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We explain the strong interlayer drag resistance observed at low temperatures in bilayer electron-
hole systems in terms of an interplay between local electron-hole-pair condensation and disorder-
induced carrier density variations. Smooth disorder drive the condensate into a granulated phase in
which interlayer coherence is established only in well separated and disconnected regions, or grains,
within witch the densities of electrons and holes accidentally match. The drag resistance is then
dominated by Andreev-like scattering of charge carries between layers at the grains that transfers
momentum between layers. We show that this scenario can account for the observed dependence of
the drag resistivity on temperature, and on the average charge imbalance between layers.

Introduction— Thanks to progress in isolating and pro-
cessing two dimensional materials, recent experiments [1—
3] have uncovered evidence of equilibrium condensation
of spatially separated electrons (e) and holes (h) in the
absence of a magnetic field, a phenomena first proposed
some time ago [4, 5]. The zero-field electron-hole pair
condensate state in semiconductor bilayers is closely re-
lated to the charge density-wave states [6-9] of three-
dimensional crystals, and to the electron-hole pair con-
densates that occur for two-dimensional electrons in the
strong magnetic field quantum Hall regime [10, 11], but is
expected to exhibit phenomenology that is distinct with
both. Refs. [1 and 2] reported strong enhancement of in-
terlayer tunneling in a double bilayer graphene [1, 2] and
MoSey-WSe; heterostructure [3]. These observations on
their own, however, demonstrate only local e-h coherence.
Disorder is known to be deleterious for condensation, and
it is not yet clear whether or not the quasi-long-range co-
herence and dipolar superfluidity that would potentially
be useful for applications has been achieved.

In this Letter we address the influence of smooth dis-
order on the enhanced Coulomb drag [12-23] signal of-
ten used to detect electron-hole condensation [24]. The
drag resistance is defined as the ratio of the voltage
drop that accumulates along an open layer to the cur-
rent driven through an adjacent layer. When the bilay-
ers are weakly coupled Fermi liquids, the drag resistance
has a quadratic temperature dependence at low temper-
atures [25—29]. Drag resistance pp was predicted [24] to
be colossally enhanced in the presence of a uniform e-h
condensate and to experience a jump at the tempera-
ture of the Berizinskii-Kosterlitz-Thouless transition to
the superfluid state [30-33].

Our model is motivated by experiments in conven-
tional semiconductor quantum well (QW) and coupled
graphene/QW systems [34-38]. These experiments ex-
hibit Coulomb drag signatures inconsistent with the
Fermi liquid state scenario and are therefore indicative of
strong e-h correlations. In these experiments, pp reaches
a minimum as temperature is decreased, that is followed
by growth and finally saturation at even lower temper-
atures. The observed upturn is much smaller than that

predicted [24] in the case of uniform e-h condensate, and
does not exhibit the strong sensitivity to the mismatch
of e and h densities, which is the hallmark of BCS-like
electron-hole pair condensation [39-41]. The observed
anomalous behavior has been variously interpreted in
terms of fluctuating Cooper pairs, which are a precursor
of e-h condensation [42-45], and as evidence for the for-
mation of a nondegenerate gas of interlayer excitons [46].
These scenarios can qualitatively explain only some as-
pects of the experimental data, and the observed anoma-
lous behavior is still far from understood.

Here we explain the anomalous drag effect in terms
of an interplay between electron-hole condensation and
large-spatial-scale density variations. The latter are com-
mon in two dimensional systems [47-50], but their im-
portance for electron-hole coherence phenomena has not
been emphasized previously. We argue that carrier-
density variations drive the bilayer to a phase in which
local condensation occurs in well separated disconnected
patches with the densities of electrons and holes acci-
dentally matching. We demonstrate that the Coulomb
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Figure 1. (a) Intralayer normal (NR) and interlayer Andreev-
like (AR) reflections of conduction band (red) and valance
band (blue) electron states. AR involves interlayer tunneling
and mediates momentum transfer between layers. (b) A drag
device with the driving current Iarive and the drag voltage
Virag- Inan e-h condensate with granulated order (grains are
highlighted by red and blue regions), the Coulomb drag effect
is dominated by AR. Due to the sensitivity of condensation to
the local e-h imbalance, density variations across grains are
minor compared to average e and h densities.



drag effect in this state with granulated order is domi-
nated by Andreev-like reflection of charge carries at the
grains. Since the components of e-h Cooper-like pairs
are spatially separated, the Andreev-like reflection pro-
cess, illustrated in Fig. 1-a and -b, enables momentum
transfer between layers. Fits of our theory to available
experimental data demonstrates that this scenario can
account for the dependence of pp on temperature and
e-h imbalance consistently.

The model— Recently, several researchers have de-
veloped microscopic theories [51-57] and attempted to
quantitatively predict the density/temperature phase di-
agrams of electron-hole bilayers in the absence of disor-
der. (See Ref. [58] for a review.) Since the anomalous
Coulomb drag effect has been observed in both semi-
conductor QW bilayers and in hybrid QW /graphene bi-
layers, electronic structure details do not play an es-
sential role. We therefore choose a phenomenologi-
cal approach that is consistent with the experimen-
tally relevant [55] weak-to-moderate coupling regime
on the Bardeen-Cooper-Schrieffer side of the BCS-BEC
crossover between weak-pairing and Bose-Einstein con-
densation of indirect excitons.

A bilayer with symmetric quadratic dispersion for e
(electrons) and h (holes) is described by
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Here e, and h, are annihilation operators for electrons
and holes, {5 = p2/2m — €2 is the band dispersion, m
is the effective mass, and o = e(h) is the layer index.
The Fermi energy ei determines the spatially average
electron and hole densities, which can be varied using
external gates. In Eq. (1) V,(r) is the random poten-
tial responsible for the long-range density variations. We
take (V,(r)) = 0, and the disorder correlation function
(Var (£")Va(r)) = bar,a Go(Jr — r'|) with

Go(r) = wzexp[ - 7“2/52]. (2)

Here w is the average height of disorder potential V,,(r)
and € is its correlation length. Our neglecting of disorder
correlations between layers is likely to be physically real-
istic but would in any case only play an important role
if potentials in the two layers were nearly identical [59].

The interlayer interactions in the system can be de-
scribed by an effective contact potential U as follows: [60]

Hy / Uelhl hyey — /

The second form for the right-hand-side of Eq. (3) makes
a mean-field approximation and introduces the complex
electron-hole pair order parameter A(r). Cooper pair
condensation is known to be quite sensitive to a den-
sity mismatch between electrons and holes. We assume
that local pairing is strongly suppressed when the mis-
match of the local Fermi energies for electrons and holes

Jelhi+he]. (3)

d(r) = op + dv(r) exceeds a phenomenological chosen
temperature-dependent critical mismatch §y < erp. Here
we have separated the mismatch into a spatially aver-
aged contribution dp = € — e% and a spatially varying
one dy(r) = Vo(r) — Vi(r). The behavior of the system
then depends on the relation between &g, w and ep.

When w < §g the effect of density variations is mi-
nor and a uniform BCS-like state is favored. When w ~
dg we expect a complicated interplay between uniform-
mismatch Larkin-Ovchinnikov-Fulde-Ferrell physics [61,
62] and randomness due to density imbalance spatial vari-
ation. We focus on the case g < w < €p, in which
density variations are still minor, but strongly impact e-
h condensation, which survives only in well separated
disconnected regions, or grains, where e and h densi-
ties accidentally match [63]. In this regime anomalous
Coulomb drag effect has been reported both in semicon-
ductor QWs, and in hybrid graphene/QW bilayers. The
regime of strong e-h imbalance variations w ~ ep is real-
ized in these systems at much lower charge carrier den-
sities and corresponds to a percolation transition to the
truly granulated insulating state [64-66] or to a presence
of e-h puddles [47-50].

We will assume that in the considered regime &y <
w <K e phase coherence is maintained within grains, and
that the amplitude of the order parameter A, adjusts to
the local imbalance d(r) as follows

Ax(r) 6%(r) /83). (4)

Here A is temperature-dependent order parameter value
in the absence of the mismatch. Below we examine the
Coulomb drag effect in the presence of e-h condensate
with granulated order.

Andreev-like reflection from grains— The granulated
electron-hole condensate state does not support super-
fluidity, but its presence still can have a strong impact
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Figure 2. The spatial profile of the correlation function
FA(R)/Fa(0) in Eq. (8) in the balanced case ép = 0 at
do/w = 0.4 (red), 0.04 (green), and 0.004 (blue). For §y < w
its width Ruw, defined at half-maximum and presented in the
inset, is much smaller that the width £ of the disorder cor-
relation function Go(R)/Go(0) given by Eq. (2) and plotted
here as a dashed black line. This property helps to justify the
picture of well separated e-h condensate grains.



on drag since each grain can act as a local inter-layer scat-
terer via the Andreev-like reflection (AR) mechanism. Its
interlayer nature is intricately connected with the spatial
separation of the components of the Cooper-like pairs. As
a result, AR mediates momentum transfer between lay-
ers and produces a drag effect that mimics Fermi liquid
Coulomb drag but, as we now explain, has a decidedly
different temperature dependence.

To calculate the Andreev-like reflection probability, we
treat the pair potential perturbatively and use a Fermi’s
golden rule for the scattering rate between momentum
states in two layers,

Pop = ST FA(P-P) &) ()

which is determined by the absolute value of the
Fourier transform of the condensate correlation function
FA(R) = (A(R)A*(0)). Within the picture of well sep-
arated grains that maintain local phase coherence, the
scattering rate has independent contributions from each
grain and no contribution from correlated scattering from
different grains. The scattering rate is determined only
by the position dependent absolute value of the order
parameter Ax(r), and the correlation function can be
rewritten as follows Fa(R) = (Ax(R)AA(0)) — (A%(0)).
If we use Egs. (4) and (2), the calculation of the corre-
lation function reduces to the evaluation of a Gaussian
integral.

<2
,2"7F2
5 SA+2w
o€ 0

In the absence of the e-h imbalance (0 = 0), FA(R) =
A% exp[—Q(R)] where Q(R) is an effective thermody-
namic potential of a classical field dy (r) interacting with
two repulsive centers. The latter are described by the
potential P(r) = [§(0) + §(R)]/62 and the corresponding
effective action is given by

S/Pav /5V

A straightforward Gaussian integration results in

(r—1')oy(r'). (6)

QR) = %tr[ln(l — PGy)| = %/0 dxtr[PG).  (7)

Here we introduced an auxiliary coupling constant A by
letting P(r) — AP(r) and employed the coupling con-
stant integration method. The latter allows us to re-
order and re-sum the perturbation series in terms of a
renormalized Green function G which satisfies the Dyson
equation G = Gy — GpAPG. Since the potential P(r)
represents a sum of two point-like scattering centers the
Dyson equation is algebraic and the calculation of Q(R)
is straightforward. This trick can be generalized to the
presence of e-h imbalance dr [67]. As a result, the av-
erage amplitude of the order parameter (A,) and the
correlation function Fa(R) are given by
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Here E = e~ #°/¢*, The spatial dependence of the corre-
lation function in the balanced case dr = 0 is presented in
Fig. 2. In the considered regime Jy < w it exponentially
decays at the spatial scale £o = v/350¢/w which is much
smaller than the spatial scale of variations £, justifying
the picture of well separated e-h condensate grains.

Locally e-h pairing is very sensitive to the imbalance
and is strongly suppressed if the latter exceeds dy. How-
ever, as it is clearly seen in Eq. (8), the average order
parameter A, and the correlation function Fa are ro-
bust to the imbalance until it exceeds w. In this case the
probability of finding a spot with matching charge carrier
densities for electrons and holes is exponentially small.

Transport in the phase with granulated order— The
transport properties of the bilayer can be described by
coupled Boltzmann equations:
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Here E,, is the electric field that disturbs the equilibrium
distribution fg‘ of charge carriers, and 7, is the trans-
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port relaxation time associated with short-range disorder
within the layers, which we have so far disregarded. The
distribution functions are coupled by interlayer Coulomb
scattering and by Andreev-like scattering at the conden-
sate grains. We do not discuss I&[f°, f1] since the resis-
tivities produced by the two drag mechanisms have very
different temperature dependence and are approximately
additive. The Andreev-like scattering integral is

IA fe ZPPP fp fp) (10)

The contribution to pp induced by AR at grains is

AR _ 1 Ngh _h 1 Ngh 1
PD o2 h 2 c (11)
€” \/MeNh TAR €” \/MeNh TrAR

where n, is the density for charge carriers and N§ =
m/2nh? is the corresponding density of states. The drag
resistivity does not depend on the transport relaxation
times 7, within each layer, but solely on the AR transport
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Figure 3. The temperature dependence of the drag resistivity
for equal densities of electrons and holes. The dotted lines are
experimental data from Ref. [35]. The real lines are fits to our
model with disorder average height w = 1.9meV and corre-
lation length £ = 35nm. The Tp local-pairing temperature is
fitted separately for each curve.

scattering time 7 for AR at the Fermi level:

1
= Pppr €OS dpp - 12
TAR(p) %: pp PP ( )

The cos factor in Eq. (12), is analogous to the 1 —
cos(¢pp’) factor that appears in the standard transport
scattering time, and captures the fact that the signs of
the contributions for forward and backward reflections
are opposite.

Comparison with experiment— We compare our theory
with semiconductor bilayer drag measurements, summa-
rized in Figs. 3 and 4. The drag resistance pp has a
temperature dependence that clearly deviates from 772
Fermi liquid behavior, and has a broad peak around zero
density imbalance at the lowest temperature. At high
temperature, pp approaches quadratic temperature de-
pendence, in agreement with the picture of weakly cou-
pled Fermi liquids. The anomalous low-temperature up-
turn is observed over a wide range of densities n ~ 6 x
101°~10'" em~2 and survives imbalances up to ~ 30%.

To fit the experimental data we let pp = pAR + pS,
where p8 is the contribution from AR and is given
by Eq. (11), while p§ is due to Coulomb interactions
and is assumed to have a quadratic temperature de-
pendence: pS = zcT?. Here z¢ is a fitting parame-
ter which can be extracted from the high temperature
pp data. The masses of the charge carriers were set
to me = my = 0.067 myg, corresponding to electrons in
GaAs. As a result, the temperature and doping depen-
dence of pp is determined by £ and w, as well as Ay (T)
and 0o(T). According to Eq. (4), the latter two describe
the dependence of Ax on temperature and the local e-
h imbalance. Their microscopic evaluation that takes
into account the short-range disorder, long-range density
variations, and screening, which is strongly affected by
the presence of e-h condensate, is beyond the state-of-art
microscopic approaches. For simplicity’s sake we chose
Ao(T) = 3.06 To(To — T) and (50(T) = 12A0(T> moti-
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Figure 4. The temperature dependence of the drag resistiv-
ity for a series of density imbalances. The dotted lines are
experimental data from Ref. [34]. The solid lines are fits to
our model with the same fitting parameters as in Fig. 3. The
fixed hole density is ny = 6.5 x 10'%cm~2.

vated by microscopic models in the BCS limit [68, 69].
Here Ty can be interpreted as the transition temperature.

The parameters w and & can be estimated from the
experimental setup. The percolation transition to the
truly granulated insulating state is observed [64—66] for
electrons in QWs at n. ~ 0.3 x 10'° cm™—2 and suggests
w ~ 0.2 ~ 0.7 meV. Density variations are induced
by charge inhomogeneities in n™ GaAs cap layer which
provides the electron doping to the QW. The cap layer is
at distance 200 nm to the QW that suggests £ ~ 100 ~
200 nm. The cornerstone condition of our theory, § <
w <K €x, is very well satisfied [70]

The contribution of AR to the drag resistivity pf de-
pends smoothly on & and w, which cannot be uniquely de-
termined by fitting the temperature dependence pp data
for a given n, and ny. Instead, these parameters have
been chosen [71] to achieve the best overall fit for the
dependence of pp(T) over a wide range of densities and
density imbalances, with the result that £ = 35 nm and
w = 1.9 meV The final fit parameter T} is easily esti-
mated from the position of the minimum in the tempera-
ture dependence of pp and is adjusted separately for each
curve. The temperature dependence of pp, presented in
Fig. 3 for the balanced case and in Fig. 4 for the im-
balanced case, is accurately captured by the theoretical
model. The discrepancy between theory and experiment
grows with decreasing e and h densities and can be ex-
plained by the proximity to the strong coupling regime,
where the applicability of our phenomenological theory
is limited.

Discussion— The values w = 1.9 meV and £ = 35 nm
obtained from the fit are a bit different from the ones
estimated from experiments and are at the edge of the
applicability of our phenomenological theory. The dis-
crepancy can be due to the oversimplification of Ay(T)
and 6o(T") as well as due to the large mismatch between
the masses for e and h in semiconductor QWs that are
not taken into account in our phenomenological theory.



Andreev-like reflection processes are accompanied by
e-h pair creation or annihilation processes that restore
separate conservation of particle number in the electron
and hole layers. These processes play an essential role in
the enhanced interlayer tunneling currents that are asso-
ciated with enhanced tunneling between layers in bilayer
electron-hole condensates [1, 2]. In the drag geometry,
however, the average tunneling current between layers is
zero in the transport steady state. The electric fields in
the drag and drive layers drive steady state deviations
from equilibrium in Bloch state occupation probabilities
that are odd under inversion of momentum in both layers
and there is not net generation of e-h pairs.

To summarize, we have argued that the presence of

density variations that are common in semiconductor
QWs and in monolayer materials drives bilayer electron-
hole condensates into a state with granulated order.
In this phase, superfluidity is not supported, but the
Coulomb drag effect is still strongly enhanced by AR at
condensate grains. This scenario naturally explains the
observed anomalous dependence of the drag resistivity
on temperature and electron-hole imbalance.
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