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Topological fluctuating electron-hole Cooper pairs in graphene-GaAs heterostructures
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Fluctuating Cooper pairs formed by spatially separated electrons and holes are precursors of their equilibrium
condensation. Their presence strongly impacts transport phenomena and interlayer tunneling in double-layer
systems above the transition temperature. Here, we consider a hybrid graphene/quantum-well double-layer
system and focus on the dynamics of fluctuating Cooper pairs formed by conventional electrons and Dirac
holes. We demonstrate that the chiral nature of Dirac holes is manifested in the presence of two (almost)
degenerate competing pairing channels, which are intertwined by effective pseudospin-orbit interactions. We
argue that the spectrum of the Ginzburg-Landau Hamiltonian describing the energetics of fluctuating Cooper
pairs is geometrically nontrivial and can be characterized by the half-integer topological Chern number. We
derive a kinetic equation for fluctuating Cooper pairs and demonstrate that their nontrivial geometries generate
two anomalous velocities of distinct geometrical origins. These velocities are intricately connected with the Berry
curvature and the quantum metric for the Ginzburg-Landau Hamiltonian, respectively. The resulting anomalous
contributions to conductivity are singular at the transition temperature, and we discuss possible setups for their

experimental observation.
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I. INTRODUCTION

Over the past decades, there has been a growing interest
in the geometrical Berry phase for electrons in solids. The
presence of the phase has a profound effect on material prop-
erties and is responsible for a variety of phenomena, such
as polarization, orbital magnetism, and various (quantum,
anomalous, or spin) Hall effects (see reviews in Refs. [1-3]
and references therein). Additionally, the corresponding Berry
curvature, which functions as an analog of a magnetic field in
reciprocal space, is a cornerstone concept for the topologi-
cal classification of solids [4]. The spatial distribution of the
Berry curvature in reciprocal space distinguishes topological
insulators, semimetals, superconductors, and electron-hole su-
perfluids from their topologically trivial counterparts [5-7].

Superfluids formed by closely spaced electrons and
holes in bilayer systems (e.g., semiconductor GaAs/AlGaAs
quantum-well (QW) systems [8—13], heterostructures formed
by monolayer materials [14-26], and topological insulator
thin films [27,28]) are close relatives of superconductors.
These superfluids can maintain phase coherence via a Cooper
pair (CP) condensate and support dipolar superfluidity, which
is potentially useful for various applications. Thus far, the
nontrivial geometry of electron-hole superfluids has been
considered only as a feature of Bogoliubov quasiparticles.
The spectrum of these quasiparticles is shaped by the in-
terplay between the band geometry of electrons and holes
and the momentum distribution of the static order parameter
describing the equilibrium CP condensate. Here, we argue
that there is another geometrical aspect of electron-hole su-
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perfluids (as well as superconductors) that has been previously
overlooked.

Above the transition temperature for electron-hole CP
condensation, Gaussian fluctuations of the order parameter
occur, which are usually interpreted as partly coherent fluc-
tuating CPs [29]. The presence of these fluctuations results
in the strong enhancement and critical behavior of interlayer
tunneling [30,31] and the Coulomb drag resistance [32-35]
reminiscent of the Aslamazov-Larkin effect and related ef-
fects in superconductors [36—40]. The behavior consistent
with the presence of these fluctuations has been reported
in double-bilayer graphene [41], MoSe,-WSe, heterostruc-
tures [42], conventional semiconductor QWs [43-45], and
hybrid graphene-GaAs bilayers [46]. Here, we demonstrate
that nontrivial geometries of electrons and holes pass on to the
fluctuating CPs and that their spectrum can also be classified
as topological.

In the present paper, we consider the hybrid graphene-
GaAs bilayer reported in Ref. [46] and sketched in Fig. 1.
We focus on the dynamics of fluctuating CPs formed by
conventional electrons and Dirac holes. We demonstrate that
the chiral nature of Dirac holes is manifested in the pres-
ence of two (almost) degenerate competing pairing channels,
which are intertwined by effective pseudospin-orbit interac-
tions. We argue that the spectrum of the Ginzburg-Landau
(GL) Hamiltonian for fluctuating CPs is geometrically non-
trivial and can be characterized by the half-integer Chern
number. We derive a kinetic equation for fluctuating CPs
and demonstrate that their nontrivial geometries generate
two anomalous velocities, which are intricately related to
the Berry curvature and quantum metric for the GL Hamil-
tonian, respectively. The resulting anomalous contributions
to conductivity are singular at the transition temperature,
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FIG. 1. Schematics of the hybrid graphene-GaAs bilayer. A
graphene sheet is deposited on the surface of a semiconductor
AlGaAs, underneath which a GaAs quantum well hosts a two-
dimensional electron gas. Carriers in the two layers are induced
by gating or by a doping layer [46] (not shown in the sketch)
and have independent contacts (dark blue) required for transport
measurements). (b) The low-energy band structure of the hybrid
graphene-GaAs bilayer includes a conduction band with conven-
tional electrons and a pair of valence bands (K and K’ valleys) with
Dirac holes.

and we discuss possible setups for their experimental
observation.

The remainder of the paper is organized as follows. In
Sec. II, we present a low-energy model describing the hybrid
graphene-GaAs double-layer system. In Sec. III, we discuss
the Cooper instability and classify the pairing channels. In
Sec. IV, we introduce the GL Hamiltonian and discuss the
nontrivial geometries of its spectrum. In Sec. V, we derive
a kinetic equation for fluctuating CPs. The temperature de-
pendence of the anomalous paraconductivity is presented in
Sec. VI, and different experimental setups for its detection are
overviewed in Sec. VII. Section VIII is devoted to discussions
and conclusions.

II. MODEL

The hybrid graphene-GaAs bilayer and its low-energy band
structure are sketched in Fig. 1(a). Following the experi-
mental setup [46], we assume that a graphene sheet with
excess of holes is deposited on the surface of a semiconductor
AlGaAs, underneath which a GaAs quantum well hosts a
two-dimensional electron gas. The physics of electron-hole
bilayers formed by monolayer materials is very rich and has
been considered in a number of recent papers [14-26,47-49]
(see Ref. [13] for a review) aiming to provide realistic pre-
dictions of the density-temperature phase diagram. Here, we
follow a different route and consider a minimal phenomeno-
logical model that properly accounts for the chiral nature of
Dirac holes.

The nature of correlations in the hybrid electron-hole bi-
layer depends on three dimensionless parameters. The first
two are the Wigner-Seitz interaction strength parameters r{ =
mee? | lipek. and ri‘ = ¢?/hvky, that scale the ratio of in-
teractions and kinetic energy in GaAs QWs and graphene,
respectively. The third parameter, prd /A, scales the interlayer
Coulomb interactions with respect to the intralayer one. Here
m is the electron mass in a GaAs QW and pr is the Fermi
momentum; v is the velocity of Dirac holes in graphene; «.
and «y, are the effective dielectric constants for each layer in
the considered multilayer heterostructure and d is the sepa-
ration distance between electrons and holes. If 7™ « 1 and
prd /B >> 1 the system is in the weak-coupling regime with

pairing correlations only in the vicinity of the Fermi level
for electrons and holes. This regime can be described by the
Bardeen-Cooper-Schrieffer (BCS) theory. Its range of the ap-
plicability in the considered hybrid bilayer also extends to the
moderate coupling strength regime, r*®™ ~ 1 and prd/hi ~ 1,
and is wider compared to the conventional QW bilayers. The
reason is that the gapless nature of the Dirac spectrum [50]
does not allow the bilayer to host interlayer excitons. As a
result, the strong-coupling regime, r*® > 1 and prd/h ~ 1,
is not the Bose-Einstein condensate of indirect excitons, but
is anticipated to be a multiband BCS-like paired state [47-49]
where pairing correlations also span to remote bands (empty
conduction band in graphene). In reported hybrid graphene-
GaAs bilayers [46] the above-listed controlling parameters
can be estimated as 7¢ ~ 1.1 and 7! ~ 0.3 and pgd/h ~ 2.6.
That is why the system is in the weak-to-moderate-coupling
regime and can therefore be described by the phenomenolog-
ical weak-coupling BCS theory we develop below.

Electrons in the QW can be described by the field operator
er, and their kinetic energy is given by

R
A = /dr ei(%)er. (1
(]

The spin degree of freedom is of little importance here
and does not need to be treated explicitly. The low-energy
electronic states in graphene are concentrated near two in-
equivalent valleys (K and K’), which are labeled by the index
¢ = +£1. These states are described by the spinor field oper-
ator hy = (h2, h?), and their pseudospin corresponds to the

sublattice (A and B) degree of freedom of the honeycomb
lattice. The kinetic energy of the Dirac states is given by

V(¢ Py — lﬁv) r
b o

. 5+ eh
— il F
Hl’l — /dr hr (v(é’ﬁx lﬁy)

Here e? is the Fermi energy. A small energy asymmetry

between sublattices § < ef! can be induced by substrate en-
gineering. As shown in Fig. 1(b), asymmetry opens the gap
2|8| between the partly filled valence band and the empty
conduction band, which has a massive Dirac dispersion :I:eg
with e} = (v°p? 4 6%)"/2. We will refer to the empty states
in the valence band as holes; however, it is instructive to
not perform the formal particle-hole transformation [51]. In
the weak-to-moderate-coupling regime, electron-hole correla-
tions occur only within the vicinity of the Fermi level, and the
empty conduction band can simply be truncated. The chiral
nature of Dirac holes is encoded in their spinor wave function,

which is given by
. Ldp
Je ' ®
ot

sin

P = ( ¢sin

—cos (
Here, ¢, is the polar angle for vector p and cos(fp) =
8/€h. Tt is instructive to introduce the compact notations
cp = cos(6,/2) and s, = sin(6,/2). The important feature of
Dirac holes is their geometrically nontrivial spectrum [1].
The geometry is characterized by the Berry connection Ag =

in(P|Vp|P)n, and the Berry curvature Q‘; = [V, x Ag]z. The

| vl

2
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latter is valley dependent and is given by

Q]}; = gvza ) = d_p Qh = ﬁ .

(v2p? + 82)3/2 27 P 2|4
The low-energy spectrum around each of the two valleys can
be characterized by the half-integer Chern number and is
therefore topologically nontrivial. When the total Chern num-
ber of the two valleys is zero, the large momentum separation
between the valleys provides partial topological protection
and results in a number of phenomena (e.g., helical states at
edges and domain walls, where the asymmetry energy § flips
its sign) known for topological insulators.

We further assume that the Fermi momentum of Dirac
holes matches the momentum pg for electrons in a QW. This
is the most favorable regime for electron-hole Cooper pairing
driven by an attractive Coulomb interaction. Being effectively
screened by charge carriers in both layers, the attractive inter-
actions can be approximated by the contact pseudopotential
with momentum-independent Fourier transform V. If we ne-
glect intervalley scattering, the interactions can be described
by the following Hamiltonian:

c )

Hyy = / dr Velh! - hyex. (5)

Due to the presence of the pseudospin degree of freedom for
Dirac holes, the contact interactions drive the Cooper instabil-
ity in multiple pairing channels.

III. COOPER PAIRING CHANNELS

To analyze possible pairing channels, we assume that the
CP condensate is at rest. The condensate can be described by
the order parameter Al‘; =-V (h;vep), where hy, is the annihi-
lation operator for the valence-band states in graphene. Within
the mean-field theory, the pairing channels can be addressed
with the help of the linearized self-consistent equation for the
order parameter AY, which can be written as

205y +&) "

Here, £™ = veq,)(p — pr) is the dispersion of electrons
(holes) ?inearized in the vicinity of the Fermi momentum
pr. The overlap of the spinor wave functions Apy = n(p'[P)n
reflects the chiral nature of Dirac holes and is given by

& &
th(Z) + th(Z
A;/) =V § App’ (ZT) (ZT)AV“ (6)
P/

Choy {2

Apy = Spsp’eii% + Cpcp/ei%- )
Here, ¢pp is the angle between momenta p and p’. The
presence of the factor Apy reorganizes the Cooper pairing
channels and plays a very important role. If we approximate
cp and sp by their values at the Fermi level, ¢ and sg, the
order parameter A is momentum independent and Eq. (6)
becomes algebraic. As clearly shown, there are two competing
channels with orbital quantum numbers [ = +1/2, and the
corresponding dimensionless coupling constants are given by

== (10
-5 TRVV0O= T _EE ’
v 5
he =2V = ﬂ(l + —h>. @®)
2 2 €p

The coupling constant A; determines the transition tempera-
ture in the corresponding channel as

2e0eC 1
70 = 290 i ©)
T

Here, C = 0.577 is the Euler constant, vy = [91:/7'(/‘12(1)e + vp)
is the effective density of states at the Fermi level, and ¢y =
A/VeUnpo is determined by the momentum cutoff py. In the ab-
sence of sublattice asymmetry, § = 0, the coupling constants
match each other, A1» = A_i/», and two channels are there-
fore degenerate. (We demonstrate below that in this regime
the system is unstable towards the finite momentum Cooper
pairing.) Due to the exponential dependence of the transition
temperature on the coupling constant, the degeneracy is ef-
fectively lifted even in the presence of a very small sublattice
asymmetry § < ef.

The presence of two (almost) degenerate competing
Cooper pairing channels is a unique feature of this hybrid bi-
layer [52] that clearly distinguishes this system from QW-QW
and graphene-graphene bilayers. In the former case, Apy —
1, and the contact interactions drive Cooper pairing only in
the s-wave channel. For the case of a graphene-graphene
bilayer with a gapless spectrum, 6 = 0, the factor must be
modified as Appy — A%p, [53]. As a result, there are three
channels / = 0, £1, and the corresponding coupling constants
are Ao = voV/2 and Ay; = vyV/4. In a similar manner as for
the QW-GaAs bilayer, the s-wave channel is the dominant
Cooper pairing channel.

The origin of two competing channels can be tracked
to the presence of the pseudospin degree of freedom for
Dirac holes. In the sublattice basis, the order parameter Ap =
{Af, AR} has two components: Al = =V (h3Tey) and AF =
—V(hETep). These components describe selective Cooper
pairing with correlations only at one of two sublattices. These
components are related to the order parameter A introduced
above, as follows:

A, = spApAe_i? + cpAgei%. (10)
The order parameter in the sublattice picture has the only
s-wave component and is therefore momentum-independent
A. As a result, there is a one-to-one correspondence between
channels in the band basis and components of the order pa-
rameter in the sublattice basis. The relation between them is
valley dependent and can be presented as

AV, =seA% A}, =cpAP, (11)

The basis choice is a matter of convenience, and in the remain-
der of the paper, we will deal only with the order parameter in
the sublattice basis.

Thus far, we have considered only the instability toward
Cooper pairing with zero momentum, q = 0. As we demon-
strate below, the chiral nature of Dirac electrons results in
intertwining between A* and AP at finite q.

IV. GINZBURG-LANDAU HAMILTONIAN

Above the transition temperature, the order parameter van-
ishes, but Gaussian fluctuations remain, which are usually
interpreted as fluctuating CPs. These fluctuations are de-
scribed by the dynamical bosonic field A, = {AA AB}, and

13 s r
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their energetics are determined by the GL functional Fgp [A],
which is derived in Appendix A. After a proper rescaling [54],
FGL[A] can be presented as

FoL = / dr A Hop A (12)

The dimensionless Hermitian matrix ﬁGL is the GL Hamilto-
nian. This matrix describes two bosonic modes (A% and AB)

intertwined by effective pseudospin-orbit interactions as

_Egg fxgz—qlzqy)) (13)

a =< <9A‘|'§2q2
LT\ —&.(qs +igy)

Each mode has a temperature-dependent energy gap eam) =
In[T/ TIB(B)]. The gap vanishes at the transition temperature
T, given by Eq. (9) [combined with the channel labeling
rule, Eq. (11)], which signals Cooper instability in the cor-
responding channel. The largest of them, Ty = max[T2, TBO],
determines the critical temperature of electron-hole Cooper
pairing. The lengths

hvevy hve

72 (3) _ .
&= 2 2w (ve + )T’ s*_4A(ve+vh)lm~~’ (14

scale the quadratic kinetic energy of the modes and
their pseudospin-orbit interactions, respectively. Here, A =
max[Aa, Ag] is the coupling constant in the leading chan-
nel. The ratio of scales &,/& ~ Ty/Avypr is small; thus, the
contribution of the effective pseudospin-orbit interactions to
the kinetic energy is small compared with the quadratic
term.

The effective pseudospin-orbit interactions mix and inter-
twine components of the order parameter, AqA and AE’. The
spectrum of the GL Hamiltonian Hgp has two eigenmodes
(y = £1) and is given by

Era =6+ EQ +ydy, dy= /2 +E¢. (15

Here, e, = (5 + ¢B)/2 is the average energy of the modes,
and e, = (5 — €p)/2 can be interpreted as the effective Zee-
man term in the GL Hamiltonian Hgr. These terms are given
by

& = In

T 1 0
, & == ln< %).
/T/BTIQ 2 TA

The average energy &; smoothly decreases with temperature,
but the effective Zeeman term ¢, is temperature independent.
Its sign and magnitude

(16)

A=A 18
\/)»A)»Bel;

are given by the sublattice asymmetry § and vanish if § = 0.
If the effective Zeeman term is smaller (¢, < €y) than
em = £2/2€2, the effective spin-orbit interactions reshape the
parabolic lower eigenmode ¢_ 4 into a Mexican-hat shaped
curve, as presented in Fig. 2(a). A minimum occurs at finite
momentum gy with an energy gain of Agy with respect to

&,

= 17
TV a7)

0.13

(b)

il {0.10

0.00 0.04 0.08 0.00 0.04 0.08 0.12

Momentum, &q

FIG. 2. Dispersion relation for fluctuating CPs at (a) €, = 0 and
(b) ¢, =0.1 for &,/& = 0.08. The dashed black lines correspond
to the spectrum without pseudospin-orbit interactions, &,/& = 0.
For a small asymmetry (¢, < ey) between sublattices, the effective
pseudospin-orbit interactions reshape the lower parabolic eigen-
mode into a Mexican-hat shaped curve. As a result, the system
is unstable toward the Cooper pairing state with finite momentum
(Fulde-Ferrell-Larkin-Ovchinnikov state).

&_q at q = 0, as follows:

2 _ 2
gy = VTS __ (em— e’
M %_ 28M ’ M 28M '

As a result, the electron-hole bilayer is unstable toward
Cooper pairing with finite momentum (Fulde-Ferrell state
[55]) or a nonuniform state (Larkin-Ovchinnikov state [56]).
The nature of the condensed state can be addressed within the
GL theory (with quartic terms in the free energy functional
FgL), but such an analysis is beyond the scope of the present
paper, which focuses on fluctuating CPs. It should be noted
that the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) phases are
stabilized solely by the pseudospin-orbit interactions and do
not require the electron-hole density imbalance [57,58]. Since
contribution of effective pseudospin-orbit interactions to the
kinetic energy is small compared with the usual quadratic
term, this regime €, < €y is realized only at vanishingly small
energy asymmetry § between graphene sublattices.

If the effective Zeeman term is sufficiently large (¢, > em),
the effective pseudospin-orbit interactions impact the slope of
the dispersion curves &,4 presented in Fig. 2(b), but do not
reshape them.

The intertwining between A2 and AB is manifested in the
nontrivial geometry and topology of the Hgp, spectrum. The
nontrivial geometry is intricately related to the momentum
space texture for the unit vector ng = hy/|hg| defined within
the parametrization of the GL Hamiltonian Hgy (q) = 1- hg +
6p - hy in terms of Pauli matrices 6p. The vector ng follows
the topological momentum space meron texture. Depending
on the sign of ¢,, the vector points up or down at the mo-
mentum origin q = 0. For a large momentum q, the vector nq
lies in the horizontal plane and follows the vortexlike texture.
Being projected to the Riemann sphere, the vector field spans
the half that dictates the topological Chern number to be a half
integer, |C| = 1/2.

In formal mathematics, the nontrivial geometry of the
HgL spectrum can be characterized by the generalized Berry
connection flq, which also includes the off-diagonal matrix
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elements, as follows:
A = clyqliVely'@e. T = A7 ATY

Here, we have also introduced the quantum geometric tensor
qu for fluctuating CPs with o and B as Cartesian indices (x
and y) [59-61]. The real part of the tensor defines the quantum
metric G,,q = Re[f"yq], which allows one to measure distances
between eigenstates |y q)c in momentum space. The quantum
metric for fluctuating CPs is given by

(18)

PN

1
Gya =g [£/a*[of cos(2¢q) + o7 sin(2¢4)]
q

—&(dg +e7)].
The second term is independent of the direction of momentum
q, and the first term has quadrupole symmetry. The imaginary
part of the quantum geometric tensor for fluctuating CPs de-
fines their nontrivial Berry curvature ng = —2¢, ,gzIm[Ty“qﬂ 1,
which matches with another definition, QS = [Vq x A}{],.
The Berry curvature has the opposite sign for two eigenmodes,
is valley dependent, and is given by

19)

lye; c dq _. lye;
Q¢ = , CC= | =2Q¢ = . 20
vYq dé Y 2 Yq 2|€z| ( )

Being inherited from the Dirac holes, the band geometry
is also characterized by the half-integer Chern number Cf.
Therefore, we interpret the hybrid electron-hole fluctuating
CPs to be topologically nontrivial.

The nontrivial geometries of fluctuating CPs closely follow
the geometry for Dirac holes in graphene. However, there are
two major differences between Dirac holes and fluctuating
CPs. First, the pair of massive Dirac bands is separated by
the global gap (i.e., present for all momenta), which is not the
case for fluctuating CP eigenmodes. Besides the existence of
bands with nontrivial Chern numbers, the stability of the edge
modes at boundaries and domain walls also requires a global
energy gap (in the Discussions section, we discuss approaches
to overcome this obstacle). However, the absence of this gap
is not an obstacle for anomalous transport phenomena, which
rely on the nonzero Berry curvature of eigenmodes and will be
considered in the following sections. Second, fluctuating CPs
are not bosonic quasiparticles (with Hermitian Hamiltonian
dynamics) but overdamped bosonic modes. For this reason,
the corresponding anomalous transport phenomena are out-
side the range of present theories [3,62-64].

V. KINETIC EQUATION

The dynamics of fluctuating CPs are governed by the time-
dependent GL (TDGL) equation (see Ref. [38] and Appendix
C). Components of fluctuating CPs have opposite charges
and are spatially separated. For these reasons, coupling with
electric potentials in both layers (4%, and ¢[) can be intro-
duced via the Peierls substitution 3, — 8, + ieh with ¢ =
#°. — ¢, As aresult, the TDGL equation can be presented as
follows:

(0 + i) A = —HGLA + i,

Meent) =277 1 8,08, (1)

Here, T = v/ + it”, where t/ = wh/8T gives the dissipation
rate of fluctuating CPs and t” = /i/A(ve + v, ) pr weights the
Hermitian part of their dynamics. The external complex field
Ner = {nf;, nB} is the Langevin noise. Its presence is dictated
by the fluctuation-dissipation theorem, and the correlation
function (n,rn:,r,), which is free of temporal and spatial cor-
relations (white noise), is proportional to the relaxation rate
7’ but does not depend on 7”. In the considered weak-to-
moderate Cooper pairing regime, their ratio is small, 7”/7" ~
T /X(ve + vn)pr; hence, the dissipation of fluctuating CPs is
an essential component in their dynamics. These CPs cannot
be interpreted as bosonic quasiparticles, but are instead over-
damped bosonic modes.

The contribution of fluctuating CPs in transport phe-
nomena can be addressed by applying the linear-response
approach to the TDGL equation. These calculations are pre-
sented in Appendix B. In the main part of this paper, we follow
another route. As it is presented in Appendix C, the TDGL
equation, Eq. (21), can be transformed into a kinetic equa-
tion for the distribution function of fluctuating CPs, n,, (R, q),
which is given by

ch t” Q G
ony, + eET0gn, + —Z(quyq +uy, + uyq)fiRny

|zl
26,47
=— |Z|2 (n, —n) (22)
Here n?,q =T/g,q is the equilibrium classical distribution

function for fluctuating CPs. We have introduced two distinct

anomalous velocities uffq and u}(}q, which are generated by
the nonzero Berry curvature 2,4 and quantum metric G, ,

respectively. Their explicit expressions are given by

" (eyq — EPq)2|T|2

Q eh
w, = Q,q[e, x eE™]
rd leyqT* + 74T

vq

r/(s}z,q - 5}2,(1)|r|2

. 23
leyqT* + £7qTI @)

ufq =G,q - eET"
The nontrivial Berry curvature is known to generate an
anomalous velocity in fermionic and bosonic systems [1]. The
presence of an additional anomalous velocity u](:’q is a unique
feature of fluctuating CP dynamics and is intricately related to
their dissipative nature. If we omit the dissipation and rescale
the time (' = 0 and r — 1”7), the TDGL equation reduces
to a Schrodinger-like equation, id, A = Hgi A. At this limit,
the additional term ufq = 0 vanishes, and the conventional
expression uf,zq = Q,qle, x ¢E] for the anomalous velocity
is recovered.

The derived kinetic equation for fluctuating CPs, Eq. (22),
is the main result of this section and is a key to the anoma-
lous transport phenomena mediated by fluctuating CPs. In
Appendix C, we demonstrate that resulting predictions agree
with ones derived by applying the linear-response approach to
the TDGL equation.

VI. PARACONDUCTIVITY

Due to the spatial separation of electrons and holes forming
fluctuating CPs, their motion induces electric currents in both
layers. These currents have opposite directions but the same

245436-5



DMITRY K. EFIMKIN

PHYSICAL REVIEW B 104, 245436 (2021)

magnitude (as well as the same conductivity and transcon-
ductivity, which is defined as the response of an electric
current in one layer to an electric field in another layer). The
el)ectric field difference EM shifts the distribution function

n), — ndq + n,, and induces electric currents in both layers

as
|.L.|2Eeha nO
IW =23 deyqnly. nhy=——5—T2 (24)

2t'e
o7 rq

The electric currents are parallel to E®", and the corresponding
contribution to the longitudinal conductivity represents the
sum of conventional Aslamazov-Larkin paraconductivities for
two pairing channels. Besides, the electric field difference E"
induces an additional contribution via the anomalous veloci-
ties as

JW =+ Z (u}slzq + u]ch)ngq. 25
v

These two terms can be interpreted as anomalous Aslamazov-
Larkin paraconductivities. The velocity uf,zq is perpendicular
to the electric field difference E" and is responsible for the
anomalous contribution to the Hall conductivity. The velocity
u}(;’q has both components, which are perpendicular or parallel
to the electric field difference E". However, the off-diagonal
elements of the quantum metric qu given by Eq. (19) have
quadrupole symmetry and vanish over angle integration. As
a result, only the second term in Eq. (19) survives, and the
quantum-metric-induced anomalous velocity u)(:’q provides an
additional contribution only to the longitudinal conductivity.
An explicit evaluation of the different contributions to the con-
ductivity is presented in Appendix B. To the leading order in
&,/& and t”/7’ (it should be noted that within this approxima-
tion the effect of the effective pseudospin-orbit interactions at
the dispersion of fluctuating CPs is neglected), the expressions
(oL = o and oy = 0y,) are given by

2 2 2
AL € G € &
= _F.. = (=) R,
LT opn A L 2nh<§> ¢
2 2 _n
Q e ENT
=¢—\ =) — Fo. 26
°H §2nh(§> o e (26)

The temperature behaviors of these terms are governed by
dimensionless functions F' = F' (g4, €g). The latter terms de-
pend only on &5 = In[T/T)] and &g = In[T /T3] and are
given by

P 7 1+1
AL_328A (;‘B’

4 (ea +e)*
FG = ln N
8(ea —€B)? depep
1 2
Fo = T { nlex/es] } 27
8(ea —eB) | €a —¢B EA + €8

Without loss of generality, we can assume that 7)) > Ty. It is
instructive to introduce the dimensionless temperature T /7.
and the relation of transition temperatures for two channels,
TI;? / Tf. The corresponding dependence for the F functions is
presented in Fig. 3.

0.5 i
FaL
0.0 :
1.0 .
(b)
0.5 "

Transition temperatures ratio, 73/Ts

1.0 o5 2.0
Temperature, 7/ T(\)

FIG. 3. Dependence of the F' functions introduced in Eq. (27)
on temperature /T and the ratio between transition temperatures,
T, /T2, for two competing pairing channels. Both conventional and
anomalous contributions to the conductivity tensor exhibit critical
behavior and diverge at the transition temperature.

The factor Fay represents a sum of two independent terms
describing the conventional Aslamazov-Larkin effect for each
of two competing channels. This factor reaches a maximum
when two channels are degenerate (19 = Té)), and the cor-
responding result is two times larger than that for the case
in which only one channel is present (e.g., Ty /7)) — 0). In
the vicinity of the transition temperature 7y, the factor Fap, ~
(T — Ty)~" exhibits critical behavior, which, for the case of
degeneracy, can be presented as

_ 4 1 R b TQ
C16In[T/Ty] 16T —Ty’

and diverges at the transition temperature.

The term Fg relies on the channel intertwining and also
reaches a maximum when the two channels are degenerate. In
this case, the expression for Fg has a stronger divergence,

Ty \2
2
)

FaL (28)

T 1 T (
—_ —— ﬁ —_—
32 In? [T/To] 32

than the value Fy, given by Eq. (28). As a result, Fg exceeds
Fr in the broad parameter range around the degeneracy point.
However, the corresponding term O'S in Eq. (26) has a small
prefactor (£,/£)?, which causes the anomalous contribution
o to be small compared with the conventional contribution

AL
o; .

2¢

The factor Fg, also relies on channel intertwining, but van-
ishes when the two channels are degenerate, Fo = 0. The
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(a) (b) (c)

Qw

G -QQ

FIG. 4. Possible experimental setups with different connections
to an external circuit. As discussed in the main text, setups (a) and
(c) directly probe the transverse anomalous Aslamazov-Larkin para-
conductivity mediated by fluctuating CPs, but this is not the case for
setup (b).

Berry curvatures for fluctuating CPs have opposite signs for
the two modes, and their contributions vanish when the two
modes have the same thermal population. As a result, the
factor Fp reaches a maximum for finite but small splitting
between transition temperatures for two channels.

VII. TRANSPORT PHENOMENA

The interplay of the conventional Aslamazov-Larkin effect
and the effect of Coulomb drag due to momentum transfer
between layers has already been discussed in detail. Here,
we discuss possible experimental setups that can be used to
observe the anomalous Aslamazov-Larkin contributions to
the conductivity (and transconductivity) tensor mediated by
fluctuating CPs with nontrivial geometries.

First, we recall that the anomalous contribution oLG , which
originates from the quantum geometric tensor for fluctuating
CPs, is small compared with olf‘L; thus, this contribution is dif-
ficult to observe unless &, is comparable to £. For this reason,
we focus on the transverse anomalous contribution o that
arises from a nonzero Berry curvature for fluctuating CPs. The
sign of the contribution is valley dependent, and no current
appears [65] until the symmetry between valleys is broken.
In this section, we consider a regime of ultimate asymmetry,
in which holes from only one of two valleys participate in
fluctuating CPs. We discuss possible approaches to achieve
this regime in the Discussions section.

Second, we note the presence of single-particle con-
tributions to the Hall conductivity of graphene (ofy =

ce’s)/ 2nh|e§| per valley in the absence of valley asymmetry).
This contribution can easily exceed the small contribution
mediated by fluctuating CPs. For this reason, we consider only
experimental setups with a voltage probe in a semiconductor
QW layer, where electrons are free of nontrivial geometries.
The three possible setups are sketched in Fig. 4.

The transport phenomena in an electron-hole bilayer can
be described by utilizing a generalized conductivity ma-
trix &, which connects currents / = 6E in two layers J =
{JsS, J;, Ji’ J;‘} with the corresponding electric fields E =
{E}, E5, E)‘,‘, Eﬁ}. If we recall that fluctuating CPs are excited
by an electric field difference E and their motion generates
opposite currents in two layers, the conductivity matrix can be

0.4 T

&/¢€

and
©
N
L

!

"
'/

0.0
0.0

FIG. 5. Dependence of length &, /& and time 7”/7’ scale ratios
on the dimensionless coupling constant A. Being small at A < 1,
the ratios grow drastically with coupling strength. However, being
derived within the weak-coupling theory, the values for the scale
ratios at A ~ 1 can only be used for guidance.

presented as

C C C

e C
oy + oy —0y —0p — O Oy
) o of +of —0§  —Op—of
o =
C h C h C
—O0p — O Oy o, +op —0y — Oy
C C h C h C
—0y —0p — O oy + oy o, +op
h) - ..
Here, af( ) is the conductivity of the electrons (holes), and op

is the contribution to the transconductivity due to momentum
transfer between layers. o} is the anomalous conductivity of
Dirac holes, which is nonzero if the symmetry between valleys
is broken. o = o*!! + 00 and 0§ = o7 are contributions of
fluctuating CPs in the conductivity tensor. It is instructive to
discuss the setups sketched in Fig. 4 separately.

For the setup shown in Fig. 5(a), an electric current is
induced in the semiconductor QW. The corresponding Hall

resistance of the QW is given by

E? oS
i =te=—""% (30)
()

which is proportional to the anomalous Aslamazov-Larkin
paraconductivity mediated by fluctuating CPs. Importantly,
this scheme represents a smoking gun experiment, but does
not require independent electrical contacts for the two layers
(which are essential for Coulomb drag measurements). Ap-
parently, the anomalous Hall effect in a semiconductor QW is
induced by nonperturbative interlayer correlations with chiral
Dirac electrons in graphene.

For the setup shown in Fig. 4(b), the electric
current is induced in graphene. At first glance, this
setup appears to be convenient for probing transverse

anomalous paraconductivity, but this is actually not
the case. The corresponding Hall drag resistance is
given by
e C h
—he __ Ey _ %u 9D %u 31
Py = ]_h — —e.h _e_h _h’ €2))
x  0L0L 0oL oL
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which has an additional term with the opposite sign. This
term is nonzero even in the absence of fluctuating CPs. This
resistance originates from the interplay between the anoma-
lous Hall effect in graphene and the conventional longitudinal
Coulomb effect due to momentum transfer between layers.
The former results in transverse charge accumulation and
momentum flow in graphene, while the latter induces a current
in the semiconductor QW.

The transverse accumulation of charge carriers at graphene
sides can be avoided by applying a shortcut, as shown for the
setup in Fig. 4(c). As a result, the Hall drag resistance

E¢ o&
he y H
IOH 1)13 UfO'{l ( )

has a single term, which is proportional to the anomalous Hall
paraconductivity mediated by fluctuating CPs. It should be
noted that this term has the same temperature dependence (up
to a prefactor) as the Hall resistivity of QWs, given by Eq.
(30). Observations of consistent temperature behavior would
be strong evidence of an anomalous Hall response mediated
by fluctuating CPs with nontrivial geometries.

VIII. DISCUSSIONS

For estimations, we use a set of parameters that are
relevant for the hybrid graphene-GaAs bilayer reported in
Ref. [46]. We chose different densities for electrons, n. ~
1.2 10" cm~2, and holes, n, ~ 2.4 10'! cm~2, because holes
have an additional valley degree of freedom. As a result,
the Fermi momenta pg for charge carriers in both layers are
the same, but the Fermi energies (eg ~ 57 meV and e; ~
3.8 meV) and Fermi velocities (ve &~ 1.5 x 107 cm/s and
vy &~ 1 x 108 cm/s) are drastically different. For the transi-
tion temperature 7 ~ 1 K and py = 0.5pF, the dimensionless
coupling constant A can be estimated as A &~ 0.27. The result-
ing ratios of the spatial scale &,/& = 0.022 and time scale
”/t" = 0.028 are quite small. If we approximate the con-
ductivities by the values 1/0f ~ 0.3 k2 and 1/0{" ~ 0.18 kQ
measured in the experiment, the order of magnitude for the
transverse resistivities can be estimated as pi7 ~ 51 u€2 and
pie ~ 30 L, which can be probed by state-of-the-art trans-
port experiments.

The ratios of length &,/& and time t”/t’ scales are
expected to grow dramatically with coupling strength A.
According to microscopic theories [23,47-49], electron-hole
bilayers experience the crossover from the weak-coupling
regime to the strong-coupling regime as the density of charge
carriers decreases. In the QW-QW bilayers with the con-
ventional spectrum, the strong-coupling regime corresponds
to the Bose-Einstein condensate (BEC) of indirect excitons
that represent a bound state of electron and hole [68]. In the
systems with the gapless Dirac spectrum the strong-coupling
regime corresponds to the multiband BCS-like paired state
[47—-49] where pairing correlations also span to remote bands
(valence band in the layer with excess of electrons and
conduction band in the layer with excess of holes). The strong-
coupling regime for the hybrid graphene-GaAs bilayers has
not been addressed microscopically yet. For the sake of esti-
mations, we fix the charge carrier concentrations and treat A

as an independent parameter. The corresponding dependence
of the ratios is presented in Fig. 5. The ratio &,/ is much
smaller than 7"/t due to the small factor v /(v. + vy) in front
of &,. Its small magnitude reflects the fact that the electron
velocity is much smaller than the velocity of Dirac holes. As
a result, the Cooper pair momentum is mostly carried by the
electron, which is free of nontrivial geometries. However, it
should be stressed that the calculations presented in Fig. 5 are
based on the weak-coupling BCS theory with a contact pseu-
dopotential and can be used only for guidance. For A ~ 0.8
the ratios of scales are &,/& = 0.08 and 7”/t' = 0.32. As a
result, the order of magnitude for the transverse resistivities
can be estimated as pff ~ 8.9 mQ and ,oll}e ~ 5.3 mQ.

The anomalous Hall current in semiconductor QWs re-
quires the symmetry between two valleys in graphene to be
broken. The selective formation of fluctuating CPs involving
holes only from one of two valleys can be achieved in the
presence of a circularly polarized light-induced population
imbalance of Dirac holes [69—71]. Due to the exceptional sen-
sitivity of CP condensation in the weak-to-moderate-coupling
regime to the electron-hole imbalance [57,58], even a small
asymmetry dep ~ T is sufficient to suppress correlations with
one of two valleys.

The presence of two Dirac cones with opposite chirali-
ties can be avoided in hybrid double-layer systems formed
by magnetic topological insulator films (e.g., MnB,Te,4) and
semiconductor QWs. Recently discovered magnetic topo-
logical insulators [72—75] have already been successfully
incorporated in different heterostructures, and these hybrid
double-layer systems are within present technological capa-
bilities.

In the present work, we have focused on the Aslamazov-
Larkin effect, which describes the direct contribution of fluc-
tuating CPs to the conductivity tensor. The Maki-Thompson
contribution also exists [32-34], originating from the Andreev
scattering of electrons and holes for fluctuating CPs. However,
the interplay between the nontrivial geometry of fluctuating
CPs and Andreev scattering is beyond the scope of the present
paper.

The absence of a global gap in the spectrum of the
GL Hamiltonian does not permit topologically stable edges
or domain wall modes. In other systems with intertwined
modes and no global gap (e.g., topological exciton-polaritons
[76,77]), this obstacle is usually overcome by applying an
external periodic potential with triagonal (or hexagonal) sym-
metry. Hexagonal periodic textures of sublattice asymmetry
4(r) can be easily engineered via a small twist between
graphene and its substrate and follow the resulting moiré
pattern. However, the physics of fluctuating CPs and the pos-
sibility of edge modes in this regime are beyond the scope of
the present paper.

In recent years, the Cooper pairing of spin-orbit-coupled
fermions has attracted much attention [78,79]. In particu-
lar, research has shown that nonzero quantum metrics of
fermionic states result in an additional contribution to the
superfluid density and are also manifested in other phenom-
ena [60,80-83]. Moreover, the additional contribution to the
superfluid density is dominant if the fermion dispersion is
sufficiently flat. While there are some mathematical connec-
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tions between these results and the anomalous contribution to
paraconductivity O’E derived in this paper, there is an essential
difference between these phenomena. In our paper, o is
intricately related to the quantum metric characterizing the
spectrum of the GL Hamiltonian, but not the spectrum of
Bogoliubov quasiparticles in a state with an equilibrium CP
condensate.

Fluctuating CPs formed by electrons and holes are the pre-
cursors of their equilibrium condensation. The demonstrated
presence of two (almost) degenerate competing channels and
the instability toward Cooper pairing with a finite center-
of-mass momentum suggest that the physics of equilibrium
hybrid electron-hole condensates are very rich and unconven-
tional. We leave further investigations of this aspect for future

To conclude, we have demonstrated that the spectrum of
fluctuating electron-hole CPs in a hybrid graphene-GaAs bi-
layer is topologically nontrivial. Their nontrivial geometries
are manifested in anomalous Aslamazov-Larkin contributions
to the longitudinal and transverse conductivities. The con-
tributions exhibit critical behavior and are singular at the
transition temperature, and we have discussed possible setups
for their experimental observation.
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APPENDIX A: FIELD-THEORETICAL APPROACH FOR FLUCTUATING COOPER PAIRS
1. The model

This Appendix presents the quantum field theory approach to describe fluctuating Cooper pairs (CPs) in the hybrid
graphene/quantum-well bilayer. Following the reported experimental setup [46], we assume the presence of excess electrons
in the quantum well (QW) and their deficit in graphene. The electrons can be described by a quantum field e, and their
thermodynamic action represents an integral over the imaginary Matsubara time t and is given by

B 2 2
4
Se:fo /dr e;(a,+7f)e”,

Electrons have the conventional quadratic dispersion with the mass m, and pg is their Fermi momentum. In the weak-to-
moderate-coupling regime the electron-hole correlations span only in the vicinity of the Fermi level. As a result, the spectrum of
electrons can be linearized and their Green’s function can be approximated as

(AD)

G (iwn, P) = ———,
iw, — €

€p = Ve(P — PF), Ve = pp/m. (A2)
Here w, = (2n + 1) T is the fermionic Matsubara frequency. The low-energy electronic states in graphene are concentrated
near two inequivalent valleys (K and K’), which are labeled by the index { = %1. They are described by the spinor field operator
hy = (h, h2) and their pseudospin corresponds to the the sublattice (A and B) degree of freedom of the honeycomb lattice. We
will assume the deficit of electrons in graphene and refer to the valence-band states as holes; however, it is instructive not to

perform the transformation to field operators of holes. As a result, the corresponding contribution to the action is given by

B
Sh = / f dr [hL,.(3; + v(¢ .oy + pyoy) + 80, + €f ) her . (A3)
0
Here v is their velocity and ef! is the Fermi energy. The small energy asymmetry between sublattices, § < €}, can be induced by
the substrate engineering. The empty conduction band in graphene can be just truncated, while the energy and the spinor wave
function for the valence-band electrons are given by

h_ Y _( sin (91,/2)6"'5"”1’/2
Gp =V (UP) + 8%, |p>h = <_§ cos (ep/z)elgqbpﬁ .
Here ¢, is the polar angle for vector p and cos(fp) = 8/€p. The chirality of the pseudospin-momentum coupling for Dirac
electrons is valley dependent but not their dispersion. We further assume that the Fermi momentum of electrons matches with

the one pg for holes, that is the most favorable regime for their Cooper pairing. As a result, the Green’s function for holes can
be approximated as

(A4)

Ah IP)nn (Pl
GM(iwn p) = oL b (o= pr), vh = 0 pr/el (AS)
iw, — €5
Here we have linearized the spectrum of Dirac holes and the matrix |p), n(p| is given by
sin? (6,/2) —£ sin (By)e 1 eh -5 —v(Zpy — ipy)
= / 2 P - p x 'y - A
|p>h h<p| (_% sin (ep)ez{qﬁp COSZ (QP/Z) ) 263 <—U(§Px _ i[?y) e}l; +6 ) (A6)
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The phase intertwining between sublattices is the signature of the nontrivial band geometries for Dirac holes, which has been
discussed in the main text and is passed on to the fluctuating CPs. Fluctuating CPs are formed due to the attractive Coulomb
interactions between electrons and holes. Being effectively screened, the interactions can be approximated by the contact
pseudopotential with momentum-independent Fourier transform V. We also neglect the scattering between two valleys since
they are well separated in momentum space. The resulting contribution to the action is given by

B B 1 .
Sint = / / dr Vel hi horeq — / / dr |:VAL Ay + el Aprhyy +hIrA;re”]. (A7)
0 0

Here we have performed the Hubbard-Stratonovich transformation. It eliminates interactions, but introduces the bosonic field

A = {AA, AB}, which describes the selective Cooper pairing with Dirac holes only at one of two sublattices (A or B). The
action of the model S = Se + Sh + Sine is the starting point for the derivation of fluctuating CP dynamics, which is presented in
the next section.

2. Fluctuating Cooper pairs

We further assume that the system is above the transition temperature. As a result there is no equilibrium Cooper pair
condensate (A) = 0, but there are its Gaussian fluctuations, which are usually interpreted as fluctuating CPs. Integrating fermions
out and expanding the resulting action up to the quadratic order in A, results in

S T
Sa=T)Y_ AM(V — M(ipy, q)) Apg- (A8)
Pnq

Here p, = 27nT is the bosonic Matsubara frequency. [1(ip,, q) is the single-step pair propagator in the Cooper ladder sum and
is given by

tanh ( ) + tanh ( )

pa, @) =T ) G(iwn, P)G" (i, — ip, p— @) = Dp cef - (A9)
Wy, P (lp” S - )
It is instructive to shift the momenta p and p — q as follows:
+ o
- ae ’ ae = ’
P—>P q vt Oy

Ve

P—q—>pP—amq, o= : (A10)
Ve + Uy

The momenta q is the total momentum for fluctuating CPs and p can be interpreted as their relative one. The dispersion relations
in Eq. (A9) are modified as

v qp v qp
proca ¥ p 2p Epena ¥ &p — 2p praa T Ep-ana ~ 200(P = Pr). (AlD)

Here we have introduced vy = (v, + v;)/2 and v, = 2vevy/(ve + vy). After the momentum shift, Eq. (A10), the denominator in
Eq. (A9) becomes independent on momentum (. As a result, the expansion of I1(ip,, q) in p, and q becomes straightforward
and results in

flGip.. @) = ( e e 0)>' (A12)
CCRSE=4,— ITy(0, 0) cello(ipn, q)
The factors
c§=1(1+i> s2=1(1—£> (A13)
2 ee) P2 er )’

give the probability to find the Fermi level hole at sublattice A or B, respectively. I1y(ip,, q) can be interpreted as a single-step
pair propagator in the Cooper ladder sum of a bilayer system without the pseudospin degree of freedom and is given by

2¢Cec T In (X5%) TE(3)v?
I .l‘h = 1 — |Pn /_.n”_ 22» ,:_, "= ut s 2= x. Al4
o(ipn, q) VO[ n< T ) [pult’ — ipat §°q :| T 8T T 2v0pF § 307272 ( )
Here €y = \/vevnpo is determined by the momentum cutoff po. C = 0.577 is the Euler constant, E(x) is the zeta function, and

vo = pr/2m li?v is the density of states defined with respect to the average Fermi velocity of electrons and holes. If we rescale
the bosonic fields as A* — A”/ +/Vosg and AB — AB/ /Vocr, the action describing fluctuating CPs [Eq. (A8), Sa], simplifies
as

Sa =T Ayl ™ (ipw A p,q. (A15)
pnq
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where L~ (ip,, q) is the inverse dimensionless CP propagator given by

Ff—1.- ’ . 7 5 5 & 2q? —Gx —iq,
L) =l i+ e Ao = (S TG ), (A16)

_S*(g%c - iqy) €B + %-2q2

The Hermitian matrix Hgp can be referred to as the Ginzburg-Landau Hamiltonian. It describes two dissipative bosonic modes
(Aa and Ap) that are intertwined by the effective pseudospin-orbit interactions with strength parametrized by the length &, =
o In(2eCe./m T)/4pg. Each mode has a temperature-dependent energy gap:

Zece_Tifﬂ ) )
, TA(B) = T, )\A = SFVQV, )\B = CFV()V. (A17)

m =n [TA<B>

The gap vanishes at the transition temperature ey = In[7T'/ T,S(B)] of the Cooper pair condensation with zero center-of-mass
momentum. It should be mentioned that coefficients t” and &, can be rewritten as t” = 1/2Avgpg and &, = 1/4ApE, where
A = max[Aa, Ag] is the coupling constant of the leading channel.

3. The spectrum of Ginzburg-Landau Hamiltonian

Eigenvalues for Hg;, are labeled by y = = and are given by

g =8+ EQ +ydy, dg= /e +EP, & =15(ea+tep), € =3(ea —ep). (A18)

They can be interpreted as energies for fluctuating CP eigenmodes and their dispersion is discussed in detail in the main part of
the paper. The fluctuating CPs with finite center-of-mass momentum q represent a superposition of A, and Ag as

. cos (¥q/2) _ (£ sin(8q/2)e _ €
[+, q)C - (_é- sin (eqq/z)ei{qbq)v -, (l)c = ( cos ?1%/2) ), Ccos (ﬂq) = —\/W (A19)

They are intertwined with the valley-dependent phase factor e =%, which reflects nontrivial geometries for fluctuating CPs.
The derived expressions, Eqs. (A18) and (A19), allow to perform the spectral decomposition of the CP propagator L(ip,, q)
and its retarded (advanced) LR®)(w, q) counterparts as

) |yv Q)C C(V»Q| FR(A |V»Q>C C(y’ q|
L(ipn, q) = , LR™w,q) = . A20
(lp q) Z '|pal — it py + £1q (w Q) Z Fiot — wt’ + £ ( )

14 14

These helpful relations will be used routinely in Appendixes B and C.

Due to their dissipative nature, fluctuating CPs cannot be interpreted as bosonic quasiparticles, but are instead overdamped
bosonic modes. However, Hg;_ is the Hermitian matrix and its eigenmodes |y q)c form a complete basis. HgL can be diagonalized
via the unitary transformation governed by the matrix Ijq given by

A A i (&g 0 . cos (%4/2) ¢ sin (94 /2)e %%
EcL(q) = UgHoL(QU,, EcL = ( Oq 8,q)’ Ug = (_C sin (Gq(1/2)ei5¢‘l cos ?ﬂq/Z) ) (A21)

This transformation is used in Appendix C, where a derivation of the kinetic equation for fluctuating CPs is presented.

APPENDIX B: LINEAR-RESPONSE THEORY AND PARACONDUCTIVITY

1. General expression for the conductivity tensor

This section presents a general expression for the conductivity tensor, which is derived with the help of the linear-response
approach. The external electric fields in electron and hole layers that we have disregarded so far can be described by position-
independent vector potentials a7 and al'. Components of a fluctuating CP are spatially separated and have the opposite charge.
That is why the Peierls substitution introduces the vector potential to the Ginzburg-Landau Hamiltonian as

. . e
HgL(q) — HGL<q - Ea,eh), a =a° —al" (B1)

Fluctuating CPs are affected by the electric field difference across the bilayer and their motion results in electric currents in
both layers. These currents have the same magnitude but the opposite signs. Really, the current operators for two layers have the
opposite signs as

JW(q) = £ev(q),  v(q) = dgHoL(Q). (B2)
Within the Kubo linear-response theory, the contribution of fluctuating CPs to the DC conductivity (and transconductivity
033 = —0yp) tensor o = *Im[ xolfﬂ (w)]/w is related to the imaginary part of the retarded velocity-velocity correlation function
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X O}fﬂ (w). It can be obtained by the analytical continuation from the corresponding Matsubara correlation function x,g(i€2,), which
is given by

Xap(iQ) =T Y Tr[ba(Q)L(ipy + Q0. Q)p(Q)L(ip,. Q). (B3)

Pnq

If we use the spectral representation of the Cooper pair propagator, presented in Appendix A, the summation over Matsubara
frequencies and the analytical continuation are straightforward and result in

oup = y_ (Re[QL (@] (@) + Im[QY (@] (). (B4)
avy’

Here QZ}; represents the product of matrix elements for velocity operators and is given by

QZ,Z/(Q) = (valva(@Iy'a)c c(v'alvs(@lya)c. (BS)

The factors J}” '(p) and JIQ/(p) are given by

, , dRe[LR dRe[LR
Y =/d7w1m[L§]lm[L5,]<— B"B(w)>, Y =/d7w[lm[LVR]M —Im[Ls,]M}. (B6)

Jw Jw Jw

Here we use the compact notation L)lf = L}lf(a), q) for all Green’s functions inside the integrals. It should be noted that these

relations are very general and do not rely on any specific frequency or momentum dependence of the Green’s function L;l} (w, q).
For the Green’s functions in Eq. (A20), which describe fluctuating CPs, we get

&yq(p) + 07" wt’

R _ R —
Rl @0l = oy oy MO G e ®7

The integration in Eqs. (B6) can be performed and results in
/ T T t'|t)? , T T "|t)?
fid = (—+—)|—|2 T = (---)%' (B8)
Eyq  Ey'q/ |EyqT + EyqT*| eyq  Ey ) 18yqT + &y

It is instructive to consider intrachannel (y = y’) and intermode (y # y’) contributions to the conductivity tensor separately.
The factor J;'” vanishes at y’ = y and the intramode contribution can be written as

Y Re[Q3 (@] Tl

ao T (B9)
263, T/

vq

Here we have taken into account that Q)Y = 0 and intramode transitions contribute only to the longitudinal conductivity. As it
is discussed in the main part of paper, o/.- represents a sum of two independent terms describing the conventional Aslamazov-
Larkin effect for each of two competing channels. It is instructive to separate the intermode contribution into two terms as

follows:

a _ m[Q ]t 1t [ T T\ 2m[QL |t T T
Opsy = — s\ ) = T (B10)

7q leyqT + €9qT** \&yq €74 va €yqT + €7qT*|° £1q

o _ Re[ Zg]r’lrlz T T\ 2Re[ gg]r’lﬂz T
Opp = — s\t ) = — 3 (B11)

o 1EvaT T epqT T \evg  Epq o 18vaT +EpqTTI" Eyq

Here we have taken into account that Im[QﬁZ] = 0. These terms represent anomalous Aslamazov-Larkin contributions to the
conductivity. In Appendix C we demonstrate that they are intricately related with the nonzero Berry curvature (£2,,4) and quantum
metric (qu) for the GL Hamiltonian Hgy .

2. Temperature dependence of the conductivity tensor

This section presents the derivation of conventional and anomalous Aslamazov-Larkin contributions to conductivity tensor.
The explicit expressions for the velocity operator v(q) introduced in Eq. (B2) are

vx<q)=(2_‘5§:f z‘lfl;), uy<q>=(2jgf ;fqy) (B12)
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As a result, the product of matrix elements for velocity operators Q (q) averaged over the direction of momentum q is given
by

122N, Y 2 P quz ~ g4o2 v\ —
< XX >¢q - 25 q + 2d ~ 25 q ’ < Xy >¢q - 07
vy ";:2 2 124 — 2_~
(o), =5 1+ % dz Loe),, =8l ~ celsignle]. (B13)
q

Here we have also performed the expansion in the ratio of spatial scales, &, /& <« 1. Besides, in the leading order in &, /£ the effect
of the effective pseudospin-orbit interactions at the dispersion of fluctuating CPs can be neglected. As a result, the dispersion
relations are approximated as eap) + &2¢°. If we also expand in the ratio of time scales 7/t < 1, the expressions for the
conductivity tensor, Egs. (B9)—(B11), can be presented as

2 / 2 ’ 2 ’ 2
AL e~ 8Tt Q e 8Tt (&, G e 8Tt/ 5,,
= — Far, = — = —F, F Bl4
Tax ath ow ¢ Oy §2nh T 1) v° Tax = mh 7w \1) % (B14)

For the microscopically evaluated fluctuating CP relaxation time t’ given by Eq. (A14), the second factor simplifies as 871’ /7 =
1. The temperature behavior of these terms is governed by dimensionless functions F = F (€4, ¢g). These functions depend only
on s = ln[T/TIS] and e = ln[T/TBO] and are given by

aL_ T [TAdEP 8 £q _ l(i i)
= 8/0 2 | GatE7 et e@r| 32\en o)

LT /°° d(E%) 1 A [(sA + w}
T8 2 (e +E2q%)(en +E2g%)(ep + £2g%)  8(ea — €B)? depep |
T [ dE*q) &, m {ln lea/eB] 2 }
"3 /0 2 (oot B0 (en 1 2D en + E27)  Ben —em) | e —en  entem (B15)

As aresult, we recover the expressions in Egs. (26), which are presented in the main text of the paper.

APPENDIX C: KINETIC EQUATION FOR FLUCTUATING COOPER PAIRS

1. Time-dependent Ginzburg-Landau equation

This Appendix is devoted to the time-dependent Ginzburg-Landau (TDGL) equation. It governs the dissipative dynamics of
the bosonic field A = {A2., AB} for fluctuating CPs and is given by

- ( A

ot

Here we take into account that components of fluctuating CPs have opposite charges and are spatially separated. For these

reasons, coupling with electric potentials in both layers (¢¢, and ¢[.) can be introduced via the Peierls substitution 9, — 3, +

e with ¢ = ¢¢. — @l The external complex field 1, = {n2, nB} is the Langevin noise. Its presence is dictated by the

fluctuation-dissipation theorem, and the correlation function (7, nj,r,), which is free of temporal and spatial correlations (white

noise), is proportional to the relaxation rate v’/ but does not depend on t”. In the considered weak-to-moderate Cooper pairing

regime, their ratio is small (t”/7’ < 1); hence, the dissipation of fluctuating CPs is an essential component in their dynamics.
These CPs cannot be interpreted as bosonic quasiparticles, but are instead overdamped bosonic modes.

The TDGL equation can be derived microscopically (e.g., with the help of the Keldysh diagrammatic technique) or introduced
in a phenomenological way as we do here. If we ignore the coupling to electromagnetic field (that can be reintroduced
by the Peierls substitution), the dynamics of fluctuating CPs in the TDGL framework is governed by the inverse retarded
propagator IR (w, q). In equilibrium the bosonic field describing fluctuating CPs is not zero, but is shaped by the noise as
Apq = Yo, QMg (and A = anLA(a) q) with LA(w, q) the advanced CP propagator). If we assume that the Langevin

ehA) = —HoL(Q)A + 7ir, (mm,%) =Néydw, N=2T71 (€D

noise does not have any temporal and spatial correlations (white noise), the correlation F Ady (q) = (A,qA,q) can be presented as

n do . A ®dw T .

Fy"(q) = / LMo QN 0. @), FY(@) = / S — L@, q) = LY@, q)l, (€2)
2 2mi vow

and is determined by the pseudospin structure of the noise correlation function N. According to the general philosophy

of the Langevin approach, N is chosen in a such way that the correlation function F gy“(q) matches with the function

Fld(q) = (A,qAIq), which is evaluated via thermodynamic averaging and is also presented in Eq. (C2). If we use the spectral

representation for CP propagators LR™)(w, q) given by Eq. (A20), the integration over frequency w is straightforward and results
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in

T n ly. @c c(v.aINly". q)c c(y'. q
Fl@=3lv.accly.al-— F"@=) = cc (C3)
y Yq v,y

¥ T'(8yq + &yq) = iT"(8yq — Ey/q)

For the noise correlation function given by the right-hand-side expression in Eq. (C1), F, gd(q) and F Adyn(q) match each other.
As a result, the description of fluctuating CPs within the quantum field theory approach and within the TDGL framework are
consistent with each other.

2. Transformation of the TDGL equation into the kinetic equation

This section presents the derivation of the kinetic equation for fluctuating CPs. First, it is instructive to introduce a density
matrix for fluctuating CPs as py; = Ar,AI,,. The density matrix satisfies the equation
0 rrr . h h ﬂGL Prr't prr’tﬂGL Nt AT/; Ay HT/,
o = —1e(¢f_t — ¢S’1)pl‘l"f — . — - —+ . Loy .[*r , (C4)

which can be interpreted as a generalization of the Liouville—~von Neumann equation.
Second, we introduce a distribution function firq, for fluctuating CPs. This function is obtained from the density matrix by
the Wigner transformation and the unitary rotation to the eigenmode basis as follows:

. dp .
A _ Tar A/ _ —igr A _ ipR A
irg = UgfigqUq:  fipqy = /dre PR+ER-5; = (271)2@ Pq+?.q-2 .-

Here, Uq is the unitary matrix that diagonalizes the GL Hamiltonian Hg as UqT ﬁGLUq = diag{e; g, 6_ 4} and is given by
Eq. (A21). Diagonal elements of the rotated distribution matrix (nyy = ny and n__ = n_) can be interpreted as distribution
functions for eigenmodes in phase space (R, q). The off-diagonal elements (n_ and n_,) are responsible for intermode
coherence. For noise-induced equilibrium fluctuating CPs, qu =[R (w, Q)N wq, the distribution function ﬁg is position and

time independent, as given below:
R n° 0
ng = < 6*‘1 20 ) (C5)

-4
At thermal equilibrium, there is no intermode coherence, and the diagonal terms are given by the classical distribution function
”3‘; = T /&, 4, which confirms the interpretation outlined above for 7igq; .

Third, we will follow Ref. [84] and perform a gradient expansion of the equation for the matrix distribution function 7igq;.
For a start, we apply the Wigner transformation to Eq. (C4) and get the following equation for ﬁi{qt:

8,?1;@ =T +15+T;. (Co)

The right-hand side is divided into three terms, which need to be dealt with separately. The term 7} appears due to the coupling
of fluctuating CPs with external electric field and, within leading order of the gradient expression, simplifies as

T' = —ie / dre (¢4 /0s — Pitye/n) PR4z.R=2.0 ~ — B dgfigg, - (C7)
Here Eﬁ‘t‘ = —quf{; is an electric field difference between layers. The term 75 describes the dynamics of fluctuating CPs as
HoL ® fpg  Mpg ®HoL _ Hor(@i  #HoL(q) | ifi (9HoLORARy  ORfiRg dgHoL
L =— — A~ — — + — — . (C8)
T T* T T* 2 T T*

Here ® is the Moyal product, which in the lowest order of the gradient expansion simplifies as
ih <~ — — = ih <~ — «~— —

® = exp E[aRaq—aqaR] %1+5[8R8q—8q8R]. (C9)

The term 73 describes the effect of the Langevin noise and is of the first order in it. That is why we can approximate the order
parameter by its value in equilibrium, Ag)q = LR(w, Q)Nwyq, that allows to simplify 75 as follows:

do (NiMw,q) LAw, QN 2T,
3= — + = 1
27 T T 7|2

Here we have used the spectral decomposition for the Cooper pair propagator, Eq. (A20). If we combine all three terms T3, 7>,
and T3 together we get a closed-form equation for the distribution function # as

HGL(q)ﬁi{q; ﬁi{q,HGL(q) N in (aqﬂGLaRfli{q, 3Rﬁi{qtaqﬂGL) 2TT .

(C10)

A/

AL _ eh
0 Rqe = _EERt 8anqt -

i (C11)

T T* 2 T T* IT|2v
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Now we are ready to perform the rotation 1 = UJ ﬁi{q, Uq to the eigenmode basis. Here, Uy is the unitary matrix that diagonalizes
the GL Hamiltonian Ag as UJI-?GLUq = diag{e, g, £— q}. The rotation of Eq. (C11) results in

8n EGL(q)fl I’ZEGL(q) <D EGLaR}’l BRﬁDqEGL> 2Tt ,1\
2

eE nl (C12)
T T*

o T T* IT)2vy

Here Dyn = 94 — i[Aq, n] is the covariant derivative. Ay = iUJ dqUq is the generalized Berry connection, which has been
introduced in the main part of the paper as Eq. (18). The equation for the diagonal elements of the distribution 7, can be
presented as

4 28}/(17:/

h T 0
3y + eE™[gn, — i(AY ny, — AlVny; )| + E |23 aEyqdRNy = — o (n, —nl). (C13)
The electric field difference, EfR = _8R¢tr , not only shifts the distribution functions n,,, but also induces intermode coherence.

The coupling with the off-diagonal components of the distribution function is governed by the generalized Berry connection
matrix Aq = iU; 8qUq. The dissipative nature of fluctuating CP dynamics is manifested in the presence of a relaxation term on
the right-hand side of the kinetic equation. The equation for the off-diagonal elements is kept to the zeroth order of the gradient
expansion (all gradient terms including 97, are neglected). As a result, the intermode coherence n,; adiabatically follows the
disturbed distribution functions n, as
( e ).L,// .

nyy = ZAVVZ) Ny ﬁ Npy =N (C14)
Here we also have followed Ref. [84] and performed the approximation drn4 =~ drn_, which decouples the kinetic equations
for ny and n,. Besides, in this approximation predictions based on the resulting kinetic equations match with the ones based
on the TDGL equation for fluctuating CPs and the linear-response approach, as we discuss in the next section. If we combine
Egs. (C13) and (C14), we obtain the kinetic equation, which is presented in the main part of the paper as Eq. (22).

3. The conductivity tensor

In this section we demonstrate that the expressions for the conductivity tensor derived with the help of the kinetic equation for
fluctuating CPs match with results obtained in Appendix B with the help of the linear-response theory. As we discuss in the main
text, electric field difference eE" induces the three contributions to the current in both layers of the different physical origin:

T |'L' |2Eeha nO
eth) _ 0 0 = 1 9"vq
== Z 8 qunyq + “)/qnyq + “J/qnyq] Nyq = e’ Nyq = 21’8 ) (CI15)
oy vq vq
The first term originates from the shift of the distribution function for fluctuating CPs and represents the conventional Aslamazov-
Larkin effect. The corresponding contribution to the conductivity tensor is given by

9q,€7q0q,vq T 7|
o= 263 - o Oa.bradeyg = Re[O) ()] (C16)
yq Yq
Here we recall that (yq|ve(q)|yq)c = 3¢, &yq- As aresult, this expression matches with Eq. (B9) derived in Appendix B.
The second term originates from the anomalous velocity ui,zq, which is intricately related with the nonzero Berry curvature of

fluctuating CPs. It results only in the Hall conductivity that is given by

Evq — E7q)° T T2 T 2Im[ QY
Z yq( Yq - Vq) | 2| S qu — [ Xy ]2. (C17)
leyqT* + €7qTI>  &yq (6yq — €7q)

va

Here we have rewritten the Berry curvature 2,4 in terms of the product of matrix elements for velocity operators. As a result,
this expression matches with Eq. (B10) derived in Appendix B.

The third term originates from the anomalous velocity ugq, which is intricately related with the nonzero quantum metric of
fluctuating CPs. It results both in longitudinal and transverse elements of the conductivity tensor that are given by

¢ L Gy (C18)
leyqT* + €7qT1* €yq 7 (8yq — €7¢)*

R g2, —e2 )Tt T A Re[OQ77
e :ZGM.M_ [977]
Yq

Here we have rewritten the quantum metric G, in terms of the product of velocity operators. If we use the following helpful

identity,
Erqt e T T T T
rateog (_ _ ) _ _(_ N _) (C19)
€4+q—E—q\Erq E—gq £+q E-gq
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Eq. (C18) matches with Eq. (B11) derived in Appendix B. As a result, we conclude that the results obtained with the help of the
linear-response approach and the kinetic equation are consistent with each other.
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