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Unconventional superconductivity near a flat band in organic and organometallic materials

Jaime Merino ,1 Manuel Fernández López ,1 and Ben J. Powell2
1Departamento de Física Teórica de la Materia Condensada, Condensed Matter Physics Center (IFIMAC) and Instituto Nicolás Cabrera,

Universidad Autónoma de Madrid, Madrid 28049, Spain
2School of Mathematics and Physics, The University of Queensland, QLD 4072, Australia

(Received 28 December 2020; accepted 11 March 2021; published 25 March 2021)

We study electron correlation driven superconductivity on a decorated honeycomb lattice (DHL), which has
a low-energy flat band. On doping, we find singlet superconductivity with extended-s, extended-d , and f -wave
symmetry mediated by magnetic exchange. f -wave singlet pairing is enabled by the lattice decoration. The
critical temperature is predicted to be significantly higher than on similar lattices lacking flat bands. We discuss
how high-temperature superconductivity could be realized in the DHL materials such as Rb3TT · 2H2O and
Mo3S7(dmit)3.
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I. INTRODUCTION

The recent discovery of superconductivity in twisted bi-
layer graphene has lead to intense theoretical investigations
of Cooper pairing in nearly flat band systems. The observa-
tion of superconductivity close to correlated insulating states
in twisted bilayer graphene [1–3] suggests that Coulomb
repulsion plays a major role in its electronic properties includ-
ing, possibly, superconductivity. Flat bands enhance Coulomb
scattering—since scattering processes with any transferred
momenta are allowed within the flat band—leading to novel
pairing states [4]. Prior to the discovery of superconductivity
in twisted bilayer graphene [5], flat band systems were pro-
posed as a route towards room temperature superconductivity
[6,7] due to linear scaling of the critical temperature with the
coupling. These considerations are very general and motivate
the search for superconducting materials, beyond twisted bi-
layer graphene, with flat bands [8].

Electrons on the decorated honeycomb lattice [DHL;
Fig. 1(a)] can display many interesting properties includ-
ing topological phases [9–14]. The DHL has a flat band at
the Fermi energy when half filled and lightly hole doped
[0 � δ < 1/3, where the number of electrons per site is
n = 1 − δ; Fig. 2 (inset)]. This leads to a large density of
states so one expects strong electronic correlation effects close
to half filling [15]. The DHL is realized in several materi-
als including trinuclear organometallic compounds [16–20],
organic molecular crystals [21], iron(III) acetates [22], coordi-
nation polymers/metal-organic frameworks (MOFs) [23,24],
and cold fermionic atoms in optical lattices [25]. An important
open question is whether superconductivity from Coulomb
interaction can arise in DHL compounds as theoretically pre-
dicted in graphene [26,27] and in the closely related lattice
arising in Li-decorated graphene [28], LiC6.

Numerical work [13,29,30] indicates that the ground
state of the spin-1/2 Heisenberg model on a DHL with
nearest-neighbor interactions is a valence bond solid (VBS).
Two different VBSs are suggested depending on the

anisotropy [J ′/J; Fig. 1(a)]. Subtle changes in the lattice and
interactions can radically change this—indicating that there
are many competing ground states. For example, the ground
state of the Kitaev model on the DHL is a quantum spin liquid
(QSL) [31]. A QSL is also predicted for the Heisenberg model
on the kagomé lattice [32–35], which is closely related to
the DHL. In contrast, longer range interactions and/or higher
order spin exchange are needed to stabilize a QSL on the
(anisotropic) triangular lattice [36–39].

Anderson’s resonating valence bond (RVB) hypothesis
[40] is that unconventional superconductivity can arise when
one dopes holes into a Mott insulator as valence bonds become
mobile (singlet) Cooper pairs. Therefore, if VBSs occur at
half filling on the DHL [13,29,30], then an important issue
is to understand the conducting phases that arise upon hole
doping. Similar programs have been carried out in the context
of the (square lattice) cuprate superconductors [40,41] and
the (anisotropic triangular lattice) organic superconductors
[42,43]. Due to the greater complexity of the DHL we can
expect, in general, pairing states other than the d and d + id
states generally found on the square and anisotropic triangu-
lar lattices [41–44]. Similar conclusions have been recently
reached in strongly correlated multiorbital inorganic materials
[45].

Here, we report on the existence of unconventional super-
conductivity, including an f -wave singlet state [Fig. 1(e)],
in the hole doped DHL arising from Coulomb repulsion.
Successive transitions from extended-s (s∗) to extended-d
(d∗) to f -wave superconductivity occur at low temperatures
(Fig. 2). The highest critical temperature in our phase diagram
occurs around (7–8)% doping where s∗ superconductivity
is most favorable. The superconducting critical and pseu-
dogap temperatures are much larger than the corresponding
ones on the square [46] and triangular lattices [42,43,47,48].
Hence, the robustness of the superconducting and pseudogap
phases is correlated with the flat band at the Fermi energy in
the DHL.
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FIG. 1. Decorated honeycomb lattice and its superconducting
phases. (a) The decorated honeycomb lattice with the hopping (t ,
t ′) and exchange (J , J ′) parameters marked. The triangles form two
sublattices (A and B) and contain three sites (labeled 1–3). (b)–
(h) Real space representations of selected singlet superconducting
states on the decorated honeycomb lattice. Color (size) of the ovals
indicates the sign (magnitude) of the order parameter (�, �′). The
decorated lattice allows an f -wave spin singlet state and extended-s
and -d (s∗ and d∗) states which are consistent with the 2D irreducible
representation of C6v (Table I). The states in the bottom row (e)–(h)
are found in our microscopic calculations.

II. f-WAVE SINGLET PAIRING

At first glance, an f -wave singlet state seems to violate
the requirement that the wave function must be antisymmetric
under the exchange of two fermions (electrons). Usually one
thinks that if the wave function is odd under spatial inversion
(k → −k) then it must be even under spin inversion (σ →
−σ ); thus, the f -wave state must be a spin triplet. But, this

FIG. 2. Phase diagram of the t-t ′-J-J ′ model on a decorated
honeycomb lattice for J/t = 0.1 and t ′/t = J ′/J = 1. Pairing in
unconventional channels s∗, d∗, and f occurs below the mean-
field pairing temperature (TRVB; blue solid line). Charge transport is
coherent below the Bose-Einstein condensation temperature, TBEC.
Superconductivity requires both pairing and coherence, i.e., T <

TRVB and TBEC. The dotted (magenta) lines are first order transitions
between different superconducting states while the solid (blue) line
corresponds to a second order transition between superconducting
and metallic states. Inset: The noninteracting band structure of the
decorated honeycomb lattice displaying flat bands and the corre-
sponding DOS for t ′ = t . t = 1 in all plots.

argument does not account for the internal degrees of freedom
within the unit cell of the DHL—which can be described
as either the site labels or as molecular orbital degrees of
freedom [16].

Insight into f -wave singlet states can be gained from
writing a (nonsuperconducting) two-electron wave function,
|�−〉, that is odd under both spatial and spin inversion for
a single unit cell of the DHL. Let |�α〉 = (h†

α1,α2 + h†
α2,α3 +

h†
α3,α1)|0〉, where the singlet operator h†

αi,β j = 1√
2
(c†

αi↑c†
β j↓ −

c†
αi↓c†

β j↑) and c†
αiσ creates an electron with spin σ on the ith

site of the αth triangle. Define |�±〉 ≡ |�A〉 ± |�B〉: Both
wave functions are a superposition of singlets within the trian-
gles (and therefore singlets themselves) and satisfy fermionic
antisymmetry for any pair of electrons, but whereas |�+〉 is
even under inversion, |�−〉 is odd [49]. The f -wave singlet
superconducting state in Fig. 1 is highly analogous to |�−〉.

III. MODEL

Our microscopic theory considers the t-t ′-J-J ′ model on
the DHL:

H = −t
∑

〈αi,α j〉σ
PG(c†

αiσ cα jσ + c†
α jσ cαiσ )PG

− t ′ ∑
〈Ai, Bi〉, σ

PG(c†
Aiσ cBiσ + c†

Biσ cAiσ )PG

− J
∑

〈αi,α j〉

(
Sαi · Sα j − 1

4
nαinα j

)

− J ′ ∑
〈Ai, Bi〉

(
SAi · SBi − 1

4
nAinBi

)
− μ

∑
αiσ

c†
αiσ cαiσ ,

(1)

where Sαi = ∑
σσ ′ c†

αiσ τσσ cαiσ ′ , τ is the vector of Pauli ma-
trices, nαi = ∑

σ c†
αiσ cαiσ , and the Gutzwiller projector PG =

�i(1 − ni↑ni↓) excludes doubly occupied sites. The sums
are restricted to nearest-neighbor sites either within a trian-
gle, 〈αi, α j〉, or between neighboring triangles, 〈Ai, Bi〉, cf.
Fig. 1(a). The chemical potential μ fixes the average elec-
tron filling of the system. Motivated by the superexchange
mechanism, and to reduce the number of free parameters,
we set J ′/J = (t ′/t )2 in all of our calculations. We solve this
model via RVB theory [41,50], where double occupancy is
projected out of a Bardeen-Cooper-Schrieffer (BCS) wave
function via the Gutzwiller approximation (GWA). Technical
details including an exact analysis of pairing symmetries on
small clusters [51] are given in Ref. [49].

IV. SUPERCONDUCTIVITY

The DHL has C6v symmetry, which has six irreducible
representations (Table I), three even and three odd under
inversion symmetry [in 2D, inversion is equivalent to a C2

rotation about the ‘z axis’: both map (x, y) → (−x,−y)]. The
order parameters most relevant to our RVB calculations are
sketched in Fig. 1. This includes a B2 ( fx(3y2−x2 ), henceforth
f -wave) state built from a superposition of singlets. This state
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TABLE I. Character table for C6v . The n-fold rotations (Cn) are
about the center of the dodecahedron, σd reflections are defined to
pass through the center of t ′ bonds, and σv are reflections through
the line joining a vertex and the center of a triangle, cf. Fig. 1.
The last column gives the conventional name of the superconducting
symmetry.

E 2C6 2C3 C2 3σv 3σd Superconducting order

A1 1 1 1 1 1 1 s, s∗

A2 1 1 1 1 −1 −1 ixy(3x4−10x2y2+3y4 )

B1 1 −1 1 −1 1 −1 fy(3x2−y2 )

B2 1 −1 1 −1 −1 1 fx(3y2−x2 )

E1 2 1 −1 −2 0 0 (px, py )

E2 2 −1 −1 2 0 0 (dx2−y2 , dxy ), (d∗
x2−y2 , d∗

xy )

is odd under inversion through the center of the dodecahedron
(∼=C2) and under inversion through the center of the t ′ bonds
(equivalent to a σv mirror), but it is even under the σd mirrors
(which bisect the triangles). This is consistent with fermionic
exchange statistics because the singlets are all within a single
triangle that decorate the honeycomb lattice—the nodes lie on
the intertriangle bonds along the σv mirror planes. p-wave sin-
glets are also possible on this lattice via a similar construction
(with nodes along the t ′ bonds) [52]. However, the p-wave
states are not low-energy solutions in our singlet RVB states.

Odd-parity f - and p-wave singlet states are not allowed on
the honeycomb lattice because the triangles are replaced by a
single site, and singlets cannot form within a single site due
to the strong Coulomb repulsion. Thus, the decorated lattice
structure is directly responsible for allowing odd-parity singlet
superconductors. Similarly, the s∗ state sketched in Fig. 1(f)
does not have a natural analog on the honeycomb lattice as
the triangles are replaced by a single site. Clearly, similar
superconducting states should be possible on other decorated
lattices. We stress that the f -wave singlet is not an artifact of
the 2D model and that this construction works equally well
for 3D decorated lattices.

When hole doped, the model displays unconventional su-
perconductivity, Fig. 2. Below the mean-field temperature
TRVB, unconventional Cooper pairing is stabilized by the spin
exchange interactions.

Superconductivity occurs when the preformed Cooper
pairs Bose condense, i.e., when T < TRVB and T < TBEC.
In quasi-two-dimensional systems [47] TBEC ≈ 1

2+ln( 4γ

π
)

δ
ρ∗ 


1.04δ for the condensation of bosons at the bottom of the
lowest DHL band (where ρ∗ = 0.14 is the density of states,
and γ = 100 quantifies the large anisotropy of the disper-
sion perpendicular to the lattice plane [47]). We find that
Tc = TBEC = TRVB ≈ 0.075t at δc ≈ 0.075 (optimal doping)
for t ′/t = J ′/J = 1. The superconducting critical temperature
Tc = TBEC for δ � δc, whereas for Tc = TRVB for δ � δc. In
comparison, for the optimally doped t-J model on the trian-
gular lattice Tc ∼ 0.017t [48], suggesting that the flat band in
the DHL significantly enhances Tc.

Below T ≈ 0.16t we find an RVB state with s∗ symmetry
for the undoped DHL; this is consistent with exact diago-
nalization [13,49] on small clusters. Thus we find that s∗

superconductivity emerges at small hole doping in the DHL
from a parent insulating state with s∗ character. This is highly
analogous to the way dx2−y2 superconductivity arises from
hole doping a parent state with dx2−y2 character in the t-J
model on the square lattice [41].

On further doping of the system at T → 0 the pairing
symmetry changes at a series of first order superconductor-
superconductor transitions. For 0.023 � δ � 0.06 f -wave
pairing occurs; d∗ pairing is stabilized in the range 0.1 < δ <

0.2; and for other δ, s∗ pairing is again present. Above δ >

0.22 the metallic state is recovered. Our numerical analysis
finds degenerate d∗

xy and d∗
x2−y2 solutions (with the same free

energy). This contrasts with the dx2−y2 + idxy solution found
in honeycomb [53] and triangular lattices [47,54,55]. We note
that these two different types of d (∗) solutions [degenerate and
d (∗) + id (∗)] are both expected from the symmetry of the (dec-
orated) honeycomb lattice: the Ginzburg-Landau theory of
the d (∗)-order parameters belonging to the E2 2D irreducible
representation, Table I, predicts a d (∗)

x2−y2 + id (∗)
xy state in the

weak coupling limit but can also give degenerate d (∗)
xy /d (∗)

x2−y2

states away from the BCS limit [56].
The metallic phases also have unconventional properties

[40,46,47,57]. For instance, a pseudogap phase with a spin gap
(but no charge gap) emerges for δ < δc and TBEC < T < TRVB.
In this phase one expects a dip in the density of states at the
Fermi level, in contrast to the peak observed in conventional
Fermi liquids. In the present flat band system, our analysis
shows that the pseudogap phase is stable to much higher
temperatures than in other lattices without flat bands. For
J = 0.1t and δ → 0, we find that the pseudogap temperature
T ∗ = TRVB ∼ 2J . In contrast T ∗ ∼ 0.75J on the square lattice
[46] and T ∗ ∼ 0.2J on the triangular lattice [47,48]. A strange
metallic phase is expected to occur in the intermediate doping
range for T > TRVB and TBEC, with a Fermi liquid predicted
for TBEC > T > TRVB [41].

Anisotropic interactions lead to dramatic changes in the
symmetry of the Cooper pairing. Low temperature phase dia-
grams as a function of doping for different J ′/J = (t ′/t )2 are
shown in Fig. 3. Small J ′/J increases the range of dopings
in which the f -wave singlet phase is stable but suppresses
d∗ pairing dramatically. In contrast, at large J ′/J , the f -wave
solution is no longer realized and s∗ pairing dominates the
phase diagram. However, at very low doping the s∗ and d∗
solutions become quasidegenerate, i.e., so close in free energy
that we cannot reliably determine which is the lowest energy
solution. Thus, while f -wave singlet pairing is more likely
to occur at low hole doping and J ′/J � 1, d∗ pairing would
typically arise at larger hole doping.

Raising the temperature also favors s∗ pairing. For ex-
ample we compare the free energies of the lowest energy
superconducting solutions to the metallic state for δ = 0.15
in Fig. 4. At low temperatures, d∗ pairing occurs over a
broad range of exchange anisotropy, 0.5 < J ′/J < 1.2. The
d∗-wave solution is much more rapidly suppressed by thermal
fluctuations than s∗ pairing. Thus at these larger δ we expect
an s∗ superconductor immediately below Tc, followed by a
transition to a d∗ state at lower T , cf. Fig. 2.

Significant insight into the temperature and doping varia-
tions of the pairing symmetry can be gained from analyzing
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FIG. 3. Dependence of pairing states on exchange anisotropy.
For J ′ < J the f -wave phase is enlarged (relative to J ′ = J) and the
d∗-wave phase is reduced. For J ′ > J the s∗ phase dominates with
the d∗-wave state only energetically competitive for small doping
and the f -wave phase absent. The approximate critical dopings δ

for the various transitions are displayed. We have fixed J/t = 0.1,
T/t = 0.01.

a phenomenological weak coupling t-t ′-J-J ′ model where
doubly occupied sites are not projected out [49]. The lin-
earized gap equations predict nine possible superconducting
states: s(∗), f , px, py, d (∗)

x2−y2 , and d (∗)
xy all contained in Ta-

ble. I as expected. In general, the different solutions have
different Tc’s. The complicated dependence of the Tc’s on
the coupling, g, indicates that transitions between different
superconducting states occur on increasing g (Fig. S5 [49]).
The GWA projection effectively amounts to renormalizing the
parameters of the t-t ′-J-J ′ model: (J/t, J ′/t ) → (J̃/t̃, J̃ ′/t̃ ) =

2
δ(1+δ) (J/t, J ′/t ). Since the effective coupling, g = J̃/t̃ , in-
creases as δ → 0, different superconducting states can, in
principle, be stabilized in the fully projected model.

The weak coupling t-t ′-J-J ′ model considered allows us
to make contact with previous work on superconductivity in

FIG. 4. Dependence of superconducting and metallic free en-
ergies on J ′/J = (t ′/t )2 at fixed doping, δ = 0.15 and J/t = 0.1.
The free energies at different temperatures of the s∗ and d∗ pairing
states are compared to the metallic solution. Depending on J ′/J
either s∗ or d∗ pairing occurs at low temperatures. For T � 0.04t ,
superconductivity disappears giving way to a metal for almost any
J ′/J .

graphene by taking the limit of t ′/t, (J ′/J ) → 0. In this limit,
the DHL band structure is equivalent to two copies of the
honeycomb lattice plus two flat bands with a large separation
between the molecular orbitals of the triangles [58]. Previous
work on an unprojected t-J model on the honeycomb lattice
finds d-wave superconductivity [53]. In contrast, in the above
limit of our fully projected t-t ′-J-J ′ model, we find quaside-
generate s∗ and f -wave superconductivity with a transition to
a metallic state occurring at a rather small hole doping, δc ∼
0.045 for J ′/J = 0.1 (t ′/t ∼ 0.326). Apart from the fact that
there are no analogues of the s∗ and f -wave states considered
here (Fig. 1) on the honeycomb lattice, our analysis on the
unprojected t-t ′-J-J ′ model for, say, J ′/J = 0.1, shows that d∗
pairing is the most favorable solution at weak coupling (Fig.
S5 [49]) in agreement with [53]. Since the effective couplings
J̃/t̃, J̃ ′/t̃ ′ in our projected t-t ′-J-J ′ model increase as δ → 0
we would have expected that the system goes from d∗ pairing
at large doping (small effective couplings) to s∗/ f pairing
at small doping. However, our numerical calculations in the
projected t-t ′-J-J ′ model show that, as doping is increased,
the metallic state sets in before the d∗ solution is stabilized.
This explains why we do not observe d∗ superconductivity in
our projected t-t ′-J-J ′ model on the DHL when J ′/J → 0.

The onset of superconductivity in a pure 2D model is as-
sociated with vortex-type fluctuations driving the Berezinskii-
Kosterlitz-Thouless transition [59,60] at TBKT. However, the
organometallic materials we are having in mind here consist
of layers of DHLs, weakly coupled in the c direction so they
can be regarded as quasi-two-dimensional systems. Thus, the
BCS type of superconductivity found in the phase diagram of
Fig. 2 is relevant to such materials. On the other hand, one
would naively expect that electrons in a flat band should not
superconduct since the superfluid weight Ds ∝ n/m∗ (where
n is the electron density) goes to zero as the electron effective
mass m∗ → ∞. However, it has been recently shown how a
geometric or topological contribution to Ds can be large even
when the flat band is far from the rest of the bands [61,62].

V. CONCLUSIONS AND OUTLOOK

Thus, we have seen that flat bands in the DHL pro-
vide a route to exotic, high-temperature superconductivity.
In particular we predict unconventional s∗, d∗, and f -wave
singlet superconducting states competing with one another
due to the complex structure of the lattice which produces
the flat band. The flat band at the Fermi energy enhances
both the superconducting critical temperature and the pseu-
dogap temperature scale compared to other lattices studied
with comparable theories. To quantify this, let us assume
that the doped DHL can be experimentally realized in or-
ganic or organometallic materials. This can be achieved
by applying external negative pressures on Mo3S7(dmit)3
(dmit=1,3-dithiol-2-thione-4,5-dithiolate) suppressing inter-
layer coupling or, at ambient pressure, in Rb3−δSrδTT · 2H2O
whose weakly coupled DHLs of TT molecules alternate with
Rb layers. For Mo3S7(dmit)3 (dmit=1,3-dithiol-2-thione-4,5-
dithiolate) t ′ ≈ t = 0.05 eV [58], taking J ′ = J = 0.1t yields
Tc ∼ 44 K at optimal doping. In the half-filled insulating
material Rb3TT · 2H2O (TT=triptycene tribenzoquinone) the
largest hopping integral is an order of magnitude greater than
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the largest hopping integral in Mo3S7(dmit)3 [21], suggest-
ing, surprisingly, that superconductivity may survive to even
higher temperatures of the order of ∼102 K. In Rb3TT · 2H2O
the t and t ′ are negative so the flat band lies below the Fermi
energy and electron (rather than hole) doping promises flat
band superconductivity; this might be achieved via the syn-
thesis of Rb3−δSrδTT · 2H2O.
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