attainable using either an appropriate linker
or high pressure.

Further, by exploring the effect of the angle of rota-
tion between the two coronene layers (i.e., the twist an-
gle), we discover that for distances around 2.0 Å, the
optimal twist angles between the layers are those cor-
responding to completely-aligned layers (i.e., 0, 60, 120,
etc. degrees), although this maximal condensate char-
acter is rather robust for small angles around those ex-
plored in magic-angle graphene studies72. Moreover, by
investigating the relationship between interlayer distance
and excitonic populations for different twist angles, we
note a large dependence on the degree of rotation on the
signature of condensation. Specifically, we find the over-
all highest degree of exciton condensation—with an exci-
tonic population above two in a single quantum state—
for a coronene bilayer geometry corresponding to a 30
degree twist angle and a 1.5 Å interlayer distance, which
is slightly shorter than a carbon-carbon single bond and
hence may not be an experimentally-feasible distance.
As such, an experimental exploration of molecular-scaled
exciton condensation in coronene bilayer systems should
likely focus on untwisted bilayer geometries in the range
of 2.0 Å.

Interestingly, our visualization technique in which
an exciton—corresponding to the largest degree of
condensation—is visualized by plotting a the hole’s prob-
abilistic location for a specified particle location, indi-
cates that interlayer excitons may be required in order for
the coronene bilayer system to demonstrate exciton con-
densation. For visualizations with the same specified par-
ticle orbital (the 2pz orbital on one of the symmetrically-
equivalent carbon atoms in the interior benzene ring),
geometries demonstrating character of exciton condensa-
tion have clear, delocalized, interlayer excitons. Further,
we note that the delocalization of the hole location in-
creases with the increase in excitonic population.

An interesting future direction may be the explo-
ration of trends in exciton condensation with system size.
Such a study would likely be beneficial in extrapolating
smaller-system exciton condensation results to predict
behavior of extended system graphene. In prior work,
we have indeed explored the relationship between sys-
tem size—i.e., number of benzene units—in both hori-
zontal bilayer systems including pentacene and hexacene8

as well as vertically in multilayer, molecular-scale van
der Waals stacks composed of benzene subunits with the
latter demonstrating an almost-linear increase of conden-
sate character with an increase in the number of layers11.
In the case of coronene, however, such an extrapolation
would prove difficult with current theoretical methodolo-
gies robust enough to capture the correlation phenomena
inherent to condensation behavior as the natural progres-
sion of molecules—shown in Fig. 4—rapidly become pro-
hibitively large especially considering double-layer sys-
tems.

Another interesting direction would be determination
of the temperature dependency of excitonic phenomena.

Exciton condensation in coronene is a ground state phe-
nomenon in which multiple constituent particle-hole qua-
sibosons condense into a single quantum state; as such,
we would expect it to persist at finite and small tem-
peratures up until some critical temperature at which
thermal energy is sufficient to disrupt the condensation.
Determination of critical temperature can be explored
theoretically, although the calculation of excited states
would be required, which may be an interesting future
avenue of exploration.
Overall, this study identifies a candidate for molecular-

scale exciton condensation—namely, a bilayer of
coronene subunits with twist angles near zero degrees
and interlayer separations near 2 Å—, which could have
applications in applications involving molecularly-scaled
electronic structures and devices. Further, the clear sig-
nature of exciton condensation noted for the molecular-
scale analogue of a graphene bilayer supports the idea
that the interesting electronic phenomena in graphene
bilayer systems could be occurring via an excitonic mech-
anism. The understanding gained throughout this geo-
metric analysis of coronene bilayers illuminates the re-
lationships between twist angle, interlayer distance, and
degree of exciton condensation, which increases our un-
derstanding of geometric considerations in the design of
graphene bilayer-like exciton condensate materials.
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Appendix A: Computational Methods

The particle-particle reduced density matrix (2-
RDM) for the coronene bilayers is obtained di-
rectly from the molecular structure using a variational
method47,48,50,53,73,74. Additional constraints allowing
the 2-RDM to represent N -particle wavefunctions—i.e.,
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FIG. 4. The progression of molecular systems in which benzene is completely surrounded by (left to right) zero,
one, two, and three complete rows of benzene are shown. These molecules—which have one, seven, nineteen, and
thirty-seven constituent benzenes, respectively—would be necessary to extrapolate exciton condensate behavior to
the limit of an extended layer of graphene.

N -representability conditions—, require the the particle-
particle, hole-hole, and particle-hole RDMs all to be pos-
itive semi-definite. The STO-6G basis set is used for all
coronene bilayer calculations, and the active space uti-
lized is specified throughout the document, with—unless
otherwise noted—[24,24] variational 2-RDM CASSCF
calculations being utilized for the scan over interlayer
distances and [10,10] CI-CASSCF calculations being uti-
lized for the scan over twist angles.
The 2-RDM obtained directly from the molecular

structure is then utilized to construct the particle-hole
RDM by the linear mapping given by:

2G
i,j
k,l = δ

j
l

1
Di

k +
2 D

i,k
j,l . (A1)

The modified particle-hole RDM can then be obtained
from the particle-hole RDM according to:

2G̃
i,j
k,l =

2G
i,j
k,l −

1Di
j
1Dl

k. (A2)

The eigenvalues (λG,i) and eigenvectors (−→v G,i) of the
modified particle-hole matrix are calculated using an
eigenvalue optimization:

G̃−→v G,i = λG,i
−→v G,i (A3)

where the largest eigenvalue of the modified particle-hole
RDM is the signature of condensation that represents the
largest exciton population in a single coherent quantum
state.

Appendix B: Visualization Technique

The “exciton density” visualization shows the proba-
bilistic hole location as a function of a specific particle
location. This information is obtained via a matrix of
atomic orbitals in terms of molecular orbitals, MAO,MO,
calculated directly from a matrix of molecular orbitals in

terms of atomic orbitals, MMO,AO, which is obtained as
an output of the direct computation of the 2-RDM:

MAO,MO = (MT
MO,AO)

−1. (B1)

A submatrix corresponding to the active orbitals is iso-
lated from the overall matrix, and the eigenvector of the
largest eigenvalue of the modified particle-hole RDM is
reshaped as a matrix in the basis of the active orbital
submatrix. The eigenvector matrix, denotes by Vmax, is
then utilized to create

(Mactive
AO,MO)(Vmax)(M

active
AO,MO)

T . (B2)

which is a matrix representing electron atomic orbitals
in terms of the corresponding probabilistic hole location,
with the resultant coefficients contributing to other or-
bitals.

1M. Kellogg, J. P. Eisenstein, L. N. Pfeiffer, and K. W.
West, Vanishing Hall resistance at high magnetic field
in a double-layer two-dimensional electron system,
Phys. Rev. Lett. 93, 036801 (2004).

2E. Tutuc, M. Shayegan, and D. A. Huse, Counterflow measure-
ments in strongly correlated GaAs hole bilayers: Evidence for
electron-hole pairing, Phys. Rev. Lett. 93, 36802 (2004).

3D. V. Fil and S. I. Shevchenko, Electron-hole superconductivity
(review), Low Temp. Phys. 44, 867 (2018).

4A. Kogar, M. S. Rak, S. Vig, A. A. Husain, F. Flicker, Y. I. Joe,
L. Venema, G. J. MacDougall, T. C. Chiang, E. Fradkin, J. van
Wezel, and P. Abbamonte, Signatures of exciton condensation in
a transition metal dichalcogenide, Science 358, 1314 (2017).

5X. Liu, K. Watanabe, T. Taniguchi, B. I. Halperin, and
P. Kim, Quantum Hall drag of exciton condensate in graphene,
Nat. Phys. 13, 746 (2017).

6D. Varsano, S. Sorella, D. Sangalli, M. Barborini, S. Corni,
E. Molinari, and M. Rontani, Carbon nanotubes as excitonic in-
sulators, Nat Commun 8 (2017).

7M. S. Fuhrer and A. R. Hamilton, Chasing the exciton conden-
sate, Physics 9 (2016).

8S. Safaei and D. A. Mazziotti, Quantum signature of exciton
condensation, Phys. Rev. B 98, 045122 (2018).

9L. M. Sager, S. Safaei, and D. A. Mazziotti, Poten-
tial coexistence of exciton and fermion-pair condensations,
Phys. Rev. B 101, 081107 (2020).

https://doi.org/10.1103/PhysRevLett.93.036801
https://doi.org/10.1103/PhysRevLett.93.036802
https://doi.org/10.1063/1.5052674
https://doi.org/10.1126/science.aam6432
https://doi.org/10.1038/nphys4116
https://www.nature.com/articles/s41467-017-01660-8
https://physics.aps.org/articles/v9/80
https://doi.org/10.1103/PhysRevB.98.045122
https://doi.org/10.1103/PhysRevB.101.081107


7

10L. M. Sager, S. E. Smart, and D. A. Mazziotti, Preparation of an
exciton condensate of photons on a 53-qubit quantum computer,
arXiv arXiv:2004.13868v1 (2020).

11A. O. Schouten, L. M. Sager, and D. A. Mazziotti, Ex-
citon condensation in molecular-scale van der waals stacks,
J. Phys. Chem. Lett. 12, 9906 (2021).

12I. B. Spielman, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West,
Resonantly enhanced tunneling in a double layer quantum Hall
ferromagnet, Phys. Rev. Lett. 84, 5808 (2000).

13M. Kellogg, I. B. Spielman, J. P. Eisenstein, L. N.
Pfeiffer, and K. W. West, Observation of quantized Hall
drag in a strongly correlated bilayer electron system,
Phys. Rev. Lett. 88, 126804 (2002).

14D. Nandi, A. D. K. Finck, J. P. Eisenstein, L. N. Pfeiffer, and
K. W. West, Exciton condensation and perfect Coulomb drag,
Nature 488, 481 (2012).

15K. Lee, J. Xue, D. C. Dillen, K. Watanabe, T. Taniguchi, and
E. Tutuc, Giant frictional drag in double bilayer graphene het-
erostructures, Phys. Rev. Lett. 117, 046803 (2016).

16J. I. A. Li, T. Taniguchi, K. Watanabe, J. Hone, A. Levchenko,
and C. R. Dean, Negative Coulomb drag in double bilayer
graphene, Phys. Rev. Lett. 117, 046802 (2016).

17J. I. A. Li, T. Taniguchi, K. Watanabe, J. Hone, and C. R.
Dean, Excitonic superfluid phase in double bilayer graphene,
Nat. Phys. 13, 751 (2017).

18A. Tartakovskii, Excitons in 2d heterostructures,
Nature Reviews Physics 2, 8 (2019).

19S. Gupta, A. Kutana, and B. I. Yakobson, Heterobilayers of 2D
materials as a platform for excitonic superfluidity, Nat Commun
11, 10.1038/s41467-020-16737-0 (2020).

20F. London, On Bose-Einstein condensation,
Phys. Rev. 54, 947 (1938).

21L. Tisza, The theory of liquid helium, Phys. Rev. 72, 838 (1947).
22K. B. Davis, M. O. Mewes, M. R. Andrews, N. J.
van Druten, D. S. Durfee, D. M. Kurn, and W. Ket-
terle, Bose-einstein condensation in a gas of sodium atoms,
Phys. Rev. Lett. 75, 3969 (1995).

23M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman,
and E. A. Cornell, Observation of bose-einstein condensation in
a dilute atomic vapor, Science 269, 198 (1995).

24L. V. Keldysh, Coherent states of excitons,
Phys.-Uspekhi 60, 1180 (2017).

25D. V. Fil and S. I. Shevchenko, Electron-hole superconductivity
(review), Low Temp. Phys. 44, 867 (2018).

26M. S. Fuhrer and A. R. Hamilton, Chasing the exciton conden-
sate, Phyics 9, 80 (2016).

27J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Theory of super-
conductivity, Phys. Rev. 108, 1175 (1957).

28J. M. Blatt, Electron pairs in the theory of superconductivity,
Prog. Theor. Phys. 23, 447 (1960).

29P. W. Anderson, Twenty-five years of high-
temperature superconductivity – a personal review,
J. Phys.: Conf. Ser. 449, 012001 (2013).

30A. P. Drozdov, P. P. Kong, V. S. Minkov, S. P. Besedin, M. A.
Kuzovnikov, S. Mozaffari, L. Balicas, F. F. Balakirev, D. E. Graf,
V. B. Prakapenka, E. Greenberg, D. A. Knyazev, M. Tkacz, and
M. I. Eremets, Superconductivity at 250 K in lanthanum hydride
under high pressures, Nature 569, 528 (2019).

31H. Min, R. Bistritzer, J.-J. Su, and A. H. MacDon-
ald, Room-temperature superfluidity in graphene bilayers,
Phys. Rev. B 78, 121401 (2008).

32A. Perali, D. Neilson, and A. R. Hamilton, High-
temperature superfluidity in double-bilayer graphene,
Phys. Rev. Lett. 110, 146803 (2013).

33M. M. Fogler, L. V. Butov, and K. S. Novoselov, High-
temperature superfluidity with indirect excitons in van der waals
heterostructures, Nat Commun 5, 4555 (2014).

34L. Ma, P. X. Nguyen, Z. Wang, Y. Zeng, K. Watanabe,
T. Taniguchi, A. H. MacDonald, K. F. Mak, and J. Shan,
Strongly correlated excitonic insulator in atomic double layers,

Nature 598, 585 (2021).
35X. Hu, T. Hyart, D. I. P., and E. Rossi, Quantum-metric-enabled
exciton condensate in double twisted bilayer graphene, arXiv
(2020), arXiv:2008.03241 [cond-mat.mes-hall].

36D. Pikulin and T. Hyart, Interplay of exciton condensation and
the quantum spin hall effect ininas/gasbbilayers, Phys. Rev. Lett.
112, 10.1103/physrevlett.112.176403 (2014).

37B. Debnath, Y. Barlas, D. Wickramaratne, M. R. Neupane,
and R. K. Lake, Exciton condensate in bilayer transition metal
dichalcogenides: Strong coupling regime, Phys. Rev. B 96,
10.1103/physrevb.96.174504 (2017).

38G. W. Burg, N. Prasad, K. Kim, T. Taniguchi, K. Watan-
abe, A. H. MacDonald, L. F. Register, and E. Tutuc, Strongly
enhanced tunneling at total charge neutrality in double-
bilayer graphene-wse2 heterostructures, Phys. Rev. Lett. 120,
10.1103/physrevlett.120.177702 (2018).

39Z. Wang, D. A. Rhodes, K. Watanabe, T. Taniguchi, J. C.
Hone, J. Shan, and K. F. Mak, Evidence of high-temperature
exciton condensation in two-dimensional atomic double layers,
Nature 574, 76 (2019).

40Y. Shimazaki, I. Schwartz, K. Watanabe, T. Taniguchi, M. Kro-
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