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Feshbach Resonances in Exciton—Charge-Carrier Scattering in Semiconductor Bilayers
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Feshbach resonances play a vital role in the success of cold atoms investigating strongly correlated
physics. The recent observation of their solid-state analog in the scattering of holes and intralayer excitons
in transition metal dichalcogenides [I. Schwartz et al., Science 374, 336 (2021)] holds compelling promise
for bringing fully controllable interactions to the field of semiconductors. Here, we demonstrate how
tunneling-induced layer hybridization can lead to the emergence of two distinct classes of Feshbach
resonances in atomically thin semiconductors. Based on microscopic scattering theory we show that these
two types of Feshbach resonances allow us to tune interactions between electrons and both short-lived
intralayer, as well as long-lived interlayer excitons. We predict the exciton-electron scattering phase shift
from first principles and show that the exciton-electron coupling is fully tunable from strong to vanishing
interactions. The tunability of interactions opens the avenue to explore Bose-Fermi mixtures in solid-state
systems in regimes that were previously only accessible in cold atom experiments.
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The past years have seen the advent of few-layer
transition metal dichalcogenides (TMDs) as a novel plat-
form to study strongly correlated quantum matter [1,2],
marked by the observation of Mott phases [3,4], insulating
density waves [5-7], excitonic insulators [8], Wigner
crystals [3,9,10], the quantum anomalous Hall effect
[11], and fractional Chern insulators [12]. In TMDs,
Bose-Fermi mixtures of excitons and electrons reach for
the first time into the previously inaccessible strong-
coupling regime [1,13—16]. While such mixtures have
allowed for the optical detection and engineering of novel
many-body phases [9], the control over exciton-electron
interactions has so far been limited to doping [17] or
coupling to photonic modes in optical cavities [18-22] and
wave guides [23].

Establishing fully tunable interactions of electrons with
both short- and long-lived excitons would open up the
possibility to explore even richer many-body phases such
as exciton-induced superconductivity [24] or charge-density
wave states [14,25], and would further enrich TMDs as a
fully tunable quantum simulation platform on par with
ultracold atoms.

In this Letter, we show how full control over interactions
can be realized in TMDs. Using a quantum-chemistry
inspired microscopic approach we demonstrate that the
presence of trions both in open and closed scattering
channels allows for the full tunability of interactions from
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the strong coupling regime all the way to vanishing
interactions both for intra- and interlayer excitons. The
trions in the respective closed channel take the role
analogous to closed-channel molecules in cold atoms
where they build the foundation of tunable interactions
between atomic particles [26]. In contrast to cold atoms,
however, a clear scale separation between the energy of the
closed-channel bound states and the relevant scattering
energies is absent. This renders the three-body nature of the
underlying scattering processes a crucial ingredient which
cannot be captured by effective theories based on structure-
less particles [27].

Here we address this challenge by starting from a
microscopic model that fully resolves the internal structure
of the three-particle complexes underlying Feshbach-
enhanced exciton-electron scattering. Our solution of the
quantum three-body problem is based on exact diagonal-
ization and reveals the existence of two types of resonan-
ces. The first type of resonance has the characteristics of
broad Feshbach resonances in ultracold atoms. This reso-
nance allows to tune the interactions between electrons and
short-lived intralayer excitons of large oscillator strength,
making them ideal for applications in spectroscopy and
correlation sensing.

The second type of resonance couples long-lived inter-
layer excitons and electrons. It has the characteristics of a
narrow resonance and requires fine-tuning of the external

© 2025 American Physical Society
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FIG. 1. (a) Sketch of the bilayer three-body system. The hole

(red) can tunnel between the layers with a coupling constant ¢,
whereas electrons (blue) are confined to the top layer. The lab
frame coordinates of the charges are R;, i = 1, 2, 3. The relative
positions r; and r, span an angle 6. (b) [llustration of the band
structure detuning where the layer index takes the role of a
pseudospin degree of freedom |1), || ). (c) Sketch of the effective
exciton-electron scattering potentials, each supporting a trion
state (dashed).

electric field representing the control parameter of the
Feshbach resonances in TMD heterostructures. This novel
type of resonance allows the realization of long-lived
exciton-electron mixtures at strong-coupling, and thus
enables a new approach to explore the phase-diagram of
Bose-Fermi mixtures in regimes that have so far been out
of reach in cold atomic systems due to their chemical
instability [28].

Setup and model—We consider a bilayer system where
two electrons in one layer interact with a hole that can
tunnel in between the layers (cf. Fig. 1). The layers are
separated by a single sheet of hexagonal boron nitride
(hBN) of thickness 0.33 nm [29] resulting in a spacing of
d = 1.03 nm of the central planes of two MoSe, layers of
thickness 0.7 nm [30]. The layers define a pseudospin
degree of freedom: akin to a cold atom system, the
interactions between particles depend on this pseudospin,
which in the TMD setting are coupled through tunneling.
The system is subject to an external perpendicular electric
field E = E.€,. This field allows us to tune the energy
difference AE = eE,d between the pseudospin states,
analogous to magnetic fields employed to realize
Feshbach resonances in cold atoms. In an effective mass
approach the corresponding Hamiltonian reads

)
7] D; QIAE i i N
H:Z {2mi_ 5 (1 _Tz)+[i7x:| + Eb Vap(Rij), (1)

i<j

where Q; = +e and m; are, respectively, the charges and
the masses of the electrons (i = 1, 2) and the hole (i = 3).
The in-plane distances and momenta of the particles are
described by R; ;= IR, — R ;| and p;, respectively. The Pauli
matrices Ti,:x,y,z act on the layer (pseudospin) subspace of

each particle, labeled by a,be€ {1, |}, where the “pseu-
dospin” 1, | refers to the layer index in which the
respective charge carrier resides.

The first term in Eq. (1) represents the kinetic energy of
particles and the second the energy detuning AE of the two
layers. The third term accounts for the tunneling of the hole,
t3 =t and t; = t, = 0. This choice of species-dependent
tunnel coupling is motivated by experiments [31] and may
be seen as originating from the energy offset between the
conduction bands of the hBN and TMD layers, which is
drastically larger than the one of the valence bands. The
resulting confinement of each electron to one layer leads to
the decoupling of Hilbert space into invariant subspaces. In
the following, we focus on the case where the electrons are
located in the top layer.

The interaction potential V,,(r) between two charges
separated by an in-plane distance r is obtained from solving
Poisson’s equation for two identical TMD layers (of
vanishing thickness) separated by the distance d. The
interaction potential in momentum space reads

_ 0:0;((1 + roq)e*™ — ryq)
2¢0((1 + roq)*qe*™ — riq?)

Vintra(Q) (2)

for two charges in the same layer (a = b), and

B Qinedq
2¢0((1 + roq)*qe*™ — riq?)

Vinter (Q) (3)

for charges in different layers (a # b; for details see the
Supplemental Material [32]). The real-space potentials are
obtained via Fourier transformation. The screening length
is ro = app/2¢ey with the TMD layer’s two-dimensional
polarizability a,p and the vacuum permittivity e,.
Equations (2) and (3) reduce to the Keldysh potential
[34] in the ultrathin, monolayer limit d — 0 [32].

Importantly, the three-body model in Eq. (1) does not
a priori assume the formation of excitons nor does it treat
them as rigid objects. Instead, excitons appear, on equal
footing to the trions, as eigenstates of the Hamiltonian and
can themselves be layer hybridized due to charge-carrier
tunneling.

Feshbach resonances—To understand the exciton-
electron scattering physics, we diagonalize the
Hamiltonian (1) using a discrete variable representation
(DVR) [13,35]. Exploiting translational invariance, we trans-
form the Hamiltonian into the co-moving frame of the hole
and separate the center-of-mass motion [32]. Rotational
invariance implies the conservation of total angular momen-
tum m. In the following we focus on m = 0. The eigenstates
of the resulting Hamiltonian are wave functions (7, 5, 0)
that, additionally to the layer degrees of freedom, are para-
metrized by relative particle distances r,, and the angle &
between the electron coordinates, see Fig. 1. While our
approach describes generally electrons and holes in any
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FIG. 2. Spectrum of three-body states, spatially symmetric with

respect to electron exchange, as a function of the band detuning
AE. Bold colored lines mark trion energies for + = 0 whereas
black lines show the eigenenergies (including trion and exciton-
electron scattering states) in presence of hole tunneling. Shaded
areas mark the different scattering states which form a continuum
in the infinite-system limit. Blue color indicates intralayer, and
green color interlayer configurations as shown in the pictogram.
Feshbach resonances appear at the positions labeled by F; and F,.
Symbols I-VI mark AE values for which the states labeled by
0-3, 0, R; and R, are visualized in Fig. 3.

TMD heterostructure, we assume two MoSe, layers and use
material parameters obtained from DFT [36]. We expect our
results to be quite universal and to apply to other material
combinations as well.

The exact diagonalization gives access to a rich spectrum
containing both symmetric and antisymmetric states with
respect to electron exchange. In Fig. 2 we show the result
for the spatially symmetric states (i.e., unequal spin or
valley degree of freedom) and study how the low-energy
spectrum depends on the band detuning AE. We mark the
energies of trions in the absence of tunneling with bold
colored lines. Depending on whether the hole is in the top
or in the bottom layer two such trion states exist. We denote
these as bare intralayer (blue) or bare interlayer trion
(green). The shaded areas mark the corresponding elec-
tron-exciton scattering continua. We find that the hole is
always part of the excitonic component of the wave
function. Since increasing AE decreases the energy of
the hole, one is able to bring the originally more weakly
bound interlayer exciton into resonance with the intralayer
exciton state. The thin black lines in Fig. 2 mark the
energies of the eigenstates of the system in presence of a
finite hopping strength, t =2 meV [31]. They can be
expressed as a superposition of the eigenstates for 1 = 0.
In our numerics the system size is finite. As a result the
spectrum of scattering states that is continuous in the
infinite system size limit (shaded) appears as a discrete
set of states (lines) in the numerics.

By following the energy of bare trions (“closed-
channel”) one can identify points where they cross the
exciton-electron scattering threshold (“open-channel”).

label: 1 11 11T v A% VI
AE [meV]: 233.7 238.0 253.0 263.66  266.828 2723
4 [©
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FIG. 3. Angle- and layer-averaged probability densities of

electrons n(ry, ry) o [dOy(ry,r2,0)* in the lowest states at
the positions marked with labels I-VI in Fig. 2. The layer
hybridization of intra- (T: hole in top layer) and interlayer (B:
hole in bottom layer) configurations is shown for each state.

Tunneling of the hole couples these channels. This turns
the closed-channel trions into weakly bound Feshbach
trions, leading to the emergence of the Feshbach resonan-
ces marked by the labels F; and F,.

In the emergence of exciton-electron Feshbach resonan-
ces, layer hybridization plays a key role. In Fig. 3 we show
the layer- and @-averaged probability density n(ry,r;) «
[0y (ry, ry, 0)]* of the lowest states for the band detun-
ings AFE labeled as I-VI in Fig. 2. For each state we show
the degree of layer hybridization as probability of finding
the hole in the top (T) or bottom (B) layer. The upper most
row shows the lowest trion state. As AE is increased to a
value around AFE = 264 meV the deeply bound intralayer
trion (label O in Figs. 2 and 3) turns into an interlayer trion
(label 0'). The second and following rows in Fig. 3 show
excited states (labels 1-3). For AE = 233.7 meV (I) the
multinodal structure of the wave function for one of the
electrons shows that these states represent intralayer exci-
ton-electron scattering states. The lowest left subfigure in
Fig. 3 shows the interlayer trion (label R) that is immersed
in the intralayer scattering continuum. This trion is subject
to layer hybridization turning it into a metastable, resonant
state. It becomes increasingly unstable as the broad
Feshbach resonance F; is approached.

When crossing the resonance F; at AE =~ 236.4 meV, we
observe a transition of the first excited state (second row in
Fig. 3) from being the lowest intralayer scattering state into
the newly emergent Feshbach trion. Only at larger values of
AE this intralayer-dominated trion then turns into the
interlayer trion as highlighted by the complete reorgani-
zation of layer hybridization in this state. At the same time,
the second intralayer scattering state (showing a binodal
structure) turns into the first intralayer scattering state
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(showing only one node) while the ground state wave
function remains nearly unchanged (upper row).
Analogously, higher excited states change their number
of radial nodes by one when crossing the resonant state.

A further increase of AE beyond F; leads to the anti-
crossing of the trions at AE = 263.66 meV (label IV),
accompanied by a maximal layer hybridization. Because
of the bound character of the states this hybridization is
robust and independent of the system size of our numerical
diagonalization. The intralayer trion crosses the interlayer
scattering continuum at the second resonance F, at AE =
266.828 meV (label V). At this point it turns into a
hybridized, resonant state before recovering its pure intra-
layer character only for larger AE detunings (state R, in
Figs. 2 and 3). We note that the layer hybridization found in
Fig. 3 implies a modification of the electric dipole of the
excitons and trions. This might give rise to interesting,
tunable many-body physics of excitons and trions at finite
density.

We now turn to the detailed analysis of the Feshbach
resonances by investigating the scattering properties of the
lowest scattering state (open channel) when tuning AE
across the resonances. Specifically, we determine the phase
shift of the electron-exciton scattering which determines
the strength of the modification of the scattering states due
to interactions. To this end we fit the long-distance part of
the lowest scattering state to the asymptotic scattering wave
function, R,(r) = a,,(k,)J,,(k,r) + B, (k,)Y . (k,r). Here
J,, and Y,, are the Bessel functions of the first and second
kind, respectively, and k, the momentum of the nth
scattering state. We obtain the 2D scattering phase shift
from 6,,(k, ) = —arctan (8, (k,)/a,,(k,)) [37,38].

The low-energy s-wave scattering phase shift 6z = q(k)
(with E = hk?*/u) is parameterized in terms of the energy

scale E; according to cot(é)E§01 /mIn(E/E;). The scale E
can be linked to the 2D scattering length a,p, convention-
ally used in the context of cold atom experiments, via

arp = \/h*/2Eu. It can be interpreted as the characteristic
kinetic energy scale on which a many-body system
experiences resonant, strong coupling physics. For in-
stance, in fermionic systems the Fermi energy Er would
provide such a scale.

We show the scattering parameter E in Fig. 4. Far away
from the resonance F;, E is approximately constant and
takes a value that is on the order of the respective back-
ground trion energy (intralayer on the left and interlayer on
the right of F;), with deviations due to the details of the
short-distance scattering physics. Approaching F; from the
left E, increases and diverges. Correspondingly, at low
scattering energies the system becomes effectively non-
interacting. Right on resonance, E, jumps abruptly to zero
and a bound state appears. In this regime E, follows
precisely the energy of the newly emerging Feshbach
bound trion. Note, on the left-hand side of F;, we evaluate
E; with respect to the electron-intralayer exciton scattering

10*
102
z
£ FJ
< 10
Sy
1072

220 230 240 250 260 270 280
AFE[meV]

FIG. 4. Band detuning dependence of the exciton-electron
scattering parameter E,. The broad and narrow Feshbach reso-
nances are labeled as F; and F,, respectively (as also shown
in Fig. 2).

channel, while, on the right-hand side of F;, E| is evaluated
with respect to the electron-interlayer exciton scattering
channel. This switch of the branch of the scattering channel
leads to the “gap” in values for E; seen in Fig. 4.

The equivalence of vanishing and diverging scattering
lengths at F; and F, is a hallmark of 2D scattering physics
[39]. In contrast to 3D Feshbach resonances in ultracold
atoms, thus also the concept of resonance width, defined by
the distance in magnetic field of the zero crossing of the
scattering length to the resonance position [26], is not
applicable in TMDs. Namely, the zero of a,p actually
coincides precisely with the 2D Feshbach resonance
position. This scattering regime, that is a unique 2D feature
and has remained inaccessible in cold atoms even when
using confinement-induced resonances [26], can now be
realized and studied in atomically thin semiconductors.

The hybridization of intra- and interlayer scattering thresh-
olds in the vicinity of F; facilitates a large coupling between
the open and closed scattering channels. This results in the
broad Feshbach resonance at F;. In contrast, the resonance at
F, is much more narrow in terms of the AE change required
to tune the system across the resonance (if the tunnel
coupling is increased, the modification would be stronger).
Importantly, the character of the resonances F; and F, differs
with respect to the lifetime and oscillator strength of excitons
in the respective open channel. While F, allows to manipu-
late the scattering of electrons and short-lived intralayer
excitons with a large oscillator strength, the scattering
physics of electrons with long-lived intralayer excitons (of
small oscillator strength) can be tuned via F,. This allows us
to use intralayer excitons, optically injected close to F;, as a
tunable probe for correlation sensing of electronic many-
body systems, while the resonance at F, brings tunable
interactions to many-body systems comprised of electrons
and stable interlayer excitons, paving the way to controllable,
long-lived 2D Bose-Fermi mixtures.

Note, in this Letter we have focused on one specific
configuration that is directly relevant for ongoing experi-
ments. Allowing for different configurations (including
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modified tunneling strength, charge, valley, and spin degrees
of freedom) will give rise to an even richer set of Feshbach
resonances to be explored.

Conclusion—In this Letter we have studied the emer-
gence of electrically tunable 2D Feshbach resonances that
allow us to tune the scattering properties of short- and
long-lived excitons with electrons. In both cases the
systems can be tuned to the limit of vanishing interactions.
Consequently, these 2D Feshbach resonances might pave
the way to probe many-body physics using valley-selective
interferometric protocols, such as Ramsey or spin-echo
schemes, applied to excitons [40]. Our findings may open
up the prospect to realize many-body systems comprised of
long-lived, dipolar interlayer excitons and itinerant elec-
trons, where tunable interactions might enable exciton-
induced superconductivity [24,41] or supersolidity in
dipolar exciton condensates [14,25,42].
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