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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 towards 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 (DFT) calculations combined with many-body GW and Bethe-Salpeter Equation
(BSE). Our results indicate that massive carriers in flat bands with highly localized electron and
hole wavefunctions significantly reduce the screening and enhance the exchange interaction, leading
to an unusually large triplet exciton binding energy (~1.1 eV) exceeding the GW 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.

The discovery of excitonic insulator (EI) state has been
a sought-after endeavor since it was first proposed by
Kohn [I} 2] about fifty years ago. The EI phase is an
exotic highly correlated electronic state that can be sta-
bilized in narrow-gap semiconductors or semimetals [T
4] via spontaneous formation of excitons below a critical
temperature (T.). Originally Bardeen-Cooper-Schiefer
(BCS) theory of superconductivity was used to model the
EI state [Il 2] in the semi-metallic regime (negative band
gap, E,), where a high carrier density makes the electron-
hole (e-h) Coulomb’s attraction strongly screened for a
suppressed T. [5]. On the other hand, for semiconduc-
tors, if the exciton binding energy (Ei) exceeds Eg, a
spontaneous Bose-Einstein condensation (BEC) of exci-
tons triggers the formation of EI state, and the coher-
ence in bosonic wavefunctions leads to super transport
[4, 6] and a weaker screening increases T, [7]. The study
of EI state should give deeper insight into highly corre-
lated phenomena like superconductivity and BEC-BCS
crossover [8HI0], and a plethora of theoretical and ex-
perimental investigations have been made in an effort to
realize this state [7, IIHI4]. However, difficulty arises
when trying to experimentally identify it since the ex-
citons are neutral species whose current is not straight-
forwardly measurable. This demands investigation into
other experimental signatures of EI [7), T2HI4].

The realization of an EI requires highly reduced screen-
ing to Coulomb’s potential that leads to a higher E,.
Low-dimensional materials tend to have reduced screen-
ing [I5, [I6] due to confinement effect. ~While two-
dimensional (2D) semiconductors with a small E; may
have lower E}, because polarizability is inversely related
to E, [I7], dipole forbidden transitions near the band
edges are shown to break this synergy and favor the for-
mation of an intrinsic EI state, such as in 2D GaAs [I§]
and Graphone [I9]. Another natural way of reducing
screening is by increasing the e-h wavefunction overlap
[20H22], which brings electrons and holes closer making
them immune to the screening effect from surrounding

charges.

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]. Due to optical se-
lection rule [26], the triplet excitons are dark but may be
converted from singlets by intersystem crossing [27) 28].
A large singlet-triplet splitting (AEgt) will favor such
crossing process and increase the triplet concentration at
finite temperatures [29-33]. Hence, a large e-h wavefunc-
tion overlap is especially desirable for the triplet EI for-
mation because it increases AEgr [30, BI] by enhancing
the e-h exchange interaction [34].

In this Letter, we demonstrate an intriguing FBs-
enabled mechanism that can possibly lead to the for-
mation of triplet EI mediated by massive carriers with
greatly enhanced e-h wavefunction localization and over-
lap 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 wavefunction in real
space, underlined by a destructive interference of FB
quantum states [36]. When a unique band-structure con-
figuration arises, with both a topological valence and con-
duction FB separated by a trivial gap, it also indicates an
extremely high degree of e-h wavefunction overlap. Re-
markably, the huge effective masses of carriers hosted in
the two FBs greatly reduce the screening to increase ex-
citon Ey, favoring the formation of EI states in general;
while the highly overlapping e-h wavefunction enhances
the Coulomb’s direct interaction on the one hand, to fur-
ther reduce the screening, and the exchange interaction
on the other hand, to increase AEgT, favoring the forma-
tion of triplet EI states in specific. Using a superatomic
graphene lattice as a prototypical example, we show the
possibility of a FBs-enabled triplet EI state, based on
DFT calculations combined with many-body GW and



BSE. This is indicated by a triplet exciton Ej, (~1.1 eV)
exceeding the GW gap (Eg ~0.9 €V) by ~20% and a high
AEgt (~0.4 eV). FBs also provide an ideal platform for
BEC and coherence [37] since the macroscopic degener-
acy of FBs can lead to spontaneous symmetry breaking
which is central to the theory of BCS superconductivity
[38, 39] and EI [40] 41].

Fig. [I(a) shows the structure of the superatomic
graphene lattice. It consists of two 9x9 grpahene flakes
(structural motif) with an optimized lattice constant of
22.14 A. This peculiar structural motif enables the C
atomic p, orbitals to hybridize into molecular sp? or-
bitals, forming the so-called Yin-Yang Kagome bands [35]
in a hexagonal lattice, as shown in Fig. c). Both the
highest valence and the lowest conduction bands are per-
fectly flat and topologically nontrivial with opposite spin
Chern numbers [35]. The structure has a high thermody-
namic stability with a bulk cohesive energy calculated as
-6.78 eV per atom [42], similar to graphene nanoribbon
[43]. Excitingly, recent experimental advances [44, 45] in
synthesizing nano-porous graphene suggest very high fea-
sibility of making this lattice. These latest experiments
employ a bottom-up approach to successfully make arti-
ficial nano-porous graphene lattices with precise control
of pore size and shape, using designed molecular precur-
sors. Accordingly, our theoretical study should stimulate
such experimental efforts to make the proposed lattice
by designing the desired superatomic graphene precur-
sors. Also, other Ying-Yang Kagome lattices, such as the
Kagome super-lattices formed in Moire pattern twisted
graphene bilayers [46], which generated a lot of recent
interest, can be generally explored. Here we focus on
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FIG. 1. (a) Unit cell of a 9 x 9 superatomic graphene lattice.
Grey and white circles represent C and H atoms, respectively.
(b) First Brillouin zone showing the high-symmetry recipro-
cal paths used for band diagrams. (c¢) Comparison of band
structures and band gaps obtained within DFT (left panel)
and a single-shot GoW, calculation (right).

the exciton related properties of the 9x9 superatomic
graphene lattice.

First, its mean-field DFT E;~0.18 eV, as in a narrow-
gap semiconductor, is significantly corrected to a GW
E~0.94 eV (Fig. c)) The optical spectra obtained
by solving BSE is shown in Fig. a), in comparison with
that obtained within the independent particle approxi-
mation. The first peak in the BSE spectra corresponds to
the first bright singlet exciton at 0.24 eV, marked by X,.
This can also be seen from the density of states (DOS)
for singlet excitons in Fig. b). The formation energy
of X, is very low compared to the quasiparticle gap of
0.94 eV, giving rise to a large E}, of 0.70 eV. In Fig. 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 Ej,
of the lowest triplet exciton (0.94 eV + 0.17 eV = 1.11
eV) exceeds the GW gap by 0.17 eV, to signify a de-
sired property for a strong triplet EI state, as marked
by EI, in Fig. c). This possible triplet EI in a non-
magnetic material is different from that recently studied
in a ferromagnetic material where the excitation between
spin non-degenerate bands was considered [I9]. One in-
teresting feature is its huge AEgr of 0.41 eV, making
it easier to be detected by spin superfluidity experiment
[23]. In Table [l we summarize the energies of the low-
est singlet (X,) and triplet (EI,) states. The key result
of a negative triplet exciton formation energy is carefully
confirmed by convergence tests for GW-BSE calculations
(see Table S1-S5 [42]).

Excitonic instability may occur in either a narrow-
gap semiconductor or a semimetal [47]. In the former,
a gapped system as studied here, the critical condition
for the existence of EI state is a negative exciton forma-
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FIG. 2. (a) Optical absorbance for singlet excitons with a
Gaussian peak broadening of 10 meV. X, 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). EI, 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.



TABLE I. Summary of excitonic energies for states X, and Fl,. Last column denotes the dipole oscillator strength of excitons

divided by the number of k-points.

Excit Mean field GW band Excitation Binding Dipole Oscillator
xeiton gap (eV) gap (eV) energy (eV) energy (eV) strength/Ni (us)
Singlet (X,) 0.18 0.96 0.21 0.75 0.024 au
Triplet (EL,) 0.18 0.96 021 117 -
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FIG. 3.

Excitonic wavefunction analysis for the lowest triplet exciton (EI,, Upper panel) and for the lowest singlet exciton

(Xo, lower panel): (a), (d) Reciprocal-space excitonic wavefunction 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 wavefunction distribution with hole fixed at the black dot plotted over a 6x6 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.

tion energy, i.e., if Ey, exceeds E,, the order parameter
for BEC of excitons has a non-trivial solution at low tem-
peratures. In a two-band model, the order parameter at

T= 0 K is given by Ag = Epy /(3 — Q%b) [47]. As long as
E,>E,, Ag is finite positive and a BEC-EI state emerges
below T.. Our calculated Ey, is ~20% larger than E,, in-
dicating a relatively high T.. For a system with parabolic
valence and conduction bands, T. may be estimated from
a k.p effective-mass model [19]. However, this model is
not applicable to FBs with infinite effective mass, in-
stead an extensive exact diagonalization approach is re-
quired to determine T.. Differently in a semimetal, the
EI state occurs below T, via a metal (gapless) to insula-
tor (gapped) transition, a manifestation of spontaneous
symmetry breaking [2 47]. It further involves a BCS-

BEC crossover depending on the e-h coupling strength
[48]. One widely studied material for semimetal-to-EI
transition is TapNiSes, 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
non-equilibrium EI state [49].

In order to better understand the strikingly enhanced
Ey, suggestive of the formation of triplet EI ground state
below T., we plot the excitonic wavefunction in recip-
rocal space and band excitation contributions for EI, in
Fig. [fa) and Fig. Bb), respectively. One clearly sees
that EI, is composed 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 na-
ture of FB excitations inherently implies localized wave-
functions in real space as seen in Fig. c), which shows
the Fourier transform of excitonic wavefunction for EI,,
consistent with the broad distribution of k-point-resolved
excitations (Fig. S1 [42]). This provides additional evi-
dence for a possible BEC-EI state, because the triplet ex-
citon width (&) is much smaller than the lattice constant,
implying a point-like boson, as in the BEC condensate
[49-51]. In comparison, for X, as shown in Fig. d)—(e),
excitation from valence to conduction FB contributes the
most, largely centered around the K point. The triplet
E1I, state has an even more localized wavefunction in real
space (Fig.B|(c)) than the singlet X, (Fig. [3[f)), because
the former is excited throughout the BZ, i.e., the ex-
citonic wavefunction 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 wavefunctions as we show below. Usually dipole
forbidden transitions near the band edges are favored for
large Ep, and hence the formation of EI state [I7HI9].
For the Yin-Yang FBs, the inter-FB transitions are ac-
tually allowed by symmetry [35] but the band flatness
makes the dipole matrix element between them negligi-
ble. Considering a two-band model, the dipole matrix
element is given by,

" n2k?

< U | Vi|upr > % = E
| < Uek|Vilupr > | 2u(g+ QM)

(1)
where p is the reduced mass under the effective mass ap-
proximation [I7], 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 E, in the
optical spectrum (Fig. 2fa)) obtained within the indepen-
dent particle approximation (see also Fig. S4 [42]). This
also explains the very low absorbance for X, (Fig. [2[a))
since the major contribution to this state is from FB ex-
citations, and its non-zero portion of absorption is mostly
contributed by weaker transitions that involve parabolic
bands (e.g., 1—2’ near M point) as shown in Fig. Bfe).
Basically, only parabolic-band transitions lead to high
optical absorption. The detailed contributions from in-
dividual band excitations are available in supplementary
material [42] (Table S1 and Fig. S2), and the band re-
solved contributions to the brightest exciton, marked in
Fig. a) by B,, is available in Fig. S3 [42]. Since 2D po-
larizability is proportional to the dipole matrix element
divided by the gap [I7], the presence of FBs as both
the highest occupied valence and the lowest unoccupied
conduction bands inherently reduces the screening signif-
icantly.

Normally, reduced screening and confinement effects in
low dimensions are known to extrinsically increase the e-h
wavefunction overlap as shown in hetero-nanostructures
[29] and carbon nanotubes [30]. Interestingly here both

electron and hole wavefunctions exhibit a form of destruc-
tive quantum interference originated from the FB topol-
ogy [30], which gives rise to their distinguished localized
states in real space with huge overlap. Fig. 4| shows the
relative overlap between the two FB wavefunctions 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 ex-
change interaction is absent in the latter. This represents
a unique intrinsic FB originated increase of direct and
exchange energy, leading to a AEgr of ~0.4 eV, much
larger than the typical values in bulk (a few meVs) [29]
and low-dimensional semiconductors (upto ~0.2 eV) [30-
33]. Thus, both a huge e-h wavefunction overlap and a
highly reduced screening, as induced by the FBs, are the
major factors leading to a large Ej, and an enhanced
AEgt, favorable for a triplet EI. More singlet exciton
properties are given in SM [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
the condensed state of Van der Waals molecular crystals,
excitons with relatively large Ei and almost linear ex-
citonic dispersion have been previously shown [52]. In
contrast, for the covalently bonded framework we study
here, the highly localized and overlapping exciton wave-
functions, as shown in Fig. Bfc) and Fig.[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 non-

FIG. 4. Conduction and valence FBs wavefunction over-
lap for zero momentum singlet exciton (Q = 0). Right: C
and H atoms are indicated by large and small circles respec-
tively. The contributions are only from the C p, orbitals.
The overlapped weights of these contributions to flat valence
and conduction bands wavefunctions are indicated by the size
of red fills on the C atoms. Left: k-points in BZ for which
overlaps are calculated.



trivial 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 SM [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 dis-
covery of Els through spin transport measurement. In a
9 x 9 superatomic graphene lattice, a triplet exciton Ei,
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
wavefunctions, and the latter also increases the exchange
energy of singlet exciton leading to a huge AEgr. In gen-
eral, 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 prop-

erties, as shown in transition metal dichalcogenides [53].
Spin-orbit coupling (SOC) may have interesting conse-
quences in our proposal; however, since only C and H
atoms are present here, it is negligible and not consid-
ered. Other Ying-Yang Kagome lattice materials with
large SOC are interesting topics of future studies, espe-
cially in considering the related phenomena of excited
quantum anomalous and spin Hall effect [35]. Further-
more, fractional population of two FBs may lead to exotic
fractional EI state [54].
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