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The excitonic insulator (EI) state is a strongly correlated many-body ground state, arising from an
instability in the band structure toward exciton formation. We show that the flat valence and conduction
bands of a semiconducting diatomic Kagome lattice, as exemplified in a superatomic graphene lattice, can
possibly conspire to enable an interesting triplet EI state, based on density-functional theory calculations
combined with many-body GW and Bethe-Salpeter equation. Our results indicate that massive carriers in
flat bands with highly localized electron and hole wave functions significantly reduce the screening and
enhance the exchange interaction, leading to an unusually large triplet exciton binding energy (∼1.1 eV)
exceeding theGW band gap by ∼0.2 eV and a large singlet-triplet splitting of ∼0.4 eV. Our findings enrich
once again the intriguing physics of flat bands and extend the scope of EI materials.
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The discovery of the excitonic insulator (EI) state has
been a sought-after endeavor since it was first proposed by
Kohn [1,2] about fifty years ago. The EI phase is an exotic
highly correlated electronic state that can be stabilized in
narrow-gap semiconductors or semimetals [1–4] via spon-
taneous formation of excitons below a critical temperature
(Tc). Originally Bardeen-Cooper-Schieffer (BCS) theory of
superconductivity was used to model the EI state [1,2] in
the semimetallic regime (negative band gap Eg), where a
high carrier density makes the electron-hole (e − h)
Coulomb’s attraction strongly screened for a suppressed
Tc [5]. On the other hand, for semiconductors, if the
exciton binding energy (Eb) exceeds Eg, a spontaneous
Bose-Einstein condensation (BEC) of excitons triggers the
formation of the EI state, and the coherence in bosonic
wave functions leads to supertransport [4,6] and a weaker
screening increases Tc [7]. The study of the EI state should
give deeper insight into highly correlated phenomena like
superconductivity and BEC-BCS crossover [8–10], and a
plethora of theoretical and experimental investigations have
been made in an effort to realize this state [7,11–14].
However, difficulty arises when trying to experimentally
identify it since the excitons are neutral species whose
“current” is not straightforwardly measurable. This demands
investigation into other experimental signatures of the EI
[7,12–14].
The realization of an EI requires highly reduced screen-

ing to Coulomb’s potential that leads to a higher Eb. Low-
dimensional materials tend to have reduced screening
[15,16] due to confinement effect. While two-dimensional
)2 D) semiconductors with a small Eg may have lower Eb

because polarizability is inversely related to Eg [17], dipole
forbidden transitions near the band edges are shown to

break this synergy and favor the formation of an intrinsic EI
state, such as in 2D GaAs [18] and graphone [19]. Another
natural way of reducing screening is by increasing the e − h
wave function overlap [20–22], which brings electrons and
holes closer, making them immune to the screening effect
from surrounding charges.
The triplet EI state is especially appealing, because

triplet excitons carry spin current, so that a triplet EI with
spin superfluidity can be experimentally observed by spin
transport measurements [23]. Triplet excitons are also
attracting increasing attention in photovoltaics owing to
their high radiative lifetime [24,25]. Because of the optical
selection rule [26], the triplet excitons are dark but may be
converted from singlets by intersystem crossing [27,28].
A large singlet-triplet splitting (ΔEST) will favor such
crossing process and increase the triplet concentration at
finite temperatures [29–33]. Hence, a large e − h wave
function overlap is especially desirable for the triplet EI
formation because it increases ΔEST [30,31] by enhancing
the e − h exchange interaction [34].
In this Letter, we demonstrate an intriguing flat-bands-

enabled mechanism that can possibly lead to the formation
of triplet EI mediated by massive carriers with greatly
enhanced e − h wave function localization and overlap in a
2D diatomic (yin-yang) Kagome lattice [35] and further
predict its realization in a real material made of superatomic
graphene. Intrinsic to a topological flat band (FB) is its
highly localized wave function in real space, underlined by
a destructive interference of FB quantum states [36]. When
a unique band-structure configuration arises, with both a
topological valence and conduction FB separated by a
trivial gap, it also indicates an extremely high degree of
e − h wave function overlap. Remarkably, the huge
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effective masses of carriers hosted in the two FBs greatly
reduce the screening to increase exciton Eb, favoring the
formation of EI states in general; while the highly over-
lapping e − hwave function enhances the Coulomb’s direct
interaction on the one hand, to further reduce the screening,
and the exchange interaction on the other hand, to increase
ΔEST, favoring the formation of triplet EI states in
particular. Using a superatomic graphene lattice as a
prototypical example, we show the possibility of a FBs-
enabled triplet EI state, based on density-functional theory
(DFT) calculations combined with many-body GW and
Bethe-Salpeter equation (BSE). This is indicated by a
triplet exciton Eb (∼1.1 eV) exceeding the GW gap
(Eg ∼ 0.9 eV) by ∼20% and a high ΔEST (∼0.4 eV).
FBs also provide an ideal platform for BEC and coherence
[37] since the macroscopic degeneracy of FBs can lead to
spontaneous symmetry breaking, which is central to the
theory of BCS superconductivity [38,39] and EI [40,41].
Figure 1(a) shows the structure of the superatomic

graphene lattice. It consists of two 9 × 9 graphene flakes
(structural motif) with an optimized lattice constant of
22.14 Å. This peculiar structural motif enables the C atomic
pz orbitals to hybridize into molecular sp2 orbitals, form-
ing the so-called yin-yang Kagome bands [35] in a
hexagonal lattice, as shown in Fig. 1(c). Both the highest
valence and the lowest conduction bands are perfectly flat
and topologically nontrivial with opposite spin Chern
numbers [35]. The structure has a high thermodynamic
stability with a bulk cohesive energy calculated as
−6.78 eV per atom [42], similar to graphene nanoribbon
[51]. Excitingly, recent experimental advances [52,53] in

synthesizing nanoporous graphene suggest very high fea-
sibility of making this lattice. These latest experiments
employ a bottom-up approach to successfully make arti-
ficial nanoporous graphene lattices with precise control of
pore size and shape, using designed molecular precursors.
Accordingly, our theoretical study should stimulate such
experimental efforts to make the proposed lattice by
designing the desired superatomic graphene precursors.
Also, other yin-yang Kagome lattices, such as the Kagome
superlattices formed in moiré pattern twisted graphene
bilayers [54], which generated a lot of recent interest, can
be generally explored. Here we focus on the exciton related
properties of the 9 × 9 superatomic graphene lattice.
First, its mean-field DFT Eg ∼ 0.18 eV, as in a narrow-

gap semiconductor, is significantly corrected to a GW Eg ∼
0.94 eV [Fig. 1(c)]. The optical spectra obtained by solving
the BSE is shown in Fig. 2(a), in comparison with that
obtained within the independent particle approximation.
The first peak in the BSE spectra corresponds to the first
bright singlet exciton at 0.24 eV, marked by Xo. This can
also be seen from the density of states (DOS) for singlet
excitons in Fig. 2(b). The formation energy of Xo is very
low compared to the quasiparticle gap of 0.94 eV, giving
rise to a large Eb of 0.70 eV. In Fig. 2(c), we plot the DOS
for triplet excitons, which clearly shows the presence of
excitons with negative formation energy, indicative of
spontaneous formation of excitons. The Eb of the lowest
triplet exciton (0.94þ 0.17 ¼ 1.11 eV) exceeds the GW
gap by 0.17 eV, to signify a desired property for a strong
triplet EI state, as marked by EIo in Fig. 2(c). This possible
triplet EI in a nonmagnetic material is different from that
recently studied in a ferromagnetic material, where the
excitation between spin nondegenerate bands was

FIG. 2. (a) Optical absorbance for singlet excitons with a
Gaussian peak broadening of 10 meV. Xo indicates the first
bright peak. (b) Density of states for singlet excitons, and
(c) density of states for triplet excitons, noticing two peaks with
negative formation energies (yellow filled). EIo indicates the first
triplet exciton, which is also the case of triplet EI. Insets in (b) and
(c) represent spin-up electron (red arrow with filled circle) and
spin-down hole (orange arrow with hollow circle) bound together
forming an exciton.

(a)

(c)

(b)

FIG. 1. (a) Unit cell of a 9 × 9 superatomic graphene lattice.
Gray and white circles represent C and H atoms, respectively.
(b) First Brillouin zone showing the high-symmetry reciprocal
paths used for band diagrams. (c) Comparison of band structures
and band gaps obtained within DFT (left) and a single-shotGoWo
calculation (right).
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considered [19]. One interesting feature is its huge ΔEST of
0.41 eV, making it easier to be detected by spin superfluidity
experiment [23]. In Table I we summarize the energies of the
lowest singlet (Xo) and triplet (EIo) states. The key result of a
negative triplet exciton formation energy is carefully con-
firmed by convergence tests for GW-BSE calculations (see
Supplemental Material, Tables S1–S5 [42]).
Excitonic instability may occur in either a narrow-gap

semiconductor or a semimetal [55]. In the former, a gapped
system as studied here, the critical condition for the existence
of the EI state is a negative exciton formation energy; i.e., if
Eb exceeds Eg, the order parameter for BEC of excitons
has a nontrivial solution at low temperatures. In a two-
band model, the order parameter at T ¼ 0 K is given by

Δ0 ¼ Eb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1
2
Þ − ðEg=2EbÞ

q
[55]. As long as Eb > Eg, Δ0 is

finite positive and a BEC-EI state emerges below Tc. Our
calculated Eb is ∼20% larger than Eg, indicating a relatively

high Tc. For a system with parabolic valence and conduction
bands,Tc may be estimated from a k · p effective-massmodel
[19].However, thismodel is not applicable to FBswith infinite
effective mass, instead, an extensive exact diagonalization
approach is required to determine Tc. Differently in a
semimetal, the EI state occurs below T 0

c via a metal (gapless)
to insulator (gapped) transition, a manifestation of sponta-
neous symmetry breaking [2,55]. It further involves a BCS-
BECcrossover dependingon thee − h coupling strength [56].
One widely studied material for semimetal-to-EI transition is
Ta2NiSe5, and a recent work [41] shows that such transition
may be generally triggered by a structural transition with
breaking of lattice symmetries. Also, the BEC-BCS crossover
has been studied in the context of a nonequilibrium EI
state [57].
In order to better understand the strikingly enhanced Eb,

suggestive of the formation of triplet EI ground state below
Tc, we plot the excitonic wave function in reciprocal space

FIG. 3. Excitonic wave function analysis for the lowest triplet exciton (EIo, upper) and for the lowest singlet exciton (Xo, lower): (a),
(d) Reciprocal-space excitonic wave function distribution showing total contribution of all excitations at each reciprocal lattice point.
(b),(e) Band excitation contributions indicated by spread of color on the bands. (c),(f) Real-space two-particle e − h wave function
distribution with hole fixed at the black dot plotted over a 6 × 6 supercell. Only a small segment of the supercell is shown here since the
electron is highly localized around the hole. The distribution amplitude is zero everywhere else. The orange arrow with a circle denotes
the spin of hole left behind after excitation and the red arrow denotes the spin of electron.

TABLE I. Summary of excitonic energies for states Xo and EIo. Last column denotes the dipole oscillator strength of excitons divided
by the number of k points.

Exciton
Mean-field
gap (eV)

GW band
gap (eV)

Excitation
energy (eV)

Binding
energy (eV)

Dipole oscillator
strength=Nk (μs)

Singlet (Xo) 0.18 0.94 0.24 0.70 0.024 a.u.
Triplet (EIo) 0.18 0.94 −0.17 1.11 � � �
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and band excitation contributions for EIo in Figs. 3(a)
and 3(b), respectively. One clearly sees that EIo is com-
posed of coherent excitations throughout the Brillouin zone
(BZ). We also examined relative band contributions to the
excitations (see Table S6 [42]). The contribution from
valence to conduction FB excitation is slightly higher than
from other excitations. The nature of FB excitations
inherently implies localized wave functions in real space,
as seen in Fig. 3(c), which shows the Fourier transform of
excitonic wave function for EIo, consistent with the broad
distribution of k-point-resolved excitations (Fig. S1 [42]).
This provides additional evidence for a possible BEC-EI
state, because the triplet exciton width (ξ) is much smaller
than the lattice constant, implying a pointlike boson, as in
the BEC condensate [57–59]. In comparison, for Xo, as
shown in Figs. 3(d) and 3(e), excitation from valence to
conduction FB contributes the most, largely centered
around the K point. The triplet EIo state has an even more
localized wave function in real space [Fig. 3(c)] than the
singlet Xo [Fig. 3(f)] because the former is excited
throughout the BZ; i.e., the excitonic wave function is
highly delocalized in reciprocal space.
The effective static dielectric constant obtained from

our calculations is unusually low ∼1.02, indicating a
highly reduced screening, which is a direct manifestation
of FB wave functions, as we show below. Usually dipole
forbidden transitions near the band edges are favored
for large Eb and hence the formation of the EI state
[17–19]. For the yin-yang FBs, the inter-FB transitions are
actually allowed by symmetry [35] but the band flatness
makes the dipole matrix element between them negligible.
Considering a two-band model, the dipole matrix element
is given by

jhuc;kj∇kjuv;kij2 ¼
ℏ2

2μ

�
Eg þ

ℏ2k2

2μ

�
−1
; ð1Þ

where μ is the reduced mass under the effective-mass
approximation [17], which is very high here for both
valence and conduction FBs, making the above expression
close to zero. A negligible dipole matrix element is directly
verified from the absence of absorption peak at Eg in the
optical spectrum [Fig. 2(a)] obtained within the indepen-
dent particle approximation (see also Fig. S4 [42]). This
also explains the very low absorbance for Xo [Fig. 2(a)],
since the major contribution to this state is from FB
excitations, and its nonzero portion of absorption is mostly
contributed by weaker transitions that involve parabolic
bands (e.g., 1 → 20 near M point) as shown in Fig. 3(e).
Basically, only parabolic-band transitions lead to high
optical absorption. The detailed contributions from indi-
vidual band excitations are available in the Supplemental
Material [42] (Table S1 and Fig. S2), and the band-resolved
contributions to the brightest exciton, marked in Fig. 2(a)
by Bo, is available in Fig. S3 [42]. Since 2D polarizability is

proportional to the dipole matrix element divided by the
gap [17], the presence of FBs as both the highest occupied
valence and the lowest unoccupied conduction bands
inherently reduces the screening significantly.
Normally, reduced screening and confinement effects in

low dimensions are known to extrinsically increase the
e − h wave function overlap as shown in heteronanostruc-
tures [29] and carbon nanotubes [30]. Interestingly, here
both electron and hole wave functions exhibit a form of
destructive quantum interference originated from the FB
topology [36], which gives rise to their distinguished
localized states in real space with huge overlap. Figure 4
shows the relative overlap between the two FB wave
functions at high-symmetry k points projected over atomic
orbitals of C and H. Such huge overlap leads to a much
higher energy for singlet compared to triplet excitons,
as the exchange interaction is absent in the latter. This
represents a unique intrinsic FB originated increase of
direct and exchange energy, leading to a ΔEST of ∼0.4 eV,
much larger than the typical values in bulk (a few meVs)
[29] and low-dimensional semiconductors (up to ∼0.2 eV)
[30–33]. Thus, both a huge e − h wave function overlap
and a highly reduced screening, as induced by the FBs, are
the major factors leading to a large Eb, and an enhanced
ΔEST, favorable for a triplet EI. More singlet exciton
properties are given in the Supplemental Material [42].
For comparison, it might be interesting to construct a

supermolecule consisting of two superatomic graphene
flakes and study its excitonic properties, for which a
Frenkel type of localized exciton is expected. Also, in

FIG. 4. Conduction and valence FBs wave function overlap for
zero momentum singlet exciton (Q ¼ 0). Right: C and H atoms
are indicated by large and small circles, respectively. The con-
tributions are only from the C pz orbitals. The overlapped weights
of these contributions to flat valence and conduction band wave
functions are indicated by the size of red fills on theC atoms. Left: k
points in BZ for which overlaps are calculated.

PHYSICAL REVIEW LETTERS 126, 196403 (2021)

196403-4



the condensed state of van der Waals molecular crystals,
excitons with relatively large Eb and almost linear excitonic
dispersion have been previously shown [60]. In contrast,
for the covalently bonded framework we study here, the
highly localized and overlapping exciton wave functions,
as shown in Figs. 3(c) and 3(f), are enabled by FBs, having
a very different physical origin. This is because the FB is a
Bloch state; it is encoded with nontrivial topology, arising
from destructive interference of lattice hopping that leads to
compact plaquette states of both electrons and holes in real
space [35]. As such, the excitons display an unusual
constant dispersion (see also the discussion for singlet
excitons in the Supplemental Material [42]).
In conclusion, we reveal a unique topological FB-

originated mechanism for the possible formation of a spin
triplet EI, making a significant forward step for the
discovery of EIs through spin transport measurement. In
a 9 × 9 superatomic graphene lattice, a triplet exciton Eb is
predicted to exceed the band gap by ∼0.2 eV. The FBs,
generally existing in a yin-yang Kagome lattice, weaken
intrinsically the screened e − h interaction by an “infinite”
effective mass of carriers and a complete overlap of e − h
wave functions, and the latter also increases the exchange
energy of singlet exciton leading to a huge ΔEST. In
general, defects are likely present in experimental samples.
However, if the defect density is kept low, there is usually
no significant change in the screening and excitonic
properties, as shown in transition metal dichalcogenides
[61]. Spin-orbit coupling (SOC) may have interesting
consequences in our proposal; however, since only C
and H atoms are present here, it is negligible and not
considered. Other yin-yang Kagome lattice materials with
large SOC are interesting topics for future studies, espe-
cially in considering the related phenomena of excited
quantum anomalous and spin Hall effect [35]. Furthermore,
fractional population of two FBs may lead to an exotic
fractional EI state [62].
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