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Heterostructures of two-dimensional transition metal dichalcogenides are emerging as a promising
platform for investigating exotic correlated states of matter. Here, we propose to engineer Bose-Fermi
mixtures in these systems by coupling interlayer excitons to doped charges in a trilayer structure. Their
interactions are determined by the interlayer trion, whose spin-selective nature allows excitons to mediate
an attractive interaction between charge carriers of only one spin species. Remarkably, we find that this
causes the system to become unstable to topological p + ip superconductivity at low temperatures. We
then demonstrate a general mechanism to develop and control this unconventional state by tuning the trion
binding energy using a solid-state Feshbach resonance.
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Introduction—Heterostructures of two-dimensional
semiconductors are particularly promising platforms to
realize exotic phases of matter, such as correlated insula-
tors, Mott-Wigner states, and superconductors [1-15].
Owing to their two-dimensional nature and high effective
electron and hole masses, transition metal dichalcoge-
nides (TMDs) in particular can host strongly correlated
Bose-Fermi mixtures with fermions realized by doped
charges and composite bosons by tightly bound excitons.
Doped holes and interlayer excitons interact by forming
bound molecular states called trions. The bound-state
formation in Bose-Fermi mixtures gives rise to a particu-
larly rich phase diagram, potentially featuring among
others coexisting liquids, unconventional superfluids,
supersolids, and quantum phase transitions between them
[16-27]. In multilayer semiconductor systems scattering
between excitons and doped charges can be controlled and
strongly enhanced when the energy of the trion is tuned by
an external electric field, which is understood as a
solid state Feshbach resonance [28,29]. Therefore, two-
dimensional materials open new opportunities to realize
and study Bose-Fermi mixtures in challenging low-
temperature regimes.

A natural route to search for unconventional super-
conducting states in TMDs [30-37], such as p-wave
superconductivity which hosts exotic Majorana edge
modes that are pertinent for topological quantum comput-
ing [38—40], are thus provided by Bose-Fermi mixtures, as
they allow for boson-mediated attractive interactions
among charge carriers. However, a controlled realization
of p-wave superconductivity remains challenging, as
generically s-wave pairing is favored over higher angular
momentum states.
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Here, we propose a general mechanism to develop and
enhance unconventional p-wave superconductivity by
tuning Bose-Fermi mixtures of interlayer excitons and
holes in a TMD heterostructure. Superconductivity is
achieved by hybridizing trions and holes, while the pairing
is mediated by excitations of an exciton condensate, as
illustrated in Fig. 1. Owing to the spin-selective nature of
the trion, only carriers of a single spin species interact
attractively, which effectively restricts our model to spinless
charge carriers. Then, the Pauli principle forces the Cooper
pairs to carry odd angular momentum. Our analysis shows
that the superconducting state is topological with p, + ip,
order. Moreover, the superconducting transition temper-
ature is highly tunable and controllable by an external
electric field via a Feshbach resonance.

Experimental setting—We consider a trilayer TMD
heterostructure as shown in Fig. 1(a). Interlayer excitons
can be optically injected in the bottom two layers at high
densities (~10'> cm™?) due to their long lifetime [41,42].
They are strongly bound and essentially act as composite
bosons. We assume that excitons are condensed [43,44].
Fermions are introduced in the form of doped holes, which
tunnel coherently between the top and middle layer.
Hexagonal boron nitride (h-BN) isolates the layers and,
to a limited extent, controls the tunneling of charge carriers.
Interlayer excitons and charge carriers can bind to a
molecular trion state, which allows for controlling the
boson-fermion scattering. Tunable effective interactions
between holes are then mediated by the exciton condensate;
see Fig. 1(b). We specifically consider holes, as it has been
found experimentally that the hole tunneling through /-BN
is much stronger than electron tunneling [29].

© 2024 American Physical Society
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FIG. 1. Tunable Bose-Fermi mixtures. (a) We consider a TMD
trilayer heterostructure. The relevant constituents are the charge
carriers (holes), that coherently tunnel between the upper and the
middle layer with strength ¢, an interlayer exciton condensate, and
the trion bound state. (b) Effective attractive interactions between
charge carriers are mediated by the virtual decay of a trion into a
hole and a condensate excitation, which then scatters with another
hole to create again a trion. (c) The holes in the trion form a
singlet. When the exciton condensate is created with a certain
spin polarization, for example by circularly polarized light,
attractive interactions are only mediated between holes of
opposite spin. The exciton (electron hole in say the K valley)
forms a trion with a K’-valley hole tunneled from the upper layer.
(d) The superconducting state is controlled by a solid-state
Feshbach resonance. Effective interactions are enhanced by
tuning the threshold of the open channel close to the trion bound
state in the closed channel by an external electric field E, o« A.

We assume that the exciton condensate is optically
injected in one valley by circularly polarized light, and thus
through spin-momentum locking in one spin state, say the
K-valley with spin-1; see Fig. 1(c). Owing to Pauli blocking,
interlayer trion formation is only possible when the holes of
the trion, that are both in the same layer, are in a spin singlet,
as the triplet is generally unbound [45-47]. For small
temperatures compared to the trion bound state energy,
two charge carriers that interact with the same exciton to
form a trion are thus necessarily in the same spin state. This
allows us to consider spinless fermions [43,45-48].

The scattering process between holes and excitons can
be controlled by a solid-state Feshbach resonance [28,29],

where open and closed channels are tuned relatively to each
other by an external electric field E_; see Fig. 1(d). Strong
interactions are obtained when the open channel and the
trion bound state are approximately in resonance.

The system of holes ¢, trions 7 (also referred to as
molecules), and excitons ¥ is described by the following
effective Hamiltonian (see the Supplemental Material [49]

and references therein [50-52]):

ﬁl = Iflholes + Htrions + Hex + gz [ﬁ’li&k’fck—k’ + HC] s
k.k’

(1)

where Hpges = > i (K2/ 2m)6£6k is the kinetic energy of
holes of mass m and Hyions = Sy [(k2/2M) + Al iy is
the kinetic energy of trions of mass M with A = edE,
being the energy difference of a charge in the upper and
the middle layer separated by distance d that is tunable
by the electric field E,. For holes and trions we consider
an expansion near the minimum and maximum of the
bands, at the K and K’ points of the Brillouin zone,
where their dispersion is parabolic to a good approxima-
tion. The interlayer excitons are governed by H., =
Sk (kK /2m) 3k + (U/2) Xy p.g Hsgio-atidp, Where
m, is the exciton mass and U the strength of the exciton
interactions that depends on the dielectric material between
the two lowest layers and their distance [41]. Since excitons
are injected with low momenta and long-range electron-
hole exchange is vanishingly small, due to spatial separa-
tion of the electron and the hole, a quadratic dispersion is
justified. The last term in the Hamiltonian (1) describes the
decay of the molecule into an exciton and a hole of strength
g that mediates the effective attractive interactions. Similar
Hamiltonians have also been studied in the context of
exciton-polariton mediated s-wave superconductivity [53].

We consider the regime in which the binding energy of
the exciton is larger than the one of the trion. Then, the
exciton’s internal structure does not influence the properties
of the trion. We are thus allowed to describe the excitons as
a Bose gas [54] and assume weak contact interactions.
When the excitons condense [55,56], we can expand
& = /Mo + (1/VV) 3 iz0 €&y, where n is the macro-
scopic condensate density. Performing a Bogoliubov
analysis by expanding the purely excitonic part of the
Hamiltonian, we obtain

H = Hholes + I:Itrions + Zex(k)l;;r(i;k
k20

+gy/mg Y _[féx + He.]
k

+ gz [ﬁ/l; e'k_kfgk/ + HC] s (2)
k#K’
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where b are the condensate excitations with energy

e, (k) = \/(k*/2m,)[(k*/2m,) + 2Uny]. The condensate
hybridizes the trion and charge bands with strength
g/no. The three-body interaction contains sound excita-

tions of the condensate b, which are reminiscent of phonon
mediated interactions. As the vertex ¢ already includes the
tunneling process, the scattering effectively takes place in
the same layer. Moreover, as the exciton’s Bohr radius is
small, a recombination between the constituents can only
occur locally when their wave functions have finite overlap.
These considerations justify the assumption of contact
interactions of strength g [28,57].

The effective trion-exciton-hole coupling g is fixed by
the tunnel coupling ¢ of the electrons between the two

layers as g~ \/(27/pweq|ETo|)t, Where we estimate the

bare trion binding energy E7 o=~ 6 meV to be lower than
the one reported in Ref. [41] due to the additional ~-BN
layer between the TMDs, and p4 is the reduced mass
of the hole and the exciton; see the Supplemental
Material [49]. In our calculations, we assume the tunneling
between the two layers to be ?r~0.9 meV [29].
We typically consider exciton condensate densities of
ny ~ 102 cm™2 and estimate the interactions U between
the excitons using a plate capacitor formula as Ung =~
10 meV for ng~ 10> cm™ [41]. For these density
regimes, excitons are expected to be tightly bound: similar
exciton densities (~10'2 cm™2) were considered in [58] for
even smaller binding energy for the excitons. Moreover, as
will be evident later, our results do not depend crucially on
a high density of excitons. For the long-range interactions
between excitons, decaying as ~r~>, bosons undergo a
Berezinskii-Kosterlitz-Thouless transition [59]. To simplify
the situation, we consider contact interactions, that, how-
ever, capture the linear spectrum at small momenta. The
interactions determine the phase fluctuations, and a con-
densate description of the problem is justified for scales of
the sample smaller than the typical coherence length and
low temperatures [60,61]. In this parameter regime we
expect that our system realizes a good superfluid [62]. Even
though detailed numerical studies are lacking for the
specific model, we further argue that the condensate
fraction is expected to be sizeable as well [63].

Effective attractive interactions—To determine the inter-
actions between doped charges we diagonalize the free
fermionic Hamiltonian [17,64]: Hy = Hygjes + Huions+
NP [} ¢x +H.c] to obtain the dressed fermions
fi = iy — Péx and &y = oy Ay + Py, with
eigenenergies 4, (k)= (k*/4)[(M +m)/Mm]+ (A/2)+
V{2 /4)[(M —m)/Mm]—(A/2)} +g*ng, which define
the upper and lower band; see Fig. 2. The gap between the
two bands, \/A? + 4¢°n,, is finite for all values of the
electric field and has the minimal value of 2g,/n, for

A = 0. Assuming the Fermi energy to be lower than the

10 1 1(0)

energy (meV)

momentum k/gfl
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FIG. 2. Hybridized trion and hole bands. Hybridized bands
ey (k) (solid lines) and bare bands (dotted lines) as a function of
momentum k in units of the inverse exciton condensate healing
length £~'. The Fermi energy (horizontal lines) is chosen to be
below the upper band. (a) For A < 0, the heavier band is filled,
implying that doped charges mainly have trion character. (b) For
A > 0, the lighter band is filled, and the doped charges will
mainly have hole character.

energy difference between the two bands and the temper-
ature to be smaller than the gap, we restrict our analysis to the
lowest filled band. Then, depending on the sign of the
electric field A, charges will mainly have trion (A < 0) or
hole (A > 0) character. The resulting Hamiltonian of fer-
mions f and condensate excitations b is then H =
Sl (k) — Wi — g D koK (o B fi S b + Heel.

We integrate out the condensate interactions using
Wegner flow equations [65], which gives us an effective
interaction between charge carries mediated by the exci-
tons. In contrast to a Schrieffer-Wolff transformation this
leads to a divergence free potential [23,65-67]; see the
Supplemental Material [49]. The resulting effective
Hamiltonian is then

A = Z[’lf(k) - M}};{]A[k + ka-qﬁ—q}ikﬂj[‘k}k’
k.q

(3)

with the interactions Vi, = —(MyxM*y 4 q¢x(Q)/
{[2,(k) = A¢(k —q)]* + e.(q)*}) and My, = —gaw Py
The effective interaction is thus attractive and directly
proportional to the hybridization of molecule and hole
bands.

Ginzburg-Landau analysis—To analyze the supercon-
ducting order, we identify the pairing instability by looking
for unstable solutions in the temporal evolution of the
superconducting order parameter [68—70]. In a mean-field
formalism, the dynamics of the Cooper pair annihilation
operator is

d ~ i n A
Shdad = =3 (A + Bpl(Fol ) (4)

p>0
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with  contributions from the noninteracting part
of the Hamiltonian Ay , = 2(As(k) — u)dx , and the two-
body interaction By, = —(2nx —1)[Vkx—p = Vkkip—
V_k—x—p + V_k —kspli tx = (1 i) is the thermal expect-
ation value. Here, both A and B are real matrices. The physical
interpretation is that if the thermal state is susceptible to form
superconductivity, we expect the pairing correlations
(fif—x) to grow in time, indicating an unstable solution.
To study this instability, we write the time evolution of y, =
(fif—x) by means of time-dependent Ginzburg Landau
equations [71-73]:

d SF5-
S === =S Ry (5)
dr’ ¥ Sy ; kp¥p

Here FCL is the Ginzburg-Landau free energy, which to
leading-order reads

FO = WP, + OW?). (6)
k.p

The associated eigenvectors then determine the structure of
the unstable mode. In the Ginzburg-Landau formalism, the
eigenvalues of the matrix FS are proportional to o< 7 — T ...
Hence, the dominant eigenvalues change their sign when
driving the system into the ordered phase. This formalism
allows us to identify any possible pairing instability and then
to select the most relevant one with the highest critical
temperature. By contrast, a mean-field decomposition would
require selecting the most relevant pairing channel before-
hand. Comparing Egs. (5) and (4), we obtain the relation
—inFO" = C = A + B; the set of equations can be written in
amatrix form as if(d/drt)|y) = Cly). The superconducting
gap order parameter is related to yy by [, = Zp Vi p-k¥p-
We solve the differential equation by finding the eigenvectors
ly) and eigenvalues E,, of —inF". The critical point is then
obtained by searching for the temperature at which the
imaginary part of some of the E,, turns positive, indicating
the onset of the unstable mode. From the associated eigen-
vector, we infer the momentum-space structure of the
instability. By expanding the order parameter in its angular
momentum contribution we find numerically that the p-wave
is the only relevant component; see the Supplemental
Material [49].

The precise p-wave channel that drives the supercon-
ducting instability can be determined separately by min-
imization of the free energy. To this end, we compare the
free energy for the chiral (p, + ip,) and nematic (p, or p,,
respectively) phases. We find that for the instabilities
determined as above, the free energy is indeed minimized
for the topological p, +ip, superconductor; see the
Supplemental Material [49], which hosts chiral Majorana
edge modes. The Ginzburg-Landau analysis identifies the
leading instability, and hence captures the phases near the
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FIG. 3. Critical temperature. We evaluate the critical temper-
ature T, as a function of the electric field A for (a) different Fermi
energies at condensate density ny = 2 10'> cm™2 and for (b) dif-
ferent condensate densities and Fermi energy Er = 2 meV. By

tuning the electric field A we find that superconductivity can be
resonantly enhanced.

transition temperature 7.. At even lower temperatures,
nonlinearities may stabilize other competing phases.
Tuning topological superconductivity—We have seen
that the attractive interactions sensitively depend on the
electric field via the hybridization of molecule and hole
bands. This suggests that the superconducting order is
controllable by a solid state Feshbach resonance. When
adjusting A only over a couple of meV, we find that the
superconducting transition temperature is tuned by more
than 1 order of magnitude; see Fig. 3. The shape of the
critical temperature as a function of A qualitatively follows
the numerically evaluated effective potential in the vicinity
of the Fermi surface. By tuning A, the hybridization
between the two bands can be increased at the relevant
energy scales and consequently enhance the critical temper-
ature T'.. The largest T'.. is obtained when the hybridization
of the bands is largest, which arises approximately when
A ~3 meV. The regime where the superconductivity is
suppressed is similarly associated with a decreased hybridi-
zation of molecules and holes in proximity of the Fermi
surface. When increasing the Fermi energy, we find from
our numerical analysis that the maximum of the critical
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temperature increases; see Fig. 3(a). This can be understood
by the hybridization between the light hole and heavy trion
band. When increasing the Fermi energy the band becomes
more trionlike for A ~|E7| > 0. Hence, the hybridized
charge carriers f attain a larger effective mass when
increasing the Fermi energy. This in turn leads to a larger
critical temperature.

Varying the condensate density 7, at a fixed Fermi energy
changes both the shape of the hybridized bands 4, (k) and
the condensate healing length & = 1/1/2m,Uny. The heal-
ing length determines the length scale at which the con-
densate effectively responds to a perturbation. For larger
healing length, we thus expect that the effective attractive
interactions are mediated more efficiently; see Fig. 3(b).
This is further supported by evaluating the effective attrac-
tive interaction for scattering near the Fermi surface which
for small fields is given by V;, ~+/(m,/Ungg*). The
attractive potential near the Fermi surface thus increases
when the condensate density decreases, as expected from the
scaling of the healing length £&. While being tunable by the
electric field, the critical temperature depends on the thick-
ness of the A-BN, that changes the contact interaction
parameter g through the tunneling parameter 7. Thus the
critical temperature decreases as g is decreased; see the
Supplemental Material [49].

Competing effects—In the case of an imperfect but still
strongly imbalanced polarization of excitons (say dominant
creation of K-valley excitons and small density of K’-valley
excitons), an s-wave instability could develop, provided the
two exciton species interact. However, owing to the strong
imbalance of the Fermi surfaces of the two formed trion
species, s-wave superconductivity can only occur at finite
momenta and is in general energetically disfavored com-
pared to the normal state. If it was nonetheless allowed to
form, it would be strongly suppressed compared to the p-
wave channel; see the Supplemental Material [49].

Another competing process is the formation of a Wigner
crystal in the hole-doped layer which arises at very low
carrier densities [74]. Thus, this regime can be avoided by
increasing the charge density.

In cold atom Bose-Fermi mixtures often phase separa-
tion arises [26,64]. By contrast in the setup considered here,
phase separation is disfavored by long-range Coulomb
interactions between the holes, as an increased hole density
in phase separated regions leads to a strong increase of the
Coulomb interactions.

Discussion and outlook—In this work, we have dem-
onstrated the potential of two-dimensional TMD hetero-
structures as a tunable platform for realizing correlated
Bose-Fermi mixtures of interlayer excitons and doped
charges. We have shown that at low temperatures the
system stabilizes p-wave topological superconductivity.
We propose to utilize solid-state Feshbach resonances to
modify the effective interaction strength between the

constituents. Experimentally, the superconducting order
parameter can be extracted by measuring the ac conduc-
tivity. In the superconducting phase the dissipative response
of the conductivity then only exhibits spectral weight at
frequencies above twice the gap. Within BCS theory, the
critical temperature sets the energy scale for the gap, and
this places our estimates of these frequencies below
~200 GHz, which are in the experimentally accessible
microwave regime. First experimental signatures for the
superconducting phase could also be obtained from the
single-particle gap, measured optically via the change of
the line shape of the top layer exciton [6]. Other possible
experimental probes may directly be able to detect the
chiral edge states of a p-wave superconductor. Those
include spin-polarized scanning tunneling microscopy
(STM) [75,76], Josephson STM [77,78], and the
Quantum Twisting Microscope [79,80]. These techniques
could detect the Majorana zero modes as a signature of
topological superconductivity and distinguish between
s-wave superconductivity and p-wave superconductivity.

For future studies it will be interesting to explore
competing instabilities at low temperatures, such as nem-
atic or density-wave phases, for which nonlinearities and
the competition of order parameters need to be taken into
account. In this work, we consider the regime of high
condensate densities, such that a possible backaction of the
charge carriers on the exciton condensate is largely neg-
ligible. New exciting phenomena appear in degenerate
Bose-Fermi mixtures for low condensate densities, which
are interesting to be explored both theoretically and
experimentally [25,81,82].

Note added—Milczewski et al. explored a complementary
scheme for inducing s-wave superconductivity in Bose-
Fermi mixtures realized with TMD heterostructures [83].
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