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Hydrodynamics in graphene: Linear-response transport
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We develop a hydrodynamic description of transport properties in graphene-based systems, which we derive
from the quantum kinetic equation. In the interaction-dominated regime, the collinear scattering singularity
in the collision integral leads to fast unidirectional thermalization and allows us to describe the system in
terms of three macroscopic currents carrying electric charge, energy, and quasiparticle imbalance. Within this
“three-mode” approximation, we evaluate transport coefficients in monolayer graphene as well as in double-layer
graphene-based structures. The resulting classical magnetoresistance is strongly sensitive to the interplay between
the sample geometry and leading relaxation processes. In small, mesoscopic samples, the macroscopic currents
are inhomogeneous, which leads to a linear magnetoresistance in classically strong fields. Applying our theory to
double-layer graphene-based systems, we provide a microscopic foundation for a phenomenological description

of giant magnetodrag at charge neutrality and find the magnetodrag and Hall drag in doped graphene.
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I. INTRODUCTION

Traditional hydrodynamics [1] describes systems at large
length scales (compared to the mean free path). The hydrody-
namic equations are typically formulated in terms of currents
and densities of conserved quantities and can be derived from
the kinetic equation using either the Chapman-Enskog [2]
or Grad [3] procedures. Within the leading approximation,
gradients of the macroscopic physical quantities are assumed
to be small, such that the system can be characterized by the
local equilibrium distribution function. Dissipative properties,
such as electrical or thermal conductivity or viscosity are
then determined by small corrections to the local-equilibrium
distribution function. Within linear response, such corrections
are proportional to a weak external bias.

Recently, the kinetic equation approach was applied to
electronic excitations in graphene [4—11]. In contrast to con-
ventional metals and semiconductors, graphene is character-
ized by a linear excitation spectrum, which makes the system
explicitly non-Galilean-invariant [6-8,12,13]. Consequently,
the transport scattering time in graphene is strongly affected
by the electron-electron interaction [14], which has to be taken
into account on equal footing with disorder. At the same
time, due to the classical nature of the Coulomb interaction
between charge carriers in graphene, the system is also
non-Lorentz-invariant [6-8,12,13]. As a result, the standard
derivation [1,10,12,13] of the hydrodynamic equations has to
be revisited [5-7].

The linearity of the quasiparticle spectrum in graphene
leads to an important corollary: the energy and momentum
conservation laws for Dirac quasiparticles coincide in the
special case of collinear scattering. This kinematic peculiar-
ity results in a singular contribution to the collision inte-
gral [4,6,8,11,14,15] allowing for a nonperturbative solution to
the kinetic equation. A distinct feature of this solution is fast
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unidirectional thermalization [11] that facilitates integration
of the kinetic equation. A unique feature of the resulting
hydrodynamic description of electronic transport in graphene
is the inequivalence of the electric current and total momentum
of the system [6,7,11]. As the latter is equivalent to the energy
current, the transport properties of graphene are governed by
a nontrivial interplay of electric current and energy relaxation.

Two-fluid hydrodynamics in graphene was suggested in
Refs. [9,10] and then extended to double-layer graphene-based
structures in Ref. [11], which allowed for a description of the
Coulomb drag effect [16—19] in graphene. An extension of this
approach to mesoscopic (finite-size) samples was suggested in
Ref. [19]. Qualitatively, this theory can be interpreted in terms
of a semiclassical two-band model that yields a nontrivial
magnetic field dependence of the transport coefficients and
accounts for the effect of giant magnetodrag at the neutrality
point [19]. The classical mechanism of this effect is similar
to the standard mechanism of magnetoresistance in multiband
systems [20].

In this paper, we rigorously derive the hydrodynamic
description of electronic transport in graphene within linear
response. While we use the same collinear-scattering singu-
larity as found in Refs. [4,6,8,11] in order to integrate the
quantum kinetic equation, we argue that the physics of the
system should be described in terms of three macroscopic
currents [21,22]: the electric current j, energy current Q,
and quasiparticle imbalance [9] current P. In some sense, our
approach unifies the above two types of two-fluid description
of graphene, where the two macroscopic currents considered
are either j and Q (see Refs. [4,6,8,11]), or j and P (see
Refs. [9,10]). Our three-mode hydrodynamics is applicable
for any value of doping providing us with a unified approach
to electronic transport in graphene.

For general doping, the resulting theory is rather cum-
bersome. However, at the charge neutrality point and in
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the degenerate limit, the equations simplify allowing for an
analytic solution. In the former case, we focus on the issue
of magnetoresistance, a subject of considerable experimental
interest [23-29]. In particular, we demonstrate the appear-
ance of the linear magnetoresistance in moderately strong,
classical magnetic fields in monolayer graphene [30]. In
double-layer graphene-based systems, we describe negative
Coulomb drag [19,31] and justify the phenomenological
two-band model of Ref. [19] (precisely at the Dirac point
the imbalance current is proportional to the energy current
allowing one to reduce the number of variables). Both effects
occur in narrow, mesoscopic samples in the presence of energy
relaxation and quasiparticle recombination due to electron-
phonon interaction.

In the opposite limit of very high doping (i.e., in the
“Fermi-liquid regime”), all three macroscopic currents become
equivalent and the theory is reduced to the standard Drude-like
description that can be also derived by perturbative meth-
ods [32]. Here we find the leading corrections to the standard
picture of Coulomb drag [32,33] yielding magnetodrag and
Hall drag in doped graphene.

The rest of the paper is organized as follows. We begin
(Sec. II) with the summary of our theory and results for
monolayer graphene. In Sec. III, we present a derivation of the
macroscopic description of electronic transport. In Sec. IV, we
use this theory to evaluate transport coefficients in graphene
such as the magnetoresistance at the point of charge neutrality
for small, mesoscopic samples. In Sec. V, we apply our theory
to double-layer graphene-based systems [16—19]. Concluding
remarks can be found in Sec. VI. Technical details are relegated
to the appendices.

II. MACROSCOPIC DESCRIPTION OF TRANSPORT
IN MONOLAYER GRAPHENE

In this section, we describe transport properties of mono-
layer graphene. Neglecting all quantum effects [34-36], we
base our considerations on a set of macroscopic transport
equations, which essentially generalize the usual Ohm’s law
to the case of collision-dominated transport in graphene.
These equations can be derived from the kinetic equation (see
Sec. Il below) in the interaction-dominated regime, where the
scattering time due to electron-electron interaction t,, is much
smaller than the disorder mean free time 7:

Tee K T.

We limit ourselves to the discussion of the steady state. The
latter is typically established by means of disorder scattering.
A notable exception is neutral graphene in the absence
of magnetic field, where the steady state exist due to the
electron-electron interaction alone. However, in the presence
of the field, even at the Dirac point, the steady state cannot
be reached without disorder. Therefore we have to keep the
weak disorder in the problem. For simplicity, we assume
the mean free time 7 to be energy independent, although in
physical graphene most of the impurity scattering processes
lead to energy-dependent relaxation rates. A corresponding
generalization of our theory is straightforward [32] and does
not lead to qualitatively new effects [37]. At the same time,
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a quantitative description of experimental data may greatly
benefit from a realistic description of disorder [19].

In this paper, we are focusing on kinetic coefficients
describing dissipative processes in the system within linear
response. The nonlinear hydrodynamics of graphene will be
discussed in a separate publication [38].

A. Linear-response equations in graphene

One of our main results is a set of macroscopic equations
describing electronic transport in graphene within linear
response. What makes this theory unusual is that the electric
current j is inequivalent to the energy current Q and the
quasiparticle imbalance current P. The three macroscopic
currents obey the following equations:

(A C
_ VI +E +RyK x eg =Roj+2—(—+—),
e“K \ Ty Tus

(1a)
VO + ME + Ru(j xeB>=Ro§Q, (1b)

~ A C
VE+ LB RuR xep =eRoP + 2 (2 4+ ).
K K Tus Tss

(o)

Here, E is the electric field, ep is the unit vector in the
direction of the magnetic field B = Bep, and K is the mean
quasiparticle kinetic energy in graphene [19] (with T being
the temperature and p the chemical potential):

T <

T»M’(D

_ w/TN M,
K =2T In(1 4+ "' ") M%{ZTIHZ,

the dimensionless quantity N| = 2no/(voK) represents the
equilibrium charge density ng (here, vy = dng/du), and the
two coefficients Ry and Ry are

Ro(ut.T) = ——, Ru(uB.T)= 22 (3)
T, = 5 > » Dy = )
ot e’Kt i 2K
where e is the electron charge, the frequency wp is
evgB @
a)B - CK ’

and v, is the quasiparticle velocity.

In graphene, the energy current Q is equivalent to the
total momentum of electrons, which cannot be relaxed by
electron-electron interaction respecting momentum conserva-
tion. Therefore the transport scattering rates due to electron-
electron interaction appear only in Eqs. (la) and (Ic). The
three scattering times 7,,, T,s, and 7y, describe the mutual
scattering of the velocity and imbalance modes respecting
Onsager reciprocity.

The above three modes form the three-mode ansatz for
the nonequilibrium correction to the electronic distribution
function [see Eq. (19) below and Appendix A]:

2v

h = 5
evOTvg

[A+B%+C%m§r )

where the vectors A, B, and C are linear combinations of
the three macroscopic currents that are introduced for brevity
[see Eq. (A1) for details]. The absence of the vector B in the
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right-hand side of Eq. (1) is due to momentum conservation.
However, all three auxiliary vectors enter the Lorentz terms in
the following combinations:

nw
IC = Atan 2T+B—|-C, ©6)

- 1 1
- Lad h .
K A+BK+Ctan T @)

The quantity IT represents the inhomogeneous part of the
flux density of the electric current (cf. the usual momentum
flux density or the “stress tensor”) and is given by a linear
combination of the inhomogeneous densities corresponding
to the three modes in the system: the charge én, energy du,
and imbalance 3p. Similarly, the quantities ® and E describe
the flux densities for the energy and imbalance currents, see
Egs. (34) below.

In finite-size samples, equations (1) have to be sup-
plemented by the corresponding continuity equations and
Maxwell’s equations, since inhomogeneous charge density
fluctuations give rise to electromagnetic fields. Therefore the
electric field E in Eq. (1) comprises the externally applied and
self-consistent (Vlasov-like [1]) fields. The self-consistency
amounts to solving the electrostatic problem described by the
Maxwell’s equations [1]:

4,

V-E =47éné(z), VxE=0, V xB:TJ. ®)
While charge carriers are confined within the graphene sheet,
the electromagnetic fields are not, hence the factor of §(z) in
Eq. (8). At the same time, we assume that the uniform charge
density ng is controlled by an external gate. Consequently,
only the nonuniform part of the charge density é» is taken into
account in Eq. (8).

The continuity equations can be obtained by integrating the
kinetic equation in the usual fashion [1]. In the steady state,
charge conservation requires

V.j=0. (9a)

Similar equations can be derived for the energy and
imbalance density. Since both of them are conserved by
electron-electron interactions, the collision integral in Eq. (18)
does not contribute to the continuity equations. At the same
time, the electron-phonon interaction (that we have so far
neglected) may lead to energy and imbalance relaxation
processes [9,19,39-45]. Taking into account the electron-
phonon collisions, we find the following continuity equations
(see Appendix C for details):

b
v . P=—— 4+ % (9b)
TIb Tlc
e b c
fv.g=—_ % 9
K Q TEp  TEe (%)

Here, the auxiliary quantities b and ¢ are linear combi-
nations of inhomogeneous parts of the charge, energy, and
imbalance densities with the same coefficients as the vectors
B and C, see Eq. (A2). Physically, the imbalance relaxation
(described by 1, and t;.) is due to interband processes only
and thus is expected to be slower than the energy relaxation
(described by tgp and tg.).
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The macroscopic equations (1) simplify at the neutrality
point and in the degenerate (or Fermi-liquid) limit. We now
turn to the discussion of the solutions to Eq. (1) in these cases,
which clarify the structure of our theory.

B. Transport in the degenerate limit

At high doping (or at low temperatures), the electronic
system in graphene becomes degenerate. In the limit u > T,
all three macroscopic currents become equivalent:

Jju>T)~ iQ(u >T)~eP(u>T) (10

The additional vectors introduced in Egs. (1) simplify to
AK K> T)~ j, Cu>T)=0.

In this regime, the Galilean invariance is effectively restored
and all relaxation rates due to electron-electron interaction van-
ish. Consequently, the three equations (1) become equivalent
to the Ohm’s law:

Vén

—E+E+Rﬁjxe3=Roj, an
where
Ro = Ro(p > T) = m/(e* 1) (12a)
and
Ry =Ry(n> T) =mveB/(ecy®),  (12b)

are the usual longitudinal and Hall resistances.

Physically, the above simplification is related to the fact,
that in the degenerate regime interband processes are expo-
nentially suppressed. Effectively, only one band participates in
transport and therefore the textbook results apply; in particular,
there is no magnetoresistance. For leading corrections to this
behavior, see Sec. V A 2.

C. Transport at the neutrality point
At the charge neutrality point i = 0, the auxiliary vectors
in Eq. (1) have the form
Alp = 0) = K(u = 0) = j,
N> (0
eQ p 2(0)

Cu=0=rrr 0om2  FTao:

Kl = 0) = %(%ﬁz - ePy2>.

Here, the numerical coefficients are
vo = m2/(121n%2) ~ 1.7119, (13b)
N>(0) = 92(3)/(81n3 2) & 4.0607, (13¢)
Y2 = (N2(0) — y0)/(vo — 1) # 3.2996,  (13d)
and

AQ0) = y¢ — N2(0) ~ —1.1303. (13e)
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In addition, one of the relaxation rates vanishes as well
-1
7. (n=0)=0.

As a result, the equations (1) simplify. Below we consider the
two limiting cases of wide and narrow samples as determined
by the interplay between the electron-phonon scattering and
the magnetic field [30].

1. Transport coefficients in macroscopic samples

If the sample width is the largest length scale in the problem,
W>1¢ Rw%rree (where t,, is the typical value of the electron-
electron transport scattering times and £ is the typical length
scale describing quasiparticle recombination due to electron-
phonon scattering, see Sec. IV B), the boundary effects may be
neglected and the sample behaves as if it were infinite. Then
all physical quantities can be considered uniform. At charge
neutrality, the equations (1) take the form

. 7Tj
E+RuyK xep =Roj+ ——d— (14
thak xes 0 + 2¢2T1,,In2 (142)
e
j = —_— 14b
Ruj xep ROZT]nZQ’ ( )
Ruj RoP + — ¢ (14c)
Xep=e P c
HJ B 0 22T 14 In2

The parameters Ry and Ry are given by Eq. (3) evaluated
at u = 0.

At this point, the essential role of disorder becomes self-
evident. Indeed, in the absence of disorder Ro = 0 and then
Eq. (14b) becomes senseless, at least when the system is
subjected to external magnetic field. Physically, this means
that in the absence of disorder our original assumption of the
steady state becomes invalid: under external bias, the energy
current increases indefinitely.

In the absence of magnetic field, the electric current is
decoupled. In this case, the electrical resistivity of graphene
can be read off Eq. (14a) [using Egs. (2) and (3) at the neutrality
point]:

R(B=0;u=0) [t7"+ 7. O] (15)

"~ 2e2T'In2

If the system is subjected to an external magnetic field,
then all three macroscopic currents are entangled. Using
Egs. (13), (14b), and (14c), we find the following expression
for the vector K that determines the Lorentz term in the
equation (14a) for the electric current:

IC=j x epcRy/[RoA0)],

where

A(O) - VOt/tss
A0) — N2 (0)t /755

Clearly, the direction of the Lorentz term coincides with the
direction of the electric current. Hence, there is no classical
Hall effect at the Dirac point (as expected from symmetry
considerations):

K =yo— 1+ [y —Na0)]

Ru(p=0)=0. (16)

At charge neutrality, carriers from both bands are involved
in scattering processes and the system exhibits nonzero
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classical magnetoresistance (similarly to multiband semicon-
ductors [20]):

R(B;u=0)=R(B=0;u=0)+38R(B;n=0),
_ R3 K
T RoA0)

The sign of § R(B; u = 0) is determined by the interplay of t,
T, and ;. However, using Eqs. (13e) and (13c), we find the
coefficient as

171 + 1.03 7 /7y,
f—xm—1.04xw+—f/f > 0.
81n° 2A(0)

1+ 3.59t /7

Thus our Eq. (17) describes positive magnetoresistance.

Magnetoresistance in graphene was previously calculated
within the two-mode approximation in Ref. [6] where it was
found §R(B; u = 0) = [/9¢(3)lvgrc™>B*/T>. This expres-
sion shows the same parameter dependence as our Eq. (17)
but with a numerical prefactor 7 /9¢(3) =~ 0.2904, which is
independent of the interaction strength. The electron-electron
scattering time 7,; does not appear in the two-mode approxi-
mation. In the “hydrodynamic” limit t 3> 7y, the prefactor in
Eq. (17) approaches the same numerical value as the result of
Ref. [6].

4r p2
v, T B

2 T3

SR(B; 1 = 0) (17

2. Transport in mesoscopic samples

In small enough samples, or in strong enough magnetic
fields W « £ Rw%rree, boundary conditions become impor-
tant and physical quantities become inhomogeneous. The
macroscopic equations acquire gradient terms and have to be
considered alongside the corresponding continuity equations
as well as the Maxwell equations describing the self-consistent
electromagnetic fields. In general, the solution of a such
system of equations is a formidable computational task that
is best approached numerically. The notable exception is the
neutrality point, where the classical Hall effect is absent (due
to exact electron-hole symmetry). In this case, the electrostatic
problem is trivial and we can tackle the problem analytically.
Still, within the three-mode approximation, the solution is
rather tedious, see Sec. IV below. The main qualitative result is
the appearance of the linear magnetoresistance in moderately
strong classical fields for £z < W < £ Rw%rree:

veW [ 171 1
R~ B | 4+ :
ecT?\ Tpn LT Tee(0)

The result is governed by energy relaxation and quasiparticle
recombination due to electron-phonon interaction. On a
qualitative level, this effect is independent of the details of
the quasiparticle spectrum and can also be found in other two-
component materials, such as narrow-band semiconductors,
semimetals, and macroscopically disordered media at the
neutrality point [30,46,47].

III. FROM KINETIC EQUATION TO MACROSCOPIC
DESCRIPTION

In this section, we derive the macroscopic equations (1)
describing electronic transport in monolayer graphene in the
interaction-dominated regime.
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A. Boltzmann equation approach
1. Kinetic equation

We begin with the standard (Boltzmann) form of the kinetic
equation [1,4,6,8—11]:

%+v~%+<eE+fva>-ﬁ=—g+I, (18)
at or c ap T

where f is the distribution function, 7 is the collision integral
due to Coulomb interaction, T is the transport impurity
scattering time (which may be energy-dependent), and §f is
the nonequilibrium correction:

3f(0)
Sf=f—fO=r00- fOn = ~T=—h. (19

Here, f© is the equilibrium Fermi-Dirac distribution with the
corresponding temperature 7. In this paper, we consider the
steady-state transport and thus take the distribution function to
be time-independent:

of
=0 (20)

2. Macroscopic currents

Let us now introduce macroscopic physical observables.
The electric current is defined as

j=e) vif.

where the sum runs over all of the single-particle states.
Similarly, the energy current is defined as

Q=) evsf.

Finally, we introduce the “imbalance current” (cf. Ref. [9])

P = Z sign(e)vdf.

The appearance of this current reflects the independent
conservation of the number of particles in the upper and lower
bands in graphene.

All currents (21) vanish in equilibrium. In the degenerate
(or “Fermi-liquid”) limit, u >> T, the nonequilibrium correc-
tion (19) to the distribution function contains a é function [1].
Thus the above sums are dominated by the states with energies
close to the chemical potential € ~ p and all three currents
become equivalent, see Eq. (10).

21a)

(21b)

21c)

3. Nonegquilibrium distribution function: infinite sample

Within the standard linear-response theory [1], one de-
scribes macroscopic states that are only weakly perturbed
from equilibrium by some external probe. In this case, the
nonequilibrium correction §f to the distribution function, or
equivalently the function &, see Eq. (19), is linear in the
strength of the probe. At the same time, the function /4 (which
we will hereafter refer to as the nonequilibrium distribution
function) has to be proportional to the quasiparticle velocity,
otherwise the macroscopic currents (21) will remain zero.
Now, within linear response, the strength of the external probe
is proportional to the electric current and thus one can express
the nonequilibrium distribution function /4 as

h=A(€)j-v.
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In an infinite sample, all physical quantities are uniform.
Moreover, in the degenerate regime, A(e) — A(u). Such a
description is completely equivalent to the standard linear-
response theory [1], but is more natural in situations where
one passes a current through a sample rather than applies an
electric field, for example, in drag measurements [16—19].

In nearly neutral graphene, the energy dependence of the
distribution function becomes important. Taking advantage of
the collinear scattering singularity [4,6,8,11,19] we retain only
those terms in the power series of the distribution function 4 [or
the prefactor A(e)] in €, which correspond to either zero modes
of the collision integral, or to its eigenmodes with nondivergent
eigenvalues [48]. In general, there are three such terms:

A(e) = Ap + Aysign(e) + Aje,

where the coefficients A; can be expressed in terms of the
macroscopic currents by evaluating the sums in Eq. (21).
The resulting distribution function allows us to formulate
macroscopic or hydrodynamic equations describing electronic
transport in graphene.

If the system is subjected to an external magnetic field, the
direction of the macroscopic currents may deviate from the
driving bias. In this case, we may write the nonequilibrium
distribution function in the form

h= [Cie)v-j+Ci(e)v-(j xe)l, (22)

evoTvg2

where vy is the density of states

IO\ NK
- A I 23
Yo Z( de ) 2mv? 23

with N being the degeneracy of the single-particle states (in
physical graphene N = 4).

Based on the above arguments, we truncate the energy-
dependent functions C;(¢) as follows:

Ci(e) = Ci(o) + C}S)sign(e) + Ci(l)e,

leading to the three-mode approximation for the distribution
function. The coefficients C;J ) can be found by requiring
the distribution function (22) to yield the physical observ-
ables (21). The resulting expression is somewhat cumbersome
and is given in Appendix A. For the subsequent derivation
of the macroscopic equations, we only need the energy
dependence of the distribution function for which we use a
short-hand notation (5):

he 20 [A+ B% + Csign(e):|. 24)

2
evOTvg

The vectors A, B, C are given in Eq. (A1).

4. Macroscopic densities

The above arguments rely on translational invariance of
the infinite system to establish the fact that all macroscopic
physical quantities are homogeneous. Then the currents can
be defined by Eq. (21), while the corresponding densities
are determined by the equilibrium distribution function f©.
As both the currents and densities are independent of the
coordinates and time, the corresponding continuity equations
are trivially satisfied.
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Taking into account either sample geometry or local per-
turbations leads to nonhomogeneous distributions of physical
quantities. Within linear response, the nonuniform deviations
of the macroscopic densities are expected to be small (as
determined by the small driving force) and can be accounted
for by an additional term in the nonequilibrium distribution
function similar to Eq. (22), but expressed in terms of the
densities rather than currents.

To a good approximation, electron and hole numbers in
graphene are conserved independently. Defined as

ne=y fi m=y (1-f)

e>0 e<0

(25a)

they can be combined into the total charge density

n=-em,—ny), n=ng+dén(r), én(r)y=e Z(Sf,
(25b)
and the quasiparticle density

p=n,+ny p=p+dpr), p(r)= Z sign(e)s f.

(25¢)
Finally, we define the energy density
u=7y ef+y el—f),
e>0 e<0
u=ug—+u(r), du(r)= Z €5 f. (25d)

Similarly to Eq. (10), all three densities become equivalent
in the degenerate limit:

n(w>T) = Eu(u >T)=ep(u>T).  (26)

5. Nonequilibrium distribution function: mesoscopic sample

Consider now a small, mesoscopic sample (still within
linear response). If boundary conditions are important, then
the nonequilibrium distribution function acquires a nonho-
mogeneous term that can be expressed in terms of the
fluctuating densities (25). Now we can write the deviation
of the distribution function (19) as follows:

)
Sf = —T%(k—i—cﬁh), 27

where £ is given by Eq. (5) and the extra term §/ can be written
in a similar form:

8h =

€
a+ b— + csign(e) |. 28
evoT[+K+ g()} (28)
The coefficients a, b, and ¢ are linear combinations of the
inhomogeneous densities (25) [cf. Eq. (A2)]. In the degenerate
limit, a(u > T) = dn, while b(u > T) = c(u > T) = 0. At
the Dirac point, these quantities simplify to

a(u = 0) = dn,
L edu Y

b(u=0) = KAQ) + edp AQ) 29)
o esu N>(0)

((n=0)= yo—KA(O) —ed A0)

[cf. Egs. (13)].
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B. Macroscopic equations: infinite system
In an infinite system, physical quantities are uniform:
0
of _,
ar

Substituting the distribution function (5) into the kinetic
equation (18) and integrating over the energies and momenta
of the single-particle states, we find the set of linear equations
describing the macroscopic currents.

1. Electrical current
Multiplying Eq. (18) by ev and integrating, we find the
equation for the electric current (21a):

) T
E+RHICxeB=ROJ—ﬁI,

where the coefficients Ry and R are given by Eq. (3) and the
Lorentz-force term contains the vector

_ 5f
K—eKZv?,

(30a)

(30b)

which for the distribution function (5) has the form (6).
The last term in the right-hand side of Eq. (30) is the
integrated collision integral

A ¢
I:eZvI:—T—w——.

TUS

(30c)

For more details on the integration of the collision in-
tegral and the precise expressions for the relaxation rates
see Appendix B 1. In the two-mode approximation used in
Refs. [11,19], the imbalance current was not introduced and the
rate 7,.! did not appear. The rate 7,,! was previously introduced
in Ref. [11].

In the degenerate limit, the relaxation rates 7., and 7,
vanish due to the restored Galilean invariance. Moreover, the
rate 7,,! vanishes at the Dirac point as well:

) w>»> D) (> T)— 0, 7, (n=0)=0.

Note that in the general case of energy-dependent impu-
rity scattering time 7(€), the numerical coefficients entering
Eq. (30) will change. This, however, does not yield any
qualitatively new behavior [32]. The same applies to all of
the equations derived below.

2. Energy current
The equation for the energy current can be obtained by
multiplying the kinetic equation (18) by €v and integrating
similarly to the above. As a result we find

e b4
ME+Ryj =Roy—0 - —T, 31
1E+TRpujxep 2~ (3la)
where similarly to Eq. (30c) we define
=) eI =0. (31b)

Physically, the latter equality follows from momentum
conservation and the time-reversal properties of the scattering
probability. In double-layer systems, this conclusion applies
to the intralayer collision integral only, see below.

035414-6



HYDRODYNAMICS IN GRAPHENE: LINEAR-RESPONSE ...

3. Imbalance current
The imbalance current obeys the equation (which can be
obtained by multiplying the kinetic equation by v sign(e) and
integrating over all single-particle states)

I3 e Ty
—E+RyK =eRoyP — —1", 32
X + RuK x egp = €eRyo K (32a)
where the counterpart of Eq. (30b) is [see Eq. (7)]
~ 8
R = ek vﬁ. (32b)
€
The integrated collision integral in Eq. (32) is given by
A C
1" = Z vsign(e)Z = — - , (32¢)
ety  eTg

see Appendix B 1 for details. In the degenerate limit,

1. (w>T)— 0.

C. Macroscopic equations in mesoscopic systems

In the case of relatively small, mesoscopic samples (see
below for specific conditions), we can no longer rely on trans-
lational invariance and need to determine spatial variations of
the physical quantities from Eq. (18). In other words, we need
to take into account the gradient term in the left-hand side of
the kinetic equation.

Proceeding similarly to the case of infinite systems, we
adopt the three-mode approximation (5) for the nonequi-
librium distribution function (19) and integrate the kinetic
equation. This way, we arrive at Eq. (1), which differs from
the corresponding equations for infinite systems (30), (31),
and (32) by the presence of the gradient terms in the left-hand
side, which originate from integrating the gradienttermv - V f
in Eq. (18). This yields three new macroscopic quantities,
which physically describe the flux density of the electric,
energy, and imbalance currents.

The flux density of the electric current is a tensor that
is defined similarly to the usual momentum flux density [1]
(which can be called flux density of the mass current):

Map =€) vavpf +e Y vavp(l — f) =TI + 8Tlap,

e>0 e<0
(33)
where l'[g)ﬂ) is the equilibrium tensor while &I1yg is the
inhomogeneous correction out of equilibrium.

One of the main steps in the derivation of the usual
hydrodynamics [1] is to relate higher-rank tensors, such as
[, to the hydrodynamic quantities such as the macroscopic
currents. Depending on the degree of approximation [1-3], one
obtains various expressions for the higher-rank tensors which
lead to various hydrodynamic equations, such as the Euler or
Navier-Stokes equations.

In our linear-response theory, the situation is simpler.
We already have the expression for the distribution function
in terms of the macroscopic currents and densities, see
Egs. (27), (5), and (28). All we need to do is to evaluate
the expression (33) with that distribution function. As a result,
we define the quantity IT entering Eq. (1a):

eK
8Typ = Sup—11.
T
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Similarly, we define the flux densities of the energy and
imbalance currents. Evaluating the resulting quantities with
the distribution function (28), we find

M= L(u—i— bN + c%) (34a)

e2vy

T
. 1 m T2 ﬂ2 MZ
a:—|:a—+b—<?+ﬁ +cf. (34c)
The macroscopic equations (1) are thus derived. Again,

all numerical coefficients are specific to the case of energy-
independent 7.

1 T? (7?2 P
eZVO[a/\/l+bJ\f2+cK2<3 + 2>i| (34b)

IV. MAGNETORESISTANCE OF MONOLAYER
GRAPHENE

In this section, we apply our formalism to the problem
of magnetoresistance of graphene at charge neutrality. We
show that at u =0, the three hydrodynamic modes are
strongly affected by the sample boundaries and quasiparticle
recombination, leading to strong positive magnetoresistance,
the experimentally observed effect, see Refs. [23-25,28].

A. Boundary conditions

Solutions of the finite-size problems are largely determined
by the boundary conditions. Here we consider the simplest
strip geometry: we assume that our sample has the form of
an infinite strip along the x axis, with the width W in the
perpendicular y direction. We will be interested in the effects
of the external magnetic field that we assume to be directed
along the 7 axis, i.e., perpendicular to the surface of the sample.

Since the length of the strip is assumed to be very large, all
physical quantities are independent of x. Consider the problem,
where a current is being driven through the strip. This fixes the
average current density defined as

. 1 w/2

=5 /_ W dyj(y)
As there are no contacts along the strip, the y component of
any current must vanish at y = £W/2:

Jy(EW/2) = 0, (£W/2) = P(xW/2) = 0. (35a)
Combining this argument with the continuity equation (9a)
yields

Jy =0. (35b)
Finally, charge conservation requires
W2
/ dydn(y) = 0.
W2
Our task is to find the average electric field in the strip
. 1 w/2
E=y [ dvEO),
W J_wp

and hence the sheet resistance of the sample is

R =E./j. (36)
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The electric field satisfies the Maxwell equations (8). In
particular, in our geometry, it follows from the second of the
equations (8) that the x component of the electric field is a
constant:

0E, O0E, 0 = 0E, 0
ox 9z 9z
oE, O0E, 0E,
——-—=0 = =0,
ox ay ay
or in other words
E, = E, = const. 37

B. Mesoscopic graphene sample at the Dirac point

Consider the set of equations (1) at the Dirac point. Given
the absence of the Hall effect, the charge density can be
assumed to be uniform. In this case, we find

)
E+RyK —Roj+——9 (38
FRukxen =Rod 4 55 a8
Véu e
_ R —Re—" 0. 38b
SevgTIna T vud X e =Rogry 50 (38b)
VO Rui RoP + (38¢)
- X ep = _ c
evy #J B=ero 2¢2T1,,In2

where the vectors /C and C [given in Eq. (13) above] are
vn—1( e0
K=—|—"——¢P
A0) <2T m2 ¢ ”)

eQ N> (0)
=% —eP s
2T A(0)In2 A0)
where the numerical coefficients y, and y, are given in

Egs. (13b) and (13d). The parameters Ry and R i are evaluated
at u = 0:

and

T

R, R =0)= ——, 38d

0 —~> Ro(n =0) 2T In2 (38d)

Ror = Roplt = 0) = — %8 (38¢)
— =0)=—*= .

" i decT?1n*2 ¢

The relaxation times 1,, and 7, are evaluated at the Dirac
point as well.

As we have already mentioned, in these equations, all
quantities are independent of the coordinate x along the strip,
such that du = Su(y) and 8p = dp(y). Taking into account
Eq. (35b), we notice that all the vectors in the left-hand sides
of Egs. (38b) and (38c) are directed along the y axis. Thus
we find that both the energy current and imbalance current
are orthogonal to the electric current and can be written in the
form

0=(0.), eP=(0,p). (39)

e
2T In2
Consequently, the vector /C is also pointing in the y direction.
Therefore the y component of Eq. (38a) simply reads E, = 0,
as it should be. The x component of Eq. (38a) now reads
E, +RuKy =R jx,

R, =Ro+ (40)

T
2e2T 1, In2°
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The remaining Eqgs. (38b) and (38c), as well as the corre-
sponding continuity equations (9b) and (9c) contain only y
components. The continuity equations can be rewritten as

follows:
d (q ~ (bu
il =T, %),
5(3)=-7(%)

where Su = edu/K and é;) = edp, and [cf. Eq. (9)]

o ©o T (41b)

(41a)

Ton = —

_L

A(0) no MO w

TIp Tc Trc T

Combining the continuity equations (41) with the linear
response equations (38b) and (38c), we find

1 42 q ~ = (q Ru ~ 1
—_— =T, M —E.7, , (42
621}0 dyz <p) ph R([)) + Rj x4 ph 1 ( a)
where we have excluded the y-dependent electric current using
Eq. (40). The resistance matrix M is given by

= [ Ry—8R SRy»
Mr = (—Rq — SR Ro+Ryyi + 57?,)/2)’ (42b)
where
Ry
=— -1, 42
,RjA(O)(VO ) (42¢)
Yo 4
Ry=——-—" 42d
g A0) 2¢2T 1, In2 (42d)
N> (0
"= MO 553701, (42¢)
Yo

Note that the same matrix appears in Eq. (14), if one writes
the second and the third equations (14b) and (14c) in matrix
form.

The differential equation (42a) admits a formal matrix
solution. Using the hard-wall boundary conditions (35a) and
averaging over the width of the sample, we find

—

7 tanh (£ W/2 _
(g) _ &Ex[ an/(\l,,h ) _ 1}/\47;‘ G) (43a)
p R; LaW/2

o [ ~ —~
£ph = 621107;,]1./\/173.

Now, we use the solution (43) to determine the auxiliary
quantity /C,

where

(43b)

— -1
K, =2
T A0
which we then use in Eq. (40) in order to find the resistance of
the sample:

(@ — v, (44)

R,
R= ] ~
1= SR(1 -y 2 I]MR1<1)

LyW/2

(45)

This is the final result of this section. Here, the field-dependent
resistance 'R is given in Eq. (42¢), the numerical coefficient

y, in Eq. (13d), and the matrices M and ﬁ;,i are defined by
Egs. (42b), (43b), and (41b). The qualitative behavior of the
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FIG. 1. (Color online) (Top) Magnetoresistance in graphene at
charge neutrality. The uppermost curve shows the result (17) for
a macroscopic sample. The lower curves show the result (45)
for sample widths W = 100,20,10,2 um (top to bottom). The
results are calculated for realistic values of parameters: 7 = 240K,
7' =50K, 7, =0.27, 7,, = 207. The inset illustrates the linear
magnetoresistance for W = 0.1 um. The dashed line is a guide to
the eye. (Bottom) Curvature of the above magnetoresistance in weak
fields (in units of k2 /T?) as a function of W. Green line shows the
prefactor in Eq. (17). The inset shows the region W < 1 um.

result (45) is determined by the interplay of sample geometry,
magnetic field, and electron-phonon scattering.

In the most narrow samples (formally, in the limit W — 0),
the square bracket in Eq. (45) vanishes and the resulting
resistance is independent of the magnetic field (see Fig. 1).
Physically, this happens when the electron-phonon length scale
£ given by the largest eigenvalue of the operator (43b) exceeds
the sample width, W « £.

In the widest samples, W > ERa)%trge, [here £r is the
recombination length given by the smallest eigenvalue of the
operator (43b)] the width-dependent term in Eq. (45) can be
neglected and we reproduce Eq. (17) as

—~_11 R%  « !
14+ 8R(1 — yp)My (1> = |:1 + RoR, A(O)} .
The result (17) is shown by the top curve in Fig. 1,
where we present magnetoresistance in graphene at charge
neutrality (45) for samples of different widths and for realistic
sample parameters.
In narrower samples, the magnetoresistance (45) weakens,
see Fig. 1. In classically strong fields, Ry > R ;, one finds an
intermediate regime, £ <K W <K £ Rw% T7T,., Where the system
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exhibits linear magnetoresistance:

R, W2
R~pl [ (46)
c\ T3t

The recombination length is inversely proportional to the

magnetic field £z ~ [cT/(evgB)]\/Tpi/Tee. The linear mag-
netoresistance is illustrated in the inset in Fig. 1.

V. TRANSPORT PROPERTIES OF DOUBLE-LAYER
SYSTEMS

Double-layer systems are often used to study the trans-
port properties of two-dimensional systems. In comparison
to single-layer devices, one can can study two additional
phenomena: (i) the relatively weak effect of the second
layer on the single-layer transport properties and (ii) the
strong Coulomb drag effect. The latter is due to interlayer
electron-electron scattering and is important only in the
academic case of disorder-free graphene in the degenerate
limit, where it provides the only source of resistance. In all
other cases, the effect is relatively small due to the weakness
of the interlayer interaction. On the other hand, the drag
effect in double-layer systems [16—19] is solely due to the
interlayer interaction and has no counterpart in noninteracting
systems. Given the extensive theoretical literature devoted
to Coulomb drag (see Refs. [11,19,31-33] and references
therein), here we focus on the two following issues. Firstly, we
compute the leading correction to the Fermi-liquid prediction
for the drag coefficient in the degenerate regime wu > T.
Secondly, we discuss the drag effect at charge neutrality,
where our theory provides microscopic justification to the
phenomenological treatment of the effect of giant magnetodrag
at charge neutrality given in Ref. [19].

Transport properties of double-layer systems can be
described within the same macroscopic approach to the
Boltzmann equation as we have used above in the context
of monolayer graphene. Now we introduce the system of two
coupled kinetic equations similar to Eq. (18):

0 0 0
i_{.vl.i_‘_ 6E1+Ev] XB .i
at ar c ap

8fi
= +Zu(f1) + L f1, 1),

af> afr e af2
) L2z E,+ - B =X
o1 + v 8r+(e 2+Cvz>< > ap

1)
= —% + Ir(f2) + Loi(f1, f2). 47

Now the distribution functions f; carry the layer indexi = 1,2.
The single-layer collision integrals Z;;( f;) are the same as the
ones used in the above discussion of monolayer graphene, see
Eq. (B1) and Appendix B 1 for details. The interlayer coupling
is described by the interlayer collision integrals Z;>( f1, f>) and
Io1(fi1, f2), see Appendix B 2.

A. Infinite system

Within linear response, the deviations of the distribution
functions f; from equilibrium can be described by Eq. (19).
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In an infinite system, we can still use the three-mode approx-
imation (5) for the nonequilibrium distribution functions #4;:

2v €
]’l,‘ = i B,'— Ci i . 48
T2 |:A + X, + mgn(e)] (48)

The vectors in Eq. (48) can be read off Eq. (Al), with the
self-evident addition of the layer index.

1. Macroscopic equations

Here, we would like to describe the double-layer system
similarly to the above macroscopic description of monolayer
graphene. Integrating the kinetic equations (47), we obtain the
following equations for the macroscopic currents (here i refers
to a layer, while j to the other layer):

Ei+R(If])’C,’ XeB:Rg)ji_z_Iii " z
e

———T;;
K,‘ EZK,' »

(49a)

(i) (i) » _p € T
M Ei+RHJi xeB—RO EQi_EIiw (49b)
i (i) 3= 0) T, Ty
—E, +R,;/K;, xeg=eR, Pi——I' ———T".
Ki + H B e eK,' ii EK,‘ ij

(49¢)

Here, the intralayer collision integrals Z;; and Z7; are
still described by Eqgs. (30c) and (32c), respectively, with the
obvious addition of the layer index. The interlayer collision
integrals are described in detail in Appendix B2. One can
recast them in terms of relaxation rates and rewrite the
equations (49) in the form (1). The resulting equations contain
a rather large number of terms. Therefore, below, we will
discuss the most interesting limiting cases, where they can be
significantly simplified.

2. Coulomb drag in degenerate limit

In the degenerate limit, Coulomb drag can be described be
means of the generalized Ohm’s (or Drude) equations [11]
with the phenomenological term describing interlayer friction
by means of the corresponding scattering time tp. It is well
known [32], however, that the traditional Fermi-liquid theory
of Coulomb drag is applicable only for very large densities,
far beyond the current experimental range [16—19].

Leading corrections to the Fermi-liquid results can be
described in terms of small deviations of the energy and
imbalance currents from their limiting values (10). It is
intuitively clear that the imbalance current approaches the
limiting value exponentially. In contrast, the energy current
is expected to exhibit power law corrections. These can be
demonstrated by the following arguments.

The drag measurement is performed by passing a current
J1 = jie, through one of the layers (the active layer) and
measuring the induced electric field (or voltage) in the other,
passive layer. Consider for simplicity identical, macroscopic
layers. In the degenerate regime, we may set eP; = j,
(since the deviations from this equality are exponentially
small in T/u), neglect small differences between various
interlayer relaxation rates, disregard intralayer interaction
effects, and assume interlayer thermalization that yields [see,
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e.g., Eq. (B27)]
EQz = EQl - M.
u w

As a result, the macroscopic equations have the form

Ei+RuK, xep =(Ro+Rp)ji1, (50a)
M+1 . e .
ME, + = RH11X83=R0;Q1+MR011,
(50b)
E; +RuKy xep = —Rpji, (50¢)

where Rp = n/(ez,urD) [see Eq. (B14)] is the standard drag
resistivity. The auxiliary vectors in the Lorentz terms read

. e . e
K1%J1—(—Q1—/\f1J1>, Ky~ ——Q>.
" I

Neglecting small deviations of the energy current in the
active layer from its limiting value (e/) Q1 = j1, we find the
standard drag effect (defined according to Refs. [16,19])
Es,

= Rp=—=-Rp, (51)
Ji

which is independent of the magnetic field.

In contrast, taking into account a small deviation of Q;
from its limiting value, we find that the leading correction to
Rp depends on the magnetic field:

n’T? R%Ro
2 2
6u? Ry + Ry
The same calculation also yields the Hall drag resistivity:
Es, n’T? RS
Rpp = —2 = ——F 1 (53)
J1 6u* R5+ Ry
In contrast to the traditional theories of Coulomb drag, the
above results contain contributions that do not directly depend
on any interlayer electron-electron scattering rate. Instead, this
is the effect of interlayer thermalization.
At the same time, the presence of the second layer leads to

the appearance of magnetoresistance in the first layer (which
vanishes in the limit © — 00),

0,=0

Rp=—-Rp+

(52)

T2T? R%{RO
RG> ) =Ro+ Ro+ i aatig, (59
as well as a small correction to the Hall coefficient:
72T? qu
6u> R+ Ry,
The above corrections exhibit a power-law dependence on
the small ratio 7/u. This is in contrast to the exponential
approach to the Fermi-liquid limit that was found within the
two-mode approximation in Ref. [19], as illustrated in Fig. 2.
Indeed, the phenomenological model of Ref. [19] included
the electric and imbalance currents. The latter approaches
its limiting value eP; = j; only exponentially. Hence the
exponentially small magnetodrag in doped graphene found
in Ref. [19] (in notable disagreement with experimental
data) is an artifact of neglecting the energy current in the
simplified phenomenological model. At the same time, at

Ry(u>T)=TRu — (55)
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IRpl

u

FIG. 2. (Color online) Schematic illustration of corrections to the
Fermi-liquid predictions for the drag coefficient. The blue dashed
curve represents the Fermi-liquid result Rp ~ T?/u?. The green
dotted curve represents the exponential approach to R within the
two-mode approximation that retains the electric and imbalance
currents. The red solid line shows the result (52) of the three-mode
approximation approaching the Fermi-liquid regime as a power law
inT/u.

charge neutrality, the imbalance current is proportional to
the energy current while both are orthogonal to j. Hence
the phenomenological model of Ref. [19] captures qualitative
physics at the Dirac point.

3. Macroscopic theory at the neutrality point

At the charge neutrality (or double Dirac) point, we may
consider the two layers to be identical. With the help of the
thermalization conditions (B28) and Eq. (13), we find the
following macroscopic description of an infinite double-layer
system [cf. Eq. (14)]. The first layer is described by the
equations [with the auxiliary vectors given by Eq. (13)]

E|+RylK| x ep = <R]+ )jh (56a)

2e? T‘L’vu’ 12 In2

1 1 e
“Ruj =Ry’ :
3 HJ1 X €p 0 2T1n2Q1

1 7 (7! + 1)
SRuji x en = eR('P1+ —(MTM“)

The energy and imbalance currents in the second layer are
determined by the thermalization conditions (B28). In a typical
setup for drag measurements, no electric current is allowed
to flow in the second layer. Hence the remaining equation
[cf. Eq. (56a)] simplifies to

E), + Ry, xeg =0.

(56b)

Cl. (560)

(56d)

The solution of the equations (56) is identical to that
described in Sec. II. The presence of the second layer does not
significantly change transport in the first layer, in particular,
Egs. (56) still predict positive magnetoresistance. The Hall
classical effect does not appear at charge neutrality as it
should be.

For the second layer, this theory predicts positive Coulomb
drag [defined in Eq. (51)] in agreement with qualitative
arguments of Ref. [19]. In order to explain the experimentally
observed negative drag [16,19], the theory needs to be refined
as follows: (i) the finite width W of the system should be taken
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into account; the relative parameter is W/£g, where £ is the
phonon-induced relaxation length, see Sec. IV; (ii) the above
interlayer thermalization procedure should be improved to take
into account the finite interlayer electron-electron relaxation
rate. This is outlined in Sec. V B.

B. Mesoscopic system at charge neutrality

In a mesoscopic system, we need to take into account spatial
inhomogeneity of the macroscopic currents and densities. In
this case, the nonequilibrium distribution function acquires the
additional contribution (28)

Sh; =

e [a,- + bi% s sign(e):|. (57)
Similarly to the situation in monolayer graphene, macroscopic
equations in double-layer systems acquire gradient terms. The
resulting equations contain two copies of Eq. (1) where one
has to add interlayer scattering rates from the right-hand side
of Eq. (49), two copies of continuity equations similar to
Eq. (9) where one has to include additional contributions due to
interlayer electron-electron interaction (see Appendix D), and
the Maxwell equations (8). A general solution to this system of
equations is rather convoluted. Hence here we limit ourselves
to a qualitative discussion.

Of particular interest is the drag effect at charge neutrality,
where the experiment [16,19] shows an unusually strong
dependence of Rp on the external magnetic field, i.e., giant
magnetodrag. The problem of Coulomb drag in graphene at
charge neutrality was previously addressed in Refs. [19,31]
based on a two-fluid approach. As shown in Sec. IV above,
the energy and imbalance currents in the active layer at the
neutrality point are parallel to each other and orthogonal to the
driving current Q|| P; L j;. Excluding one of these currents
from the macroscopic equations one effectively derives a
two-fluid model. Thus our theory provides a microscopic
foundation for the earlier phenomenological models. The key
point is that the currents Q and P can be transferred between
the layers by means of the interlayer interaction in contrast to
the electric current, whose transfer is forbidden by the exact
electron-hole symmetry at the Dirac point.

In the limit of infinitely fast interlayer thermalization (dis-
cussed above in Sec. V A 2) the energy and imbalance currents
in the two layers have the same direction leading to positive
drag. Taking into account finiteness of the corresponding
relaxation rates (Appendix D) refines the theory in analogy
with including viscous terms into standard hydrodynamic
theory [1,38]. The resulting theory contains four differential
equations for the energy and imbalance currents [cf. Eq. (42a)
in the single-layer case]. If the sample is wide enough (i.e., if
the width of the sample W is larger than the phonon-induced
recombination length), the energy and imbalance currents in
the two layers flow in the same direction and the system
exhibits positive drag as discussed above. On the contrary, in
narrow samples, it is the inhomogeneous energy and imbalance
densities in the two layers that coincide, pushing the currents
in the opposite directions and yielding negative drag [19,31].
Similarly to the discussion in Sec. IV, the magnetic field
dependence of the result is quadratic in weak fields and linear
in classically strong fields.
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VI. SUMMARY

We have developed a macroscopic (hydrodynamic-like)
description of electronic transport in graphene. Our approach
is based on the “three-mode” ansatz for the nonequilibrium
distribution function in graphene. This ansatz is justified in
the interaction-dominated regime by the collinear scattering
singularity in the collision integral. Under such assumptions,
transport properties of graphene can be described in terms of
the three macroscopic currents, j, P, and Q. In small, meso-
scopic samples physical properties become inhomogeneous
and we need to introduce the inhomogeneous corrections to
the corresponding charge, energy, and imbalance densities. In
that case, the complete set of macroscopic equations includes
three equations (1) for the currents, which can be viewed as the
generalization of the Ohm’s law, three continuity equations,
and the Maxwell equations, describing the self-consistent
electromagnetic field.

Solving the macroscopic equations, one can find tempera-
ture, density, and geometry (i.e. the system size) dependence of
transport coefficients. For general doping, this is a formidable
computational task. However, far away from charge neutrality
(in the degenerate or “Fermi-liquid” regime) all the three
currents become equivalent and the theory reduces to the
single-mode equation (11) with the Drude transport coeffi-
cients (12) as it should, given that no quantum interference
processes were taken into account.

Exactly at the Dirac point, the theory simplifies as well and
allows for analytic solutions. We have shown that graphene
at charge neutrality exhibits strong positive magnetoresis-
tance (45). Specifically, the resistance behaves quadratically
in not too strong fields, Eq. (17), and crosses over to the
linear dependence (46) once the field increases beyond a
certain value determined by the sample width and quasiparticle
recombination rate due to electron-phonon interaction, see
Fig. 1.

Strong positive magnetoresistance in graphene was ob-
served in Refs. [23-25,28] at charge neutrality. Our results

J
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qualitatively agree with the experimental data. As seen in
Fig. 1, our theory explains well the increase of resistivity in the
range SR/R ~ 0.1-1 at B ~ 1 T, as observed in experiments.
Itis worth emphasizing that we are considering a homogeneous
sample, with a spatially constant concentration of impurities.
Thus the mechanism of strong positive magnetoresistance
analyzed in this work is essentially different from that
based on an assumption of macroscopic inhomogeneities that
were discussed as a possible source of magnetoresistance in
Refs. [23,24]. Further experimental studies of magnetore-
sistance in high-mobility graphene samples (including the
dependence on the sample width) would be of great interest.

In double-layer systems, our theory provides the mi-
croscopic justification of the phenomenological treatment
of the giant magnetodrag problem suggested in Ref. [19].
The three-mode ansatz allows for more precise quantitative
description of the effect. In particular, we have calculated
the leading correction to the Fermi-liquid prediction for the
drag coefficient in doped graphene. Physically, the resulting
magnetodrag (52), as well as Hall drag (53) is due to interlayer
thermalization. Treating all three modes on equal footing
allows us to remove the artifacts of two-mode approximations,
see Fig. 2.

In this paper, we have limited ourselves to linear-response
theory. A generalization of our approach to nonlinear hy-
drodynamics in graphene will be reported in a subsequent
publication [38].
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APPENDIX A: NONEQUILIBRIUM DISTRIBUTION FUNCTION IN THE THREE-MODE APPROXIMATION

In this Appendix, we give the complete expression for the nonequilibrium distribution function /# in monolayer graphene in

terms of the three macroscopic currents (21) and densities (25):

h= eu§;u§ [A+ B% + Csign(e)], (Ala)
A=j+ %Q;NI"[N] - ’g(”; ’;—z)} it & [Nz% —MIT{—ZZ(%ZM;—D] (Alb)
o= B[R (5 ) g TR e w19
Sh = el |:a~|— b% + csign(e)j|, (A2a)
o = on+ K _AN“S” [/\/1 - “KT; (%2 ’;—z)} + W[M% —M;—i(%z + ‘;—2)} (A2b)
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<8u — Nidn [ 2 edp—Lon[T? (72 P n
=& (= —-1 —fE (=t =) -NM=, A2
A <K2 )+ A [K2<3+T2> 'K (A2¢)
Lou —Nién[T? (n? 2 esp — £én
k(L ME |+ 2B 62— A2d
‘ _ [1<2<3+T2> 1 } ), (A2d)
where N is a dimensionless quantity proportional to the carrier density in graphene:
o0 3f(0)
no = / dev(e)Lf V(e ) — e 0)l, Ze( - a—) =2np, 219 = Nvop = NiwoK. (A3a)
—o0 €

This dimensionless function depends only on the ratio x = /T and has the following asymptotic behavior:

2 X 4 x&kl, 2o ), x
Nx) ~ { 611122 Ni(x) ~ :mz( 24211n2 ) (A3b)
I+5+..., x> 1, 1+35+..., x> 1
Similarly, the dimensionless quantity N, represents a similar sum:
9¢(3) 9¢(3) )2
No(x) = . < 3f(o)> ~ ] 82 + e 2(1 7_ 161n22)x A ’ (Ad)
vk 1+ %, x> 1
and the dimensionless quantity A is
T2 (72 2 2 —1.13025 4 0.9348x*, x <1
=[_2(—+“2> ME ] +(/\f2—/\/f)<“—2—1)m . : (AS)
K 3 T K _3x_3€ xy X >> l
APPENDIX B: RELAXATION RATES DUE TO ELECTRON-ELECTRON INTERACTION
1. Monolayer graphene
Within linear response, the collision integral in Eq. (18) can be linearized with the help of Eq. (19) as follows:
I= W fOA8%(1 = £P)(1 = A7) + hy = hy = ho). (B1)

11,2

a. Collision term in the equation for the electric current

Following the usual steps involving introduction of transferred energy @ and momentum ¢, we find for the integrated collision
integral Eq. (30c) appearing in the equations (30) for the electric current,

d*qdo |U(q,0)|” 3 ( —u 61+w—u>
7Z=-— 2)° |\ 8(e; — €] + w)8 + tanh —tanh —
any Smhz(w/mﬂ ) [how[*8(er — €] + )3(p1 — pi + @)
€ — U €—w— U
— )27 Ao |?8(e2 — € — w)8(p2 — py — q)| tanh — tanh hy+hy—hi—hy). (B2
X Y (03 = 05)27) Aoy [*8(e2 — € — 0)8(p2 — ph q)( anh —_— — tanh ———_ >(1+2 1—hy). (B2)

2,2

Here, |A,y|? are the “Dirac factors.”
Taking into account the explicit form of the distribution function (5), summations over states 1,1” and 2,2’ factorize.
Consequently, one can evaluate them separately. The resulting expressions can be denoted as follows:

/ / € — U € +w— 2
(2;1)3; o *8(e1 — €] + @)3(p1 — P} +q>(tanh ‘2T — tanh — 7 ) = Yoo(q.0), (B3a)
€1— 1 € +o—u q
@)} ;(vg — 0|y ?8(e — €] + )8(p1 — P, +q)<tanh 12T — tanh 7 )= gvgYOA(q,a)), (B3b)
, , €1— €1+ w—
)} Z(v’lsgneg — v;5gn€]) | Ay |28(e] — €] + w)s(py — p,+q)(tanh : M—tanh : ,u) = ngYoc(q,a)), (B3c)
" 2T 2T q
/ ’ ’ - + -
(271)3 Z (vi"‘ — v?‘)(vl’s — v’f)|)\w/|28(el — €]+ w)d(p1 — p; +q)<tanh QK tanh 2#)
11
o, B
qq
= —2U§YAA(¢1,0))7 (B3d)
q
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/ €1 — € + w —
n)? Z (v — v‘f)(vlﬁsgnei — vfsgn61)|)\,,,,f|28(el — €+ w)d(pr—p| + q)(tanh '~ H _ tanh 12—Tli>
IRE
o, B
= qqg v;Yac(q.). (B3e)

All of thus defined functions Y;;(q,w) obey the trivial symmetry property
Yij(q,0) = =Yij(—q, — ). (B4)

Since the collision integral Z has the dimension of inverse time, it is convenient to introduce the transport scattering times
due to Coulomb interaction. Given the multitude of terms in the kinetic equation, we choose to define several interaction-related
time scales. In the current equation, two such time scales appear (if the arguments of Y;(g,w) have their standard form we omit
them for brevity):

1 1 e dzqda) |U(q,a))|2

— = —(YooYusa — Y%,), where = B5

Tow vo( wYas = Yo) 32T ] (@2n) sinh®(w/2T) )
1 1
— = —(YooYac — YoaYoc). (B6)
Tos Vo

Both time scales rv’vl and rv’xl vanish in the Fermi-liquid limit (physically, due to the restored Galilean invariance). On the other
hand, at charge neutrality tv’sl = 0, since

Yoa(uw = 0) = Yac(u =0) =0, B7)

while 7,.! remains finite. Using the above relaxation rates, we can write the integrated collision integral in equation (30) in the
form (30c¢).

b. Collision term in the equation for the imbalance current

Treating the collision integral in Eq. (32) in the same way as Eq. (B2) above, we find

1 [ d’qdo |U(q.0)
T'=-3 ’ 270)} Ay |?8(e1 — €] + w)8(p1 — P + tanh
32) @n) sinh(w)2T) ;( Y [how P81 — €] + @)3(p1 — P} + )

€ — U

2T

€& — 1 ©Q—w—u
X vosgnes — v5senel) (2 )> Ay |28(er — €5 — w)8(py — Py — tanh —tanh ———
zzz;(zg 2 — V3sgneb)27)* Aoy 128(e2 — €5 — 0)8(p2 — pb — q) 7 o

X (hy + hy —hy — hy). (B8)
Following the same line of argument as in the previous appendix, we introduce another time scale:
1 1 )
— = —(YooYec — Yoe), (B9)
Tss Vo
where we had to introduce another quantity Y¢¢ similarly to Eq. (B3):

@)y Y (vi*sgne) — visgn e) (v 'sgne; — vsgner) how |’
L1

, €1 — 1 e t+o—pn\ _ q°q*
x8(€; — €] + w)d(py — p| + q)<tanh T tanh T ) = po vf,ch(q,a)). (B10)
As aresult, the integrated collision term (B8) takes the form (32c).
2. Double-layer system
a. Collision term in the equation for the electric current

The integrated interlayer collision integral has the form, similar to Eq. (B2),

e [d’qdo |Un(g.0) 3 2 €1 — U2 €1+ w—
Tp=—— 27) | Ayy |78(e1 — €] S(p1 — P’ tanh — tanh ——————

2= "5 | Gy simnwyar 22 e FOE — € 031 = pi 4 ) 2T

11

YT e 28(er — € — )8 o t hfz—Ml_t héz—w—m
x ;(vz v)Q7) [how 8(e2 — € = @)8(p2 — P, — )| tanh == — tanh ————
X (ho, i +hip —ho1 — hyp). (B11)
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The chemical potentials and the nonequilibrium distribution functions carry the layer index (i.e., s, ; stands for the distribution
function in layer 2 describing the state 1) and the potential U1,(q,w) describes interlayer interaction.

Consequently, the auxiliary functions (B3) as well as the densities of states, will now also acquire the layer index. This leads
to a larger number of decay rates in comparison to 7., and 7,"!. Since most of them vanish at the Dirac point, we express the
collision integral (B11) as follows:

e Dy 2 e Dy 2 ev Dy 2
Ti =~ A GV + A v - B f arn)
Vo1 Vo2 Vo1 K

ev e e
+B e pariv - e S drieny e fr. 312
Vo2 K> Vo1 Vo2
where
1 d*qdw |U ,w)|?
yg.”:_ CIG)|. 122(qw)| (B13)
32T J (2n)® sinh®*(w/2T)

The first two terms are familiar from the standard theory of Coulomb drag [32]; the usual “drag rate” 7, !is given by

1 e
—=— YY2. (B14)
D Vo2

In the degenerate regime, the relaxation rates in the first two terms become identical. The traditional theory is then recovered by
taking into account interlayer thermalization, see below.
At the neutrality point, this expression simplifies significantly. Indeed, taking into account Eq. (B7), we find

A

9
Tov,12

e
Tio(uy =M2=0)=—Alv—0¢.YAAY00=— (B15)

where the layer indices can be omitted since at the neutrality point the layers are identical to each other. The new relaxation rate
1/7...12 differs from Eq. (B5) insofar it reflects the interlayer interaction potential U,(q,w).

b. Collision term in the equation for the energy current

The equation for the energy current is obtained by multiplying the kinetic equation by e v and integrating over all states. Then,
similarly to Eq. (B11), we find

1 [ d’qdo |Un(g.») 3. ( €1 — €l +w—uz)
= —— 27) | Ay |“8(€1 — €] + w)8(p, — p’ + tanh —tanh —=
12 32/ Q7Y sinh’(w/2T) ;( VPhowlPoter =€ 4 @)d(pr = pi+4) 2T
€ — U € —w— [
X vy — €505)27) |hyw |28(e2 — €, — w)8(p2 — Pl — tanh — tanh ————
;}ez 2 — V2T Aoy [8(62 — € — )8(p2 — ph — ) 7 o7
X (ho,v +hyy — hay — hyp), (B16)
where (due to momentum conservation)
€207 — €405 = véz,q. (B17)

In contrast to monolayer graphene [see Eq. (31b)], the integrated collision integral in the double-layer system does not vanish.
Similarly to Eq. (B12), we find

2
v Dy v D@ v D@

T), = _Al_gﬁqYéA)Yéo) +A2iquéO)YéA) - B —= %‘12Y(§0)Yéo)
Vo1 Vo2 vo1 K

2

v Dy (2 v 2 v 2

+B,—% fqznggyg; —C £ 7{ qYs Yy +C =< f qY Y, (B18)
v K> Vol Vo2

At the neutrality point, the first two terms vanish [similarly to Eq. (B15)]:
v

T =p2=0)=—(B; — Bz)voK(O)

v
yngYooYoo —(C — Cz)v—g 75 qYocYoo. (B19)
0
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c. Collision term in the equation for the imbalance current

The integrated interlayer collision integral in the equation for the imbalance current takes the form

1 [ d’qdo |Un(q.0) €1 — U2 €1+ w—
= - . 270) | how |*8(€1 — €] S(p1 — p' tanh — tanh —————
=73 / Q1) sinhX(w)2T) ;( S0 =€+ @)dpr = P+ a) 2T

. . € — U1 € —w— U]
X v — v N | Apw |?8(€2 — €, — 0)8(p2 — Py — tanh — tanh
;;[ 25ign(ez) — vysign(e)1(27) o |*8(es — € — @)3(p2 — ph q)( anh ———— — tanh ———_ )
X (ho, v +h1o —hay — hip). (B20)
Similarly to Eqgs. (B12) and (B18), we can rewrite Eq. (B20) as follows:
/ ! M) @) ! 1)y @) v 1)y )
I/lzz_Al_ngAcYOO + A — Yoc You -Bi—— qYoc Yoo
Vo Vo2 vo1 K
v 1 1
4B, fqyggygg —e L 7§ yOy® e, L ?{ YOy®. (B21)
Vo2 K7 Vo1 Vo2
At the neutrality point, the above expression simplifies and takes the form
y v 1 1
Ty = pa = 0) = —(By — By)—= %CIYOCYOO -Ci— f YecYoo + Co— % YocYoc. (B22)
UQK(O) Vo Vo
d. Interlayer thermalization
The integrated collision integrals (B18) and (B21) contain formally diverging expressions
2y (D y(2) @)y () @) v () Dy, ()
%‘1 Yoo Yoo » %QYOCYO{J ) ?g YeeYor's ?g Yoc Yoc -
The divergence stems from the fact that each of the functions Yéf)), Yég, and Yé’é diverge as |w| — v,q:
i —1/2 i i —1/2
Yéo) l0d |a)2 — vngy / , Y(gc)(la)| > vgq),Yéé(|a)| > Veq) X (a)2 — vf,qz) / .
The diverging part can be separated with the help of the following relations:
i lol| S
Y (o] > veq) = 2EY(§(}(|¢0| > 0,q) + Y2(j0| > v,q), (B23)
4
) @ 0]
Yee(lol > veq) = 41)26]2 Yoo (o] > veq) + Yeo(lo| > v,eq), (B24)
g

where the new functions 1762 and Y, gé vanish at |w| = v,q. Then the collision integral (B18) takes the form
v Dy, v Dy Q2 v Dy,
T, = _Alv—m{qy(;;y(gg + Azr;7§qY50)Y5A) — clv—;fqyggyg(])eqw < V,q)
v Sy, v Dy, @2 >70)
—clv—; j£ gV Y0 0(|o| > veq) + c2v—(i[fqy(§0)y(§ge(|w| < v,q) + y§ qY5 Ye26(lw| > vgq):|

v2 v2 1 1
—<B1 £ B, >F0—<Cl——cz—>F2, (B25)

Vo1 K v K> Vol Vo2

where the last line contains the diverging integrals
Ty = fqzngyygga r, = 2y§ 0| Y S YD 00| > v,q). (B26)

The terms with these diverging rates should be excluded from the hydrodynamic equations, which reduces the number
of independent macroscopic currents. In order to do so, one has to solve the system of equations (49) for the combinations
Blvg/(val) — Bzvg(vosz) and C;/vg; — Ca2/vp; keeping the rates I'; and then take the limit I'; — oco. This yields the
interlayer thermalization conditions

B /(o1 K1) = B2/(v2K2),  Ci/vor = Ca/vpa. (B27)
At the neutrality point, these conditions simplify to

Bi(u1 =0) = Ba(ua =0), Ci(ur =0) = Ca(uz =0). (B28)

035414-16



HYDRODYNAMICS IN GRAPHENE: LINEAR-RESPONSE ... PHYSICAL REVIEW B 91, 035414 (2015)

Now the number of independent currents and correspondingly the number of macroscopic equations is reduced from six to four.
All terms that do not contain the diverging rates I'; can be straightforwardly simplified using Eqs (B27). More care is needed
when treating the contributions of the collision integrals (B25) and (B21) where one needs to find the limiting value of the
expressions containing I';. As a result, we find the thermalized equations (50) and (56). The latter equations also contain the
relaxation rate 7 12 iS given by

|l

_ 1 1 ~ ~ ~
Tm,llz =% % (YooYce — Yo )B(lo] < veq) + V_o% (YOOYCC —Yi- +4 Y00Y0c>9(|60| > V,q), (B29)

Veq

appearing from the nondiverging difference between the last two terms in Eq. (B22).

APPENDIX C: RELAXATION RATES DUE TO ELECTRON-PHONON INTERACTION

1. Electron-phonon collision integral

Consider the standard form of electron-phonon collision integral. In graphene, it has the following form [1,39-45]:

Tepn = Y LAl = HIWin2 — Al — filWas), (Cla)
1

where
Wi, =2m Z |horos P Wy [(1 + N )S(p2 — p1 + @)8(€2 — €1 + w,) + N,8(pa — p1 — q)8(e2 — €1 — w,)]. (Clb)
q

Here, N, is the phonon distribution function, w, is the phonon dispersion, and W, is the transition matrix element squared.
For acoustic phonons [41],

D2q2
200,

q

where D is the screened deformation potential and p,, is the mass density of graphene. At the same time, in graphene, inelastic
relaxation may occur through a combined scattering process involving both a phonon and an impurity [45]. Other possibilities
include two-phonon scattering and phonon-induced intervalley scattering. For these processes, the matrix element is more
involved.

We now linearize the collision integral (C1) in the standard fashion [1] using Eq. (27) and a similar form of the nonequilibrium
correction to the phonon distribution function:

©
3Nq

Wq

Ny =N +8N,, 8N, =NO(1+ND)x =-T X-

Consider the first term in Eq. (C1b). The same § functions appear also in the second term in Eq. (C1) describing the reverse
process. Combining the two, one finds the following combination of distribution functions:

fii —h N )
1—fi 1=f1+N,)

It is straightforward to check that the expression in square brackets vanishes in equilibrium. Linearization yields [the
nonequilibrium correction (5) contains the velocity and thus does not contribute to the relaxation rates]:

A= )0+ Ny = fol = fONg ~ fO(1 = £7) (1 + NO)Shy — 8hy — x,). (€2)

The combination of the equilibrium distribution functions in Eq. (C2) can be further simplified as

Sil = f)A + Ny) — (0 — fON, =1 — f)d = )0 + Nq)(

) (0) 0) d N;O) ) (0)
1(1_2)(1+Nq)=_T_w (1 —2)-
q

Finally, one may write the linearized electron-phonon collision integral as a sum of the electron and phonon parts [following
Eq. (C2)]:

z-e—ph =7, + Ipha (C3a)

where the electronic part is given by

b4 /4
I, =— — Mo P[8(p2 — p1 + @)8(e2 — €1 + @) — 8(p2 — p1 — @)8(e2 — €1 —
4;sinh2(wq/m;| 1 P8(p2 = p1+ @)3(e2 — €1+ ) = 8(p2 = p1 — 3ler — €1 — w,)]

€y — €1 —
x (tanh 22T“ — tanh ‘QT“ >(8h, — Shy). (C3b)
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In this paper, we consider the phonon system to be at equilibrium and therefore neglect the phonon part of the collision
integral. This means that all backaction effects, such as phonon drag, are neglected. For some physical processes, most notably,
thermoelectric effects, such processes might be important. Then one has to consider the phonon kinetic equation on equal footing
with Eq. (18).

2. Energy relaxation rates

The relaxation rates are obtained by integrating the collision integral (C3). The “energy” continuity equation is obtained by
multiplying the kinetic equation by € and integrating over all states. The corresponding integrated collision integral has the form

b4 W,
XZ:Ezze =7 Z m Z€2| w0 2[8(p2 — p1 + @)8(e2 — €1 + wy) — 8(p2 — p1 — q)8(e2 — €1 — w,)]
€ — €1 — M
X (tanh — tanh )((Shl — &hy). (C4)
The difference between the nonequilibrium distribution functions reads
1

8hy —8hy =

b2 4 c[sign(e;) — sign(e)]
el X c[sign(e;) — sign(e)] ¢.

Consequently, we can define two relaxation rates:

Zezzez—iJr . (C5)

Specifically, at the neutrality point, we can use Eq. (29) and express the integrated collision integral in terms of the energy and

imbalance densities:
1 72 1 esp [N (0 72 1
Zez e = > —— <—+— 2 _>_ ;0|: 2()+ 2 _] (C6)
KA(O) Tgp  12In°2 Tge AQO) | Tge 121n* 2 tgp

3. Imbalance relaxation rates

Similarly, we find the imbalance relaxation rates. The corresponding integrated collision integral has the form

. b2 W, € — U €1 — M)
sign(e;)Z, = _ sign(€z)| Ay, y tanh — tanh
22: gn(€)le =5 Z sinh®(w, /2T) 4 Z gne2)lhus,| ( 2T 2T

X [8(pz — P11+ q)(e2 — €1 +wy) —8(p2 — p1 — q)8(e2 — €1 — wy)|(8hy — 8hy). ()]

Clearly, only interband scattering processes contribute to this collision integral (unlike the case of the energy relaxation, where
both inter and intraband processes have to be taken into account).
For general doping, we define the following relaxation rates:

b
>osign(@) = — — =, 1) = Tke. (C8)
> Tib

Tic

At the neutrality point, this yields

2 2
edu ( 1 b4 L) n edp |:./\/2(0) L+ T i:| (9)

_t — .
KAO)\ 1, 12In22 1/, A(0) 121022 15

> sign(en)Z, = —
2

Combining the above electron-phonon collision integrals into the two continuity equations for the energy and imbalance
densities, we find Eq. (41), where the matrix matrix elements of 7, combine the above relaxation rates. The rates 7 and 7,.'
are determined by the interband scattering processes in contrast to the rate rg}}, which contains contribution of the intraband
processes as well. Therefore

Tep K Tge < Ty, (C10)

such that the matrix 7,, has two positive eigenvalues as it should.

APPENDIX D: CONTINUITY EQUATIONS IN DOUBLE-LAYER SYSTEMS

The electron-electron interaction does not contribute to the continuity equations in monolayer graphene (9) due to the
conservation laws. In double-layer systems, only the electric charge is conserved leaving the corresponding continuity equation
trivial [cf. Eq. (9a)], while the quasiparticle energy and imbalance are affected by interlayer scattering.
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1. Energy relaxation due to electron-electron interaction

The continuity equation for energy is obtained by multiplying the kinetic equation by € and integrating over all states.
Integrating the collision integral that describes interlayer electron-electron interaction, we find [cf. Eq. (B16)]

1 [ d*qdw |Up(q.0)f € — 2 €4+ — u
Th=—% : 270) | how I78(€1 — €] + @)8(p1 — P + tanh — tanh ———=
2775 | @np sinh(w)27T) ;( ko€ = €+ w)d(pr = Py +q) 2T 2T
€ — Ui € —w— WU
— N2 )} | |*8(e2 — €, — w)8(p2 — Py — tanh ——— — tanh ———
x ;(62 )27) |hvy[*3(e2 — € — @)3(p2 — P q)( anh == — tanh ——— )
X (8ha, v + 8h1y — 8hay — Shi ). (D1)
Using the explicit form of the distribution function (28) and energy conservation, we find
Shay — 6h b, T | ey (sign(e]) — sign(e1)) L 16,2 + cysign()
;- = - = — w) |,
2,1 2,1 evonT 2 K 2(s1gn(€; gn(€; vonT 2K2 281g

and similarly for the first layer. As a result

by by )% 20y @ <°1 c2)7§ e
eZ’=—( — 2 VdorOy® (L Z2) oy Dy ®. (D2)
12 Voi Kl VOZKZ 00 ~ 00 ™ Voo 00 *00

2. Imbalance relaxation due to electron-electron interaction

Similarly to the previous section, we find the contribution of electron-electron interaction to the continuity equation for
quasiparticle imbalance [cf. Eq. (B20)]:

, 1 fd%zdw 1U12(q,0)?
27 32 ) @n)3 sinh¥(w/27)

’ ’ €1 — U2 € +w— U
;(2n)3|kvv/|28(61 — €, +w)d(p1 — p, +q)<tanh 12T — tanh IT)

. . , € — U € —w— N
x Y [sign(es) — sign(e))1(27)* Aoy [*8(e2 — € — )8(pa — p) — q)(tanh 22T ! _ tanh %)
2,2

X ((Shz,]/ -+ (Sh]’z/ — (Shz,] - (Shl,z). (D3)

Using the explicit form of the distribution function (28) and energy conservation, we find

by b, ) D, (2 C1 (%) Dy Q2
12 Vol Kl Vo2 Kz 00 ©00 Vo Vo 00 “00

3. Thermalization in finite-size samples

The collision integrals (D2) and (D4) contain formally diverging expressions [similar to Egs. (B26)]:

Dy @2 Dy, D+,
fszéo)Yéo), f|w|y(§o)y(§o)’ fYéo)Yéo). (D5)

If one assumes equal strength of intra and interlayer Coulomb interaction, then one needs to perform the interlayer
thermalization procedure described in Appendix B2d. In finite-size systems, this procedure has to include the continuity equations
containing the formally diverging terms (D5). Since the macroscopic equations contain gradient terms, the resulting hydrodynamic
equations will now contain gradients of the driving current jy(y).

On the other hand, at the phenomenological level, one may assume the interlayer interaction to be weaker than the intralayer
interaction. In that case, the latter is responsible for forming the hydrodynamic modes, while the former [where the terms (D5)
are treated as finite] play the role of additional relaxation rates. This way one obtains the phenomenological model of Ref. [19],
which qualitatively captures the essential physics of the system.
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