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Hydrodynamics of charged two-dimensional Dirac systems. I. Thermoelectric transport
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In this paper we study thermoelectric transport in interacting two-dimensional Dirac-type systems using
a phenomenological Boltzmann approach. We consider a setup that can accommodate electrons, holes, and
collective modes. In the first part of the paper we consider the electron-hole hydrodynamics, a model that is
popular in the context of graphene, and its transport properties. In a second part, we propose a unique type
of hydrodynamics. In that setup, the “fluid” consists of electrons, holes, and plasmons. We study its transport
properties, especially the thermoelectric behavior. The results of this part can also be adapted to the study of a
fluid consisting of electrons and phonons. This paper is accompanied by a technical paper [K. Pongsangangan
et al., Phys. Rev. B 106, 205127 (2022)], in which we give a detailed derivation of the Boltzmann equations and

the encoded conservation laws.
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I. INTRODUCTION

Hydrodynamic behavior of interacting electrons in solid-
state systems has received a renewal of interest in recent
years. This came from theorists and experimentalists alike, but
was mostly driven by an increasing number of experimental
observations on a broad range of materials [1-3]. The prime
representative in terms of materials has been graphene and
to a lesser extent bilayer graphene [4]. Although the physical
conditions required for observing hydrodynamic behavior of
electrons are demanding, the advancement in synthesizing
nearly clean graphene sheets encapsulated in boron nitride
[5] allowed the community to explore several electron hydro-
dynamic phenomena over the past few years [6—11]. Aside
from being superclean with very little disorder scattering, the
concentration of phonons is also suppressed in those devices.
Consequently, the usual momentum relaxation of electrons by
means of collisions with impurities and phonons becomes less
frequent. As a result, electron-electron collisions which con-
serve total charge density, total momentum density, and total
energy density can become the dominant relaxational process
[12-16]. If that is the case, the dynamics of the electrons can
be described by the hydrodynamic transport theory of a typical
fluid [17-21].

There is a different set of systems, that has been discussed
recently. It uses phonons to its advantage: instead of destroy-
ing the hydrodynamic behavior, it is proposed that, when the
electron-phonon collision is the dominant scattering process
and phonons cannot relax momentum in the lattice or from
higher-order scattering, electrons and phonons transfer their
momentum between each other and form a single strongly
coupled fluid that can again be described by a hydrodynamic
theory. This electron-phonon hydrodynamics reveals unique
transport properties which are different from the electron hy-
drodynamics; for example, in the temperature dependence of
thermoelectric conductivities [22—-24].
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Collective oscillations of particles about their equilibrium
position, like phonons, are ubiquitous phenomena in solid-
state systems [25]. In addition to phonons that arise from
lattice oscillations, there are also emergent collective excita-
tions in interacting-electron systems, for example, plasmons
and/or magnons. This naturally leads to a question: Can ex-
otic hydrodynamics arise also from a combined system of
electrons and their collective modes? These excitations are
bosonic in nature. So, in thermal equilibrium, they obey the
Bose-Einstein distribution. Furthermore, they have no obvious
innate relaxation mechanism, unlike phonons, which have the
lattice. The interplay between the collective modes and the
electrons may give rise to rich effects in transport phenomena.
One such example is the interplay between magnons and
itinerant electrons in metallic magnetic heterostructures that
have been studied in the context of spintronics [26]. Here, we
focus on plasmons.

The problem of interactions between electrons and plas-
mons was put forth by a series of seminal works by Bohm
and Pines in the 1960s [27-31]. Recently, some of us revisited
this problem; we presented and solved the kinetic theory for a
coupled system of electrons and plasmons in two-dimensional
interacting Dirac electrons. In particular, it was shown that
in heat-transport probes, plasmons make a direct contribution
that can potentially be of the same order of magnitude as the
electronic contributions [32].

In this paper, we theoretically investigate the full ther-
moelectric transport properties of an interacting system of
electrons and a collective mode that are coupled via per-
fect drag in the hydrodynamic limit. We use an approach
based on a Boltzmann transport equation with a relaxation-
time approximation. We treat electrons and bosons on an
equal footing and discuss the hydrodynamic behavior of
the combined system. While being particularly interested
in the hydrodynamics of the coupled system of electrons
and plasmons, we develop a theory that can be applied
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straightforwardly to any hybrid system of electrons, holes, and
bosons.

The organization of the paper is as follows. In Sec. II we
introduce the general framework that allows us to treat both an
electron-hole system and a system of electrons and holes that
are drag coupled to a bosonic mode. The approach is based
on a Boltzmann equation and we discuss all the conservation
laws of the underlying system. We also introduce a suitable
relaxation-time approximation which allows to “fake” a full
numerical solution of the Boltzmann equations by virtue of
respecting all the underlying conservation laws. In Sec. III A
we discuss the electron-hole plasma. This section is particu-
larly important for the study of weakly interacting graphene
close to the Dirac point. We study its thermoelectric response
in Sec. III A1 with a special eye on the Wiedemann-Franz
ratio [33]. We proceed to study the collective excitation of the
charged electron-hole plasma taking into account the coupling
to the classical Coulomb interaction in Sec. III B. In particu-
lar, we recover the plasmon dispersion that can be obtained
from a more formal approach, the random-phase approxima-
tion (RPA). There is a second part of the paper, in which
we discuss a scenario for hydrodynamics, which consists of
electrons, holes, and plasmons. This scenario is particularly
relevant to graphene but in principle also extends to other
superclean two-dimensional electronic systems. We first dis-
cuss the theoretical setup in Sec. III C 1 and then proceed to
study the thermoelectric response of the drag-coupled fluid in
Sec. III C 2. This part constitutes the main result of this paper.
It can be easily adapted; for example, to describe the thermo-
electric response of a strongly drag-coupled electron-phonon
liquid, which has recently been discussed in the literature
[22-24]. We finish the paper with a conclusion and an outlook
in Sec. IV.

II. FORMALISM

Throughout this work, we use a phenomenological version
of the Boltzmann-equation approach. We use it to calculate
the thermoelectric response within two scenarios: (i) a two-
band system with electrons and holes interacting with each
other and (ii) an interacting system of electrons and holes in
combination with a collective mode.

We consider an electronic two-band system consisting of
conduction and valence electrons with their bands touching at
isolated points in the Brillouin zone, as depicted schematically
in Fig. 1. We assume that the valence band is completely
filled and the conduction band is completely empty when the
system is undoped. In that case, the Fermi energy is located at
the touching point. Hereafter, we refer to this as the charge-
neutrality point and the chemical potential at this point is set
to zero for convenience, i.e., u = 0. Furthermore, we assume
particle-hole symmetry and rotational invariance around this
point, i.e., e+(lz) = —e,(%). An excitation of the type e+(lz) is
henceforth referred to as “electron” whereas e,(lz) is called a
“hole,” as will become more clear below.

In addition, we have a bosonic mode associated with
collective oscillations with a dispersion relation a)(l;). The
collective mode can be a lattice excitation like a phonon or an

excitation of the underlying electronic system, for instance, a
plasmon and/or a spin wave. We assume that both the electron
and boson are long lived, meaning their distribution func-
tions are well defined. The central objects in the Boltzmann
theory are these distribution functions. In equilibrium, the
distribution functions for the original electrons reduce to the
Fermi-Dirac distribution

FOes (k) = , (1)

lex ()=
e BT 41
where kg is the Boltzmann constant and u is the chemical
potential. The boson distribution function assumes the form

of the Planck or Bose-Einstein distribution

P = ——
e’ — 1
in equilibrium. A subtle point for the analysis of our model
is that the two-band system is unbounded from below. This
implies that the number of particles in the filled band is in-
finite, which would lead to a divergence in any calculations
of physical observables. In order to circumvent this difficulty,
we subtract “1” from the hole distribution function which
amounts to subtracting the filled lower band and ensures that
we can refrain from using a cutoff. We introduce the notation
f+(lz) = f(e+(lz)) for the electrons, f_ (12) = f(e,(l;)) — 1 for
the holes. In turn, in thermal equilibrium, we find

(@)

i) ==+ 3)

ez B)—p] ’
e T 41
In general, the distribution functions, denoted by fi (X, 12, 1)
and b(%, K, 1), vary in space and time. They give the probabil-
ity density that a particle is found in a phase-space volume
element around the phase-space point (X, k) at time 7. The
time evolution of the distribution functions is governed by

R —

e_(k

q > €+(E)
| M
0

FIG. 1. Generic two-band system. We assume that there is an
electron band (+) and a hole band (—) that touch in isolated points
in the Brilllouin zone. Additionally, in our analysis we allow for a
chemical potential w that can be tuned into either band.
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a coupled system of Boltzmann equations:

- -

Ufr(E K 1)+ e (R K 1) - e fr (R k1)

-

— drer (F k1) - B fr (R K 1) = C 4+ CM 4 C8 + O,

>

O f (R Kk, 1) + Ope (R, K, 1) - e f (R, K, 1) — Oge (R, K, 1) - 9 f- (R, k, 1) = CM + C" + "+ C%,
b, k1) + o, K, 1) 0:bF, k, 1) — do@E, K, 1) - bR, k, 1) = C5 + " + C" 4 CP. (4)

We use 71 = kg = 1 here and throughout the remainder of
the paper unless stated otherwise. The left-hand sides are
the so-called streaming terms resulting from forces, inhomo-
geneities, and temporal changes. We assume that the energies
of the particles can be space and time dependent. This allows
us to account for external applied forces (for example, an ex-
ternal electric field) as well as for internal forces (for example,
the Hartree potential between the electrons themselves). It is
worthwhile pointing out that in a two-band system, we also
encounter Berry phase terms that we disregard here. They
mostly matter for transverse response coefficients which we
do not consider here. The right-hand sides in Eq. (4) describe
the collisions, encoded in the collision integrals C,, C_, and
Cp, that enable the system to relax towards local thermal
equilibrium.

The collision terms have very different physical origin.
There are inelastic processes between electrons C¢¢, between
holes C", and those mixing electrons and holes C¢" and
Che . Furthermore, electrons and holes undergo elastic disor-
der scattering Cfs and C%. Additionally, electrons and holes
interact with bosons Ci and C® and vice versa according to
Cee, Ci", and C¢". The collision integrals can be derived, for
example, by using Fermi’s golden rule. Instead of specifying a
concrete scattering integral, our discussion is centered around
the conservation laws of the system. There are a number of
important assumptions here:

(1) To lowest order, disorder couples to electrons and
holes only. It breaks translational symmetry and thereby mo-
mentum conservation but respects particle number and energy
conservation.

(2) Interactions between like particles, electron-electron
or hole-hole respect total charge, individual particle number,
momentum, and energy conservation.

(3) Interactions between electrons and holes can transfer
(“drag”) momentum and energy from the electron sector to
the hole sector and vice versa. Meanwhile, the total mo-
mentum and total energy within the combined electron-hole
system are conserved. Equivalently, the number of electrons
and holes, individually, is not necessarily conserved, only the
total charge is.

(4) The interaction between electrons, holes, and bosons
can transfer momentum and energy between all the three
sectors, again representing drag.

These statements relate to collisional invariants of the
scattering integrals [34]. These collisional invariants are
obtained via momentum integrations over the collision
integral and the corresponding conserved quantity. The cor-

responding integrals are of the type %(1, k, e#l?))Cf =
(N$?, K¢, ES°). The first integral refers to particle number

(N), the second to momentum (K), and the last one to

(

energy (E). Table I shows the most generic form of these
collisional invariants. We use this in Sec. II3 to construct
a relaxation-time approximation that respects these proper-
ties.

Conservation laws can be derived by also integrating the
left-hand sides of the Boltzmann equation over the collisional
invariants, which are 1, k, and the corresponding dispersion
relation. The terms that appear from the streaming terms are
densities, generalized currents, and forces and heating. Instead
of considering these quantities only for electrons, holes, and
bosons, it is useful to also consider the total charge and the
charge imbalance, as they play a role later. All these quanti-
ties are summarized in Table II for densities and forces, and
Table III for currents for generic dispersions.

1. Conservation laws

The Boltzmann equations provide a convenient starting
point for the derivation of the equations of hydrodynamics.
As mentioned before, the basis of the whole discussion are
the conservation laws. They do not only constitute a set of hy-
drodynamic equations, they also allow for an identification of
physical quantities such as charge-current and energy-current
densities. The conservation laws are straightforward to derive
from the contents of Tables I-III. The conservation laws are
independent of the dispersion and can be written in full gen-
erality. This is not true for the Navier-Stokes equation. It has
to be derived on a case-by-case basis and its concrete form
depends on the dispersion relation of the underlying system,
as explained below.

By integrating the Boltzmann equations for electrons and
holes over all momenta k, multiplying by —e, and adding them
up, we obtain the conservation law of charge:

dne + 3z - j. = 0. )

Next, we multiply all three Boltzmann equations of Eq. (4)
with their respective energy, integrate the resulting equa-
tion over all states, and then add them together. In the end,
we obtain the conservation law of the total energy

Iy, + 05 - jteol =0. (6)

Next, by multiplying Eq. (4) with momentum K, integrating,
and then summing all up, we obtain the conservation law of
momentum according to

By, + g - Ty = Fo + Fy + K5 + K9, 0)

tot

The total momentum density is not locally conserved but
changes by the internal electric forces on the right-hand side
of the equation. However, it is required that the internal forces
cancel each other when they are integrated over the whole
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TABLE I. Collisional invariants.

Particle number Momentum Energy
Electron N, Ni;’: =0 Ki=0 E*, 1193* =0
NP NSt £ 0 Ko, K K?, K% £ 0 E¢ ES" E? #0
Hole N NS = 0 K" =0 E™ E% =0
Nb Nhe # 0 Khh Khe Kb Kdis # 0 Ehh Ehe Eb # 0
Boson Nge, NIt NEm Nb 0 K KM K¢t Kb 50 Efe EM" ES" Eb #£0

space X. This implies that
ﬂé+m=o ®)

Furthermore, the collision of electrons and holes with impuri-
ties relaxes the total momentum density towards equilibrium.
This effect is encoded in the collision terms I?jfs + Kdis, The
definition of densities, forces, and currents are summarized in
Tables II and III.

2. Thermoelectric transport and hydrodynamics

The theory of hydrodynamics describes the slow relaxation
of conserved quantities to thermal equilibrium. So, the under-
lying assumption is that there are some conserved quantities:
charge, momentum, and energy (and possibly more). Further-
more, there is a fast relaxation process that equilibrates the
system without relaxing one of those conserved quantities.
This has an immediate consequence: to leading order, there
are no momentum-relaxing processes. Consequently, when
momentum is excited in the system, it cannot decay. This is
problematic in the description of a standard bulk transport
experiment: if an electric field accelerates charges but their
momentum cannot decay, the conductivity becomes infinite.
So, to describe transport phenomena, relaxation processes
have to be included. In the framework of hydrodynamics this
happens by including first-order corrections to the constitutive
relations, which introduces conductivities as free parameters
[19,35,36]. There is an alternative: Starting from the Boltz-
mann equations and specifying the collision integrals, one
has to solve the resulting integrodifferential equations, while
including the applied field as a perturbation [14,15,34,37].
This alternative approach gives direct access to conductivities
and does not leave them unspecified. In this paper, we take the
approach based on Boltzmann equations. However, instead of
solving the Boltzmann equation explicitly, which usually re-
quires sophisticated numerics, we introduce relaxation times
in the scattering integral. This corresponds to a one-mode

approximation of the scattering integral. It is well known
that the relaxation-time approximation can violate conserva-
tion laws. So, we carefully construct the approximation to
ensure that all conservation laws discussed in the preceding
section are always obeyed. This still leaves a number of
unspecified parameters. We find that there is an additional
constraint that we can use to restrict the number of free pa-
rameters further: it is the Onsager reciprocal relation [38].
The set of conservation laws and Onsager relation allows to
mimic a much more sophisticated numerical solution of the
Boltzmann equation with surprising precision. This has one
major advantage over a full numerical solution (aside from
being much less demanding): it has very few free parameters
that can be easily compared to experiments.

3. Relaxation-time approximation

In the subsequent section, we “solve” the Boltzmann
equations in order to determine the thermoelectric transport
coefficients of the hybrid system of electrons, holes, and
bosons in the presence of an external electric field E and
a temperature gradient 0z7 within linear-response theory.
The Boltzmann equation is too complicated to be solved ex-
actly. The reason is that the collisional terms are integrals
involving the distribution functions themselves. Usually, there
is no analytical solution, apart from the equilibrium ones.
In the subsequent discussion, we consider near-equilibrium
transport phenomena. This allows to linearize the distribu-
tion functions according to fu &~ f9 + 8fs and b ~ b + 8b
around their equilibrium forms, where the deviation of the
distribution function § f1 and §b are of linear order in the ex-
ternal fields. The solution of the linearized coupled Boltzmann
equations is a standard but still technical exercise that eventu-
ally has to resort to mode-expansion and numerics [39]. Going
through those technical steps is beyond the scope of this paper
and also obscures the physics a bit. Instead, we perform the
relaxation-time approximation [34]. In this approximation,
all the collisional processes are summarized in one quantity,

TABLE II. Densities and forces.

Density Momentum density Energy density “Force”
Electron ny = [t fr il = ik f ns = fres R DOf; Fr=— o @ k1) fy
Hole no= [ f- = [k f- ne = fe_ (X k,n)f- Fo=— [;oe R k1) f-
Charge ne = —e(ny +n_) i =nk + ik né =n$ +n< Fo=F, +F
Imbalance iy = —e(ny —n_) ity =ik — it NS = NS — ne Foy = F, — F_
Boson ny = [;b fl'fj = fgl_é b n = [; o, k,1)b F, = - [; ko, k)b
Total ik =k + ik ng, = ns +ng
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TABLE III. Currents.

Particle current

Momentum flux

Energy current

Electron Jr = ke G R0 fr i+ = [o ke Gk, )+ 75 = [ e Gk DerF k1) fr
Hole J- = [ ke Gk 0) f- fi- = fﬂ}'aq,;e,(fe,}, Nf- J = [ ke R K De_ R k1) f-
Charge Je=—e(r + ) e =TIt + 1~ J=J+ie
Imbalance Jimb = —e(Gs — J-) fimb — i+ — fi- = -

Boson o= [; oG k1) b " = [ ko;(@ k. 1) b s = [ oGk, Dw@E k1) b
Total e = f° + [ Je=J e

the relaxation time t. This approach usually has a problem
that it does not necessarily respect conservation laws. The
way we set up the relaxation-time approximation, however,
is such that it does respect the conservation laws, a de-
tailed derivation is provided in Appendix A. Furthermore, we

J

€+

—u B}
T - 0pf) — eE - 3; f?

818f+ - T

€ —u

aSf — 9T - 0 f° — eE - o, f°

8,8b — %aﬂ b

We have introduced a set of relaxation times which all play
different physical roles. The relaxation times 1/7; and 1/7_
refer to electron-hole drag, mediated by interactions, 1/ riis
refers to disorder scattering for electrons and holes, respec-
tively, whereas 1/tp4, 1/7—, 1/744, and 1/7_; refer to drag
between electrons, holes, and bosons, and vice versa. For
simplicity, we henceforth assume 1/7% = 1/79 = 1/7%,
which is justified for near charge-neutral systems.

III. RESULTS AND DISCUSSIONS
A. Part A: Electron-hole plasmas

We have set up the coupled system of Boltzmann equa-
tions of electrons, holes, and bosons within the relaxation-
time approximation. Let us adopt this approach in analyzing
the thermoelectric response of a weakly interacting charged
Dirac electron-hole plasma. The prime representative of
the class of electron-hole plasmas is graphene close to its
charge-neutrality point. However, all Dirac-type systems, bi-
layer graphene [4], and even semiconductors at elevated
temperatures fall into this category [3], albeit with minor
modifications.

Graphene is a two-dimensional system of carbon atoms on
a honeycomb lattice. In its undoped state, it is neither a metal
nor an insulator, but a semimetal [40,41]. As such, it has a
vanishing density of states at zero energy, but it is linear in
energy everywhere else. This originates from the low-energy
band structure, shown in Fig. 2(a). Two bands touch in isolated
points in the Brillouin zone. In the vicinity of these points,
the system can effectively be described by the massless Dirac

checked that it reproduces the qualitative features of the actual
numerical solutions. More systematic approaches have been
presented across several places in the literature. The linearized
Boltzmann equations in the relaxation-time approximation
read as

o S _f
Ty LA £ S AUR A

Sf. 8f.  Sf. 8f  ob

I

b sf s f o
Tp+ Tip Tp— T_p

(

equation. Consequently, the spectrum is linear in momentum
according to €4 = j:vﬂl?l, where + refers to electrons, —
to holes, and vp is the Fermi velocity. More details about
graphene can be found in the literature [40,41] but are not
necessary here.

The key insight concerning the plasma character of charge-
neutral graphene came in a paper by Sheehy and Schmalian
in 2007 [42]. The essence is summarized in Fig. 2(b). It
shows the “phase diagram” of graphene as a function of the
chemical potential p (x axis) and temperature 7 (y axis).
The chemical potential controls the filling of the Dirac cones:
the charge density 7. oc 1>, Consequently, at i = 0 we have
n. = 0. However, there are still excitations at nonzero temper-
ature T. This is captured by the imbalance density 7y, o< T2

v T
(a) (b)
lul ~T lu| ~T
. Dirac liquid -
IU/ 5 niml: #0 .".

1

FIG. 2. (a) Schematic of the dispersion relation of graphene near
its Dirac point. (b) “Phase diagram” of clean graphene at finite tem-
perature. The region above p = 0 is referred to as the Dirac liquid.
At || = T it crosses over to a Fermi liquid.

205126-5



PONGSANGANGAN, LUDWIG, STOOF, AND FRITZ

PHYSICAL REVIEW B 106, 205126 (2022)

introduced in Table II. The physics behind this density is
that there is a thermal cloud of electrons and one of holes,
both of equal density, which ensures n, = 0. The nonzero-
temperature region above u has been dubbed the “Dirac
liquid” and it has thermodynamic properties that are very
different from Fermi liquids. The crossover region is defined
by the condition || & T (up to renormalizations due to in-
teractions). For |u| > T, the system behaves like a Fermi
liquid of electron or hole type. This discussion is not only
valid in graphene, but in any Dirac-type two-band system,
including bilayer graphene. If the temperature is larger than
the respective gap, it even applies to semiconductors.

1. Thermoelectric response and Onsager relation

One of the hallmarks of hydrodynamic behavior in a Dirac
plasma is the bulk thermoelectric response. We find two key
features experimentally observed in graphene: an interaction
dominated electrical conductivity and a strong violation of the
Wiedemann-Franz law [43].

The thermoelectric response of a system is the combined
response of the system to an applied electric field E and a

J

temperature gradient ;7 across the system. For us, it assumes
the form [43]
o E

()= %)(hr)

Here o, «, i are longitudinal conductivities, as the currents
are in the direction parallel to the perturbations. The ther-
moelectric coefficient « is used to determine the Seebeck
coefficient S, o is the electrical conductivity, and & is the
thermal conductivity. Typically, the thermal conductivity «
is defined such that j¢ = —k9;T under the condition of no
electric current flow, i.e., j. = 0. Using straightforward alge-
bra, one can show that x = &£ — Tao ~'&. Moreover, provided
that the system respects time-reversal symmetry, the Onsager
reciprocal relation [38] requires that

(10)

(11)

Later, we use this relation to establish the relationship between
the relaxation times associated with the drag effect in Eq. (12).
The Boltzmann transport equations for electrons and holes are
given by

a=a.

€+ — M 0 2 o Ofy [ 8f- Of:
8,8f+ - T 8;T . 8]2f+ — ek - 3]sz+ = —Z + ? 7dis s
€_ — o 8f- 6 Sf-
98 f — Ma;T-B,;fE—eE-a,;ffz—L+£— {. . (12)
T_ T+ Tas
(
We may determine the transport coefficients from the equa-
tions of motion for charge and heat current densities. The where the thermal current is defined as
equation for electron and hole currents is obtained by in-
tegrating each Boltzmann equation over the corresponding ) / S 7 >
S = k k) — 1)é fu, 16
group velocity U+ = d;e+(k). In a straightforward way this I A Oz (k)(ex(k) = w)dfs (16)
leads to
. &T = L= Z 7 7 whereas we have
e — o Ta—eE E=-LE E_ 13
= x0T 2 - -
here S = [Balhries = wra b, am
= TN
€e = /12 U2 (k) O 2. (k) The total charge and thermal current densities are given by
Ti = / B (B) (e — ) f2(R). (14) Jo=—e(j+ +Jo) (18)
k
The equation of motion for the thermal currents of the  4pq
electrons and holes can be obtained by integrating the Boltz-
mann equations over the corresponding product of the group 20 0, 7
c=jr+ijz, (19)

velocities and the energies, v (ex — p). This leads to

ajg - il '«5:}—65-7:1:—1—%4-]%4;&—5%3,
: i (15)
J
%—il_r% 1 %1 0 0
Z Ly L 0 0
0 —2ut é+# -
—2u7 0 -+ L+

respectively. We are interested in the steady-state situation,
i.e., d,j+ = 0 and B,jg = 0. For that, it is convenient to cast
Egs. (13) and (15) in a matrix form according to

J+ 7:1 f}

i T |7 .

Gl=2 T+ |& 20)
1 ]*5 ot T+
A\ i 7
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It is straightforward to solve this matrix equation for electrical
and heat currents. By substituting the result into Eqgs. (18) and
(19), we find that the longitudinal coefficients take the form

1 1 1 1
e - e+ - )]

T

o= , @21
G +D)
1S +8)(FH+Lt+ ) —ou(+ L
7 + (rl 11'_ lr+ l'u'(u 1:_)’ (22)
E 1 1m(?+a+12) 1 1
a:gﬂ(ﬁJﬁ—,]—z}t +171(TT:+:—?,), o3
T 7dis (r“'* + T + r_,)
e (T T + i+ ) =203 + &)
== T L1 o1 : (24)
T w(m+ o+ )

Here, £4, T+, and Sy are the mam dlagonal elements of
the second rank tensors, so Ei = Si]l 7; = 7;1 and Si =

Si]l. They are evaluated from Egs. (14) and (17). For Dirac
fermions with a linear energy dispersion, we find that

NT
Ex = —Lij(—e*T),
4

NT? NT
Ta = £ —Lin(—e*/T) = —LLiy(—e*/7),
27T 4
NT 5 )T /T
8i = —o—[ = 3T Lis(=e™T) £ 4T pu Lin(~e*7)
—MzLil(—eiﬂ/T)]’ (25)

where Li, is the polylogarithmic function of order n and N de-
notes the number of Dirac fermion flavors (N = 4 in the case
of graphene, accounting from spin and valley degeneracy).
It can be verified that, for the Onsager reciprocal relation in
Eq. (11) to hold, the relaxation time for the electron-hole drag
must satisfy the relation

1 1
—(T-+p&) = —— T + ué&y). (26)
T_ T4
Therefore, we can choose
r_1 T_ 4+ né-
. 1o (T +pé) — (T +péy)’
Lol Bty
T 70 (T- + né-) — (T + néy)

where 71 is a relaxation time that has to be determined from
a Boltzmann equation. All the quantities in Eqgs. (26) and
(27) depend strongly on /T, including 7. Since the system
at charge neutrality is a quantum critical system, the relax-
ation time there is of order 1/T, saturating at the Planckian
limit. This fixes 1/7p o< 7. Upon moving away from charge
neutrality, all drag effects are strongly suppressed. We demon-
strate this explicitly in Appendix B. For practical calculations
using the relaxation-time approximation, we used the inter-
polation function 1/t9 = 0.6T exp(—|u|/T). This function
shows good qualitative agreement with the actual functions
calculated in Appendix B. An important consequence of this
is that at large |u|/T, everything is disorder dominated. In
Fig. 3, we show the relaxation time for the electron-hole drag.
Since clean graphene near the Dirac point is a quantum critical

0.4
— 1/T+
—_1/7_
0.3 /
0.2
0.1
910 -5 0 5 10

n/T

FIG. 3. The relaxation time for the electron-hole drag near the
charge-neutrality point £ = 0 calculated from Eq. (27). The chemi-
cal potential and the relaxation time are scaled in units of 7. We use
1/79 = 0.6T exp(—|u|/T) here for illustrative purposes.

system, this implies that the relaxation time for the drag effect
is of order 1/T, saturating at the Planckian limit.

2. Electrical conductivity

In the upper panel of Fig. 4, we plot the electrical conduc-
tivity as a function of the chemical potential near the neutrality
point. A key signature of the electron-hole plasmas sits in their
electrical conductivity and becomes most apparent at charge
neutrality u = 0. It revolves around a somewhat paradoxically
looking situation. The system has a total charge zero, n, = 0.
Nevertheless, the dc conductivity in the clean limit is finite.
From Eq. (21), we find that the electrical conductivity at
charge neutrality is given by

o(uw=0)= —ez—g;r + 5;’ (28)

T
where, as depicted in Fig. 3, the inverse drag scattering
times for electron and hole are identical at charge neutrality,
ie., 1/t = 1/t4, and, according to Eq. (25), &4 +&_ # 0.
This implies that the electrical conductivity is finite, even
in the absence of disorder, i.e., for 1/7% = 0. The key to
understanding it is that while the charge density n. = 0, the
imbalance density njnp 7 0. This is in stark contrast to a
conventional Fermi liquid in which there is essentially no
distinction between the two densities. Importantly, at nonzero
temperature, there are two thermal clouds of equal density,
one of electrons and one of holes. An applied electric field
will pull the different types of charge carriers into opposite
directions. One consequence of this is that while electrons
and holes are pulled apart, the total momentum of the system
remains zero. This is different in a Fermi liquid, in which an
applied field automatically excites momentum. Since there is
no net momentum induced, it is also no issue that there are
no impurities to relax the momentum. However, there still is
a mechanism which “glues” the electrons and holes, namely,
drag. This is sufficient to establish a finite electric current,
even in the absence of disorder. A graphical illustration of this
situation in shown in Fig. 5.
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FIG. 4. The upper plot shows the electrical conductivity calcu-
lated from Eq. (21) versus chemical potential. The value of u is
plotted in units of 7. In this plot, we use 1/79 = 0.6T exp(—|u|/T)
and 7% = 8/T. The lower plot shows the electrical conductiv-
ity versus temperature in units of p. In this plot, we use 1/7p =
0.6T exp(—|u|/T) and 7% = 8/p.

With a bit of algebra, one can show that Eq. (21) takes the
form

e (- )
= =0)+ - .
SO B (B R

Ty [

(29)

(a) (b)
Fermi liquid
E vT
o> ©
E£0 K#0
—p
Dirac liquid <
B . E=0 E=0
E vr »_z s g
®@> @ 0 Ii=h
<_,- ._> @ before scattering
E =0 l; 7£ 0 after scattering

FIG. 5. (a) In a Fermi liquid, an applied electric field as well as a
temperature gradient excite nonzero momentum. In the Dirac liquid,
a temperature gradient excites a nonzero momentum, whereas an
electric field does not. (b) In the Dirac liquid, momentum and current
decouple. One can relax current without relaxing momentum.
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FIG. 6. The upper plot shows the Seebeck coefficient as a func-
tion of chemical potential in units of 7' and the lower plot shows the
Seebeck coefficient as a function of temperature in units of p. The
values of 7y and % are the same as in Fig. 4.

The second part becomes singular in the limit of zero dis-
order: upon tuning away from charge neutrality, i # 0, both
E_ — &, and 1/7_ — 1/7,4 are nonzero. This implies that the
electrical conductivity is not finite in the absence of disorder
(1/ 795 5 0), but diverges, as one would expect. This situa-
tion is qualitatively discussed in Fig. 5.

3. Thermoelectric coefficient

In the upper panel of Fig. 6, we plot the Seebeck coeffi-
cient, which is the ratio of the thermoelectric cofficient « to
the electrical conductivity o, as a function of the chemical
potential near the neutrality point. A main signature of the
electron-hole plasmas is that at the charge neutrality, the See-
beck coefficient vanishes because

et T _

1 2
Tm-i—:

a(p=0)= 0. (30)

The key to understanding it is that when the Dirac plasma
is exposed to a temperature gradient, both thermal clouds of
electrons and holes of equal concentration move in the same
direction. As a result, f'c = 0, which implies & = 0.

4. Heat conductivity

Here, we consider the response ]_"Q = —« 03T, which is the
heat conductivity in the absence of current flow, where the
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FIG. 7. The upper plot shows the thermal conductivity calculated
from k = ik — Ta?/o versus the chemical potential. The lower plot
shows the thermal conductivity versus temperature in units of . The
values of 7y and % are the same as in Fig. 4.

longitudinal thermal conductivity x = & — Ta?/o. In Fig. 7,
we plot the thermal conductivity of two-dimensional Dirac
electrons close to the neutrality point. At the charge-neutrality
point, we find that

K(p=0) = —%(& + S )rds, (31)

Contrary to the electrical conductivity, the thermal conduc-
tivity decays from disorder and cannot relax via drag at the
charge-neutrality point. The reason is simple: the two thermal
clouds, electrons and holes, are both dragged into the same
direction. Consequently, a net momentum is induced. This im-
plies that momentum has to be relaxed to establish a stationary
state with a finite conductivity. This can only be achieved by
scattering from impurities, meaning that the heat conductivity
diverges in the clean system. This is again explained in Fig. 5.

5. Wiedemann-Franz ratio

An important quantity in the study of metals is the
Wiedemann-Franz ratio. This was already established in 1853
[33], based upon the observation that for a variety of metals,
the ratio x /(T o) tends to a constant, universal value at low
temperatures, called the Lorenz number [43]. It was experi-
mentally found that the Lorenz number is given by

K 7'[2 k32
L=—=Li=—(—] . 32
To 0 3(6) (32)

Whether a system tends to this value or not is still often taken
as an empirical evidence of whether the system is a Fermi
liquid or not. The standard understanding is that both heat
and electrical currents are transported by the same type of

20
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FIG. 8. The upper plot shows the Lorenz ratio versus the chemi-
cal potential p in units of 7. The lower plot shows the Lorenz ratio
versus temperature in units of . The values of 7, and T are the
same as in Fig. 4.

(quasi)particle. Additionally, both heat and electrical current
undergo the same relaxational mechanism. In the case of a
standard metal this means that both heat and electrical current
are limited by the same scattering time 7. In Fig. 8, we plot
the Lorenz number for the two-dimensional Dirac fluid around
the charge-neutrality point. At the charge-neutrality point, we
find

L/Ly = ﬁ(l + Tdisﬂ>- (33)
+ T

$ T

Not only does this ratio diverge for a clean system, it is also,
in general, not a universal quantity: one should expect a pos-
sibly strong violation of the Wiedemann-Franz law close to
charge neutrality as well as a strong variation across different
samples. However, it is an excellent measure to determine
the relative strength of elastic and inelastic scattering in the
system. It is important to note that one cannot extend Eq. (33)
towards the Fermi-liquid regime; it is only valid at charge
neutrality.

B. Internal electric field and plasmons

It is well known that interacting electronic systems host a
variety of collective excitations. A particularly important exci-
tation of that type is the plasmon, or charge oscillation [27,28].
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A standard derivation of the plasmon spectrum is based on
many-body techniques that employ the so-called random-
phase approximation (RPA) [43]. Alternatively, one can derive
plasmons from the Boltzmann equations or continuity equa-
tions if they are supplemented by the Poisson equation. In
the case of two-dimensional systems, most notably graphene,
there is a discrepancy between the hydrodynamic version
of plasmons and the plasmons from RPA. This difference
becomes particularly visible in the vicinity of the charge-
neutrality point when temperature dominates the chemical
potential and 7 > u. In the extreme limit of zero charge den-
sity 4 = 0, the hydrodynamic theory predicts the absence of
plasmons [19], whereas RPA predicts the existence of thermal
plasmons [44] with a dispersion that follows:

w(&) x VTk. (34)

In this section we show that the inclusion of drag effects
via C¢" allows to describe both limits, the RPA and the
hydrodynamic limit, as well as the crossover between the two
limits. The process which mediates between the two limits is
the electron-hole momentum drag, which is also responsible
for the finite conductivity at charge neutrality, even in the
clean limit [see Eq. (28)]. This observation constitutes the
main result of this section.

1. Coulomb interaction

Coulomb interactions not only play an important role in the
equilibration via electron-electron scatterings, they are also
responsible for the internal classical Coulomb force between
electrons in the system. The internal Coulomb force is self-
consistently determined from the Poisson equation. Projected
into two dimensions, it reads as

2 on,.
NEUHES 2 (35)

with V being the Coulomb potential [43]. It has the well-
known solution

V() = / 2 [ (&) — n) @) + [n- (&) — n’ (¥)]
N drre X —X|
o 4re ’

¥ —X'|

(36)

where n9 (¥) and n° (¥) are the equilibrium densities of elec-
trons and holes, respectively; furthermore, we introduced the
deviations from the equilibrium densities dny (X) = ny(X) —
n(i (X). The resulting electric field, after Fourier transforma-
tion, reads as

-

idn.k

B ok
2¢k

) (37

where the particular momentum dependence is special to two
dimensions.

2. Linearized hydrodynamic equations

Our starting point is the linearized equations for charge
densities and current densities:

ddn. + - j. =0,

jc _ jimb

3tjc+ezﬁ'(g++gf) = - )
Tc Timb

3 o + €E - (£ —E ) =0, (38)

where the charge and imbalance densities and currents are
defined in Tables II and III. Here 1/t, = 1/74 + 1/7_ and
1/Timp = 1/74 — 1/7— We can cast this into an eigenvalue
problem according to

(=il + Der)(Sne, Jer Jimv)' =0, (39)
with
0 ik 0
Detr = | —ie*(Ey + EK/(2ek)  1/1.  1/tmp | (40)

—ieX (&, — EK/(2¢k) 0 0

and w being the eigenvalue (note that £. < 0). This can be
solved in general, however, the solutions are lengthy. In the
following, we consequently discuss two special cases. (i) At
the charge-neutrality point where things simplify significantly.
At this point, we have 1/t =0 and £ — E_ = 0. The
characteristic equation reduces to

62

—ieo(—iw +1/7) + 1€ + &k = 0. (41)
€

The solutions of this equation read as

I PRSP (L WS
21, 2¢ T T 2t.)
We observe that the plasmon modes are damped by
fermionic drag. It is important to note that this mode exists
even if n, = 0 (in analogy with the finite conductivity at the

charge-neutrality point) since £ + £_ # 0. For small mo-
menta, i.e.,

Wy = —

&2 1\?

—|E+ +E_Dk — 1, 43

L) <(26> (43)
they turn into relaxational modes with a purely imaginary
frequency. (ii) Further away from the charge-neutrality point,
both 1/, and 1/tinp vanish. In this case, a true hydrodynamic
plasmon emerges with the dispersion given by

| e e? n?
=4/ =&+ E |k~ “—k, 44
“E 2e| - | 8mevp né + P “

where r¢ is the total energy defined in Table II and P = n¢/2
is the pressure.

Figure 9 shows the plasmon dispersion in the two phys-
ically distinct situations: (i) at the charge-neutrality point
where n. = 0 and (ii) away from the charge-neutrality point
where n, # 0.

Note that the true hydrodynamic limit of the plasmons is
obtained in the limit where 7. and Ty, are small. In that
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FIG. 9. The plasmon energy dispersion in Eq. (42) at two differ-
ent chemical potentials: (a) at the charge-neutrality point u/T =0
and (b) at /T = 10. The plots show the plasmon dispersion in the
physically distinct situations of n, = 0 and n, # 0. In the former
case, only a thermal plasmon exists, whereas in the latter a true
hydrodynamic plasmon emerges. The frequency that separates the
two regimes is related to the inverse drag timescale.

limit, the two components act as one fluid with the effec-
tive charge density ., and the individual components do not
play a role. The corresponding plasmon frequency is shown
in Fig. 9(b). The important feature of Eq. (44) is that the
plasmons cease to be excitations at the charge-neutrality point
where n, = 0, in agreement with hydrodynamic theory ex-
plained in Refs. [19,21] [see Fig. 9(a)]. The RPA limit is
obtained when the two components, electrons and holes, act
independently. They conserve momentum, even on the indi-
vidual level. An important feature of this expression is that
there remains a plasmon even at the charge-neutrality point
n. = 0 [see Fig. 9(a) and Eq. (42)]. It remains nonzero at the
charge-neutrality point if 7 > 0.

3. Discussion

In this section we have discussed some of the properties of
two-component hydrodynamics of a fluid composed of elec-
trons and holes which stem from two bands in an electronic
lattice system. This situation has been considered before in
multiple settings, including graphene or, more generically,
Dirac systems and bilayer graphene. We have given special

attention to drag terms coming from the collision integral that
couples electrons and holes in the setup. From a methodolog-
ical perspective, this is beyond pure hydrodynamics, which
would be completely collision free. These effects are known
to be required to determine the conductivity of such a system
at the charge-neutrality point, as demonstrated in graphene
and bilayer graphene. We also set up the full thermoelectric
response in this setup and recovered well-known literature
results. In a last part we investigated the role of collective
modes. We especially considered the plasmon spectrum and
establish a different result. Namely, we find that the same
drag effects that are required to ensure a finite conductivity
at charge neutrality govern a crossover from an RPA-type
plasmon (that allows for a thermal plasmon) to the pure hy-
drodynamic plasmon that is not thermal.

C. Part B: Electron-hole-plasmon theory

It is known that in a Coulomb-interacting electronic system
there exists a collective mode associated with plasma oscilla-
tions, called the plasmon [28]. In typical three-dimensional
metals, however, plasmons have a massive excitation gap.
The size of the gap is typically larger than the Fermi
energy Er of the underlying electronic system [25,31]. Con-
sequently, for many practical questions, they only make
negligible contributions to thermodynamic and transport
properties. In contrast, plasmons in two dimensions are
massless with a square-root type dispersion relation, i.e.,
wp(§) o \/q [45-47]. We showed above that this result
can be reproduced from the hydrodynamic approach. One
immediate consequence of the dispersion relation is that
plasmons can easily be excited at experimentally accessi-
ble temperatures and therefore make a direct contribution
to their transport properties, especially heat transport [32].
Another important feature is that the plasmons are re-
markably stable [44]. To summarize, it has been shown
that two-dimensional electronic systems host stable plas-
mons that are bona fide quasiparticles on the quantum
level. For a more technical discussion see our parallel

paper.

1. Setup

In this part of the paper we discuss the phenomenological
set of coupled Boltzmann equations introduced in Eq. (4).
This describes a system that consists of electrons, holes,
and plasmons and treats them on equal footing. With minor
modifications, this formalism can also account for other col-
lective modes like phonons with perfect drag, spin waves,
or similar degrees of freedom by modifying the dispersion
relation.

In a companion paper [48], we present a formal deriva-
tion of the Boltzmann equations. It starts from an effective
field theory for plasmons emerging from underlying two-
dimensional Coulomb-interacting Dirac electrons. That work
is based on real-time quantum field theory along a closed-time
contour, typically referred to as Keldysh quantum field theory.
From a technical point of view, the key insight of that paper
is a formal derivation of the Boltzmann equations, where we
show explicitly that all conservation laws hold which here we
just assume.
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The coupled Boltzmann equations read as
Ofy + e (k %, 1) - 0cfy — Ovep (K. X, 1) - Opfy = Ti[fy. f-. b,
f- + e (KX, 1) dcf- — dve_(k, %, 1) 9 f- = T_[f-, fi.b],
0:b + Blga)(/_é, %,1)- b — dzo(k, %, 1) - b = Tylb, fr, f-1, (45)
where Z, [ f+, f—, b], Z_[f-, f+, b, and Z,[b, f;, f—] contain all the terms introduced in Eq. (4).

In order to make progress, we again set up a set of three linearized coupled Boltzmann equations within the relaxation-time
approximation. We make one important assumption here which is that the plasmon sector cannot equilibrate by itself. Instead,
it is coupled to the fermion sector via perfect drag and all the total momentum relaxation happens in the fermionic sector. In
that sense this scenario is very similar to a scenario with perfect electron-phonon drag. We showed in the previous section that
the plasmon energy dispersion depends on fermion density [see Egs. (44) and (42)], which in turn is space and time dependent.
As a result, there is a density-gradient force —dzw(k, X, t) exerted on the plasmons due to a difference in fermion density
across a volume element. In addition, here the fermion energy assumes space dependence leading to a conservative force term

—dex (k, %, 1) in the Boltzmann equations. This is the collective force due to the other particles in the system, for example, the
local Hartree and Fock potentials.

2. Thermoelectric response

In order to make progress, we again set up a set of three linearized coupled Boltzmann equations within the relaxation-time
approximation:

&G M 0 o) 0

88 f, — T -0 f0 —ef -, f0 = 2t ¢ o= W O, 9D
181+ ) ify —eE - i fy T, ™ T, Ty
e — ) Sf. 8f. Sf Sf b
95f. — S AT a0 —eE a0 = = M O M b
T+ T4— T_ T_p Tp—

11\ S8f  8f

0,80 — 20T - 000 = —sb( - + ) 4 e O (46)
T Tpt  Tp— T4p Top

As in the previous discussion, we choose the relaxation times such that they obey the conservation laws of charge, momentum
(this is broken in presence of disorder), and energy. The equations can be solved for any given realization of the scattering times
but generally lead to bulky expressions. The charge and heat currents read as

o= e [renore—or) and Jo= [drecltes — wifs + (e + WS 1+ [ owsb, @7
k k k

where we again used €, = —e_. In the following we only discuss the dc properties (9,8 f = 9,6 f— = 9,6b = 0) at the charge-

neutrality point u = 0, which leads to a number of simplifications. The first one concerns the relaxation times. At charge
neutrality, we have 7, = 7_, t{® = 1%, 7, = 7}, and 7,4 = 7,_. It is furthermore straightforward to show that under those
conditions there is no drag on the plasmon sector from an applied electric field, meaning 65 = 0. The reason is very simple: an
electric field only couples to the electrons and holes. They are accelerated into different directions leading to a zero-momentum
state. Consequently, there is no momentum transfer into the plasmon sector, meaning the plasmons remain in equilibrium.
This argument can also be generalized to the off diagonals of the conductivity tensor, which was also true in the case without
plasmons. In the hydrodynamic limit, we are interested in the limit 1/ tiis <« 1/7t4p, valid for very clean systems. Consequently,
we find

dis

_o2 Ty 0 £0\ o 2 0 _ 40
o=e m[iaz&r (- =e T+h/1281§€+ S (fy — ) (48)
for the electrical conductivity and
Tdis 1
k=t ﬁ[q&,;(ff — )+ 0] - (ertes + 2 Ewdw ) + tb_*ﬁaiw b0
T k 2 T+p 2T i
dis
T It
~ [[6+8,;(f£ -+ wB,;bO] | €4 0zey + —ﬁa)a,;w (49)
T i 2 Typ

for the thermal conductivity. It is important to point out that, again, the charge conductivity is finite through drag scattering with
the plasmon sector, even in the clean limit. The heat conductivity, on the other hand, diverges, as we expect. Furthermore, we
find that the heat conductivity receives a contribution from the plasmon sector which is, a priori, on the same order of magnitude
as the electronic contribution.
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FIG. 10. Upper panel: The conductivity calculated within the
pure electron-hole theory and within the electron-hole-plasmon the-
ory. Lower panel: The same comparison for the Seebeck coefficient.

Away from the charge-neutrality point, there will again be
a Drude peak that signals diverging electrical conductivity in
the absence of disorder. Since the corresponding expressions
are very bulky, we refrain from showing their explicit form.
However, we present a plot of the most important thermo-
electric coefficients in Figs. 10 and 11. In Fig. 10, we show
the electrical conductivity, as well as the Seebeck coefficient.
Importantly, we find excellent agreement between the theory
of only electrons discussed in Sec. IIl A 1 and Fig. 4, and the
one of electrons, holes, and plasmons drag coupled. However,
looking at Fig. 11, we find a strong enhancement of the ther-
mal conductivity, that grows upon tuning away from charge
neutrality. For this plot, we have used the same parameters
as for Fig. 10. This is in agreement with a more sophisti-
cated solution of the transport equations that was presented
in Ref. [32] by some of the authors.

IV. CONCLUSION AND OUTLOOK

In this paper, we investigated the full thermoelectric trans-
port properties of an interacting fluid of electrons, holes, and
a collective mode from a theoretical point of view. In the hy-
drodynamic limit we used an approach based on a Boltzmann
transport equation within a relaxation-time approximation that
mimics a full numerical solution of the set of equations.
We treated electrons, holes, and plasmons on equal footing
and discussed the hydrodynamic behavior of the combined
system. This includes conservation laws but, in particular,
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FIG. 11. Upper panel: The heat conductivity without and with
the plasmon contribution. Lower panel: The same comparison for
the Lorenz ratio.

we discussed the thermoelectric behavior in the very clean
system. One of our findings is that in that situation the plas-
mons make a sizable contribution to transport properties and,
therefore, cannot be neglected. We hypothesize that this also
applies to other quantities sensitive to the energy-momentum
tensor, such as the viscosity. The approach we develop can
also be applied in a straightforward manner to any hybrid
system of electrons, holes, and bosons. In a parallel paper
we show the technical underpinnings of our theory based on
the Schwinger-Keldysh approach. Not only do we derive the
set of coupled Boltzmann equations there, we also establish
explicitly all the conservation laws that we use here.
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APPENDIX A: CONSERVATION LAWS

Conservation laws of momentum, energy, and charge den-
sities can be derived from a Boltzmann equation by integrating
it weighted by single-particle momentum, energy, and charge,
respectively. One can show that our model respects all the
conservation laws. But for simplicity, below we show how it
works for the two-fluid model. The conservation laws for the
three-fluid model of electron-hole-plasmon can be derived by
the similar fashion. To this end, let us consider the two-fluid
model given by

Ofy + 0y - sfy +F - 0pfy = Cilf14+CLIS
Of- 40 0cf-+F - 0f =C_[f1+C¥[f], (AD)

where ¥, denotes Fermi velocity of an electron and v_ de-
notes Fermi velocity of a hole under an external force F. Here
C.[f] and C_[f] are collision terms given by Eq. (12) of the
main text:

5fe  S8f.
C,lf] = —Ti: +2=,
SF. 8
cif= - % (A2)
- +

Within linear-response theory, § f+ is a solution of Eq. (12) of
the main text given by

(7) = zes
)T EE LD

~ LD +Df) —~ LDfP
—L(Df2 +Df°) - LDf°

where we define a shorthand DfY = (—<-L8;T — eE) -
O 2.

The conservation laws of momentum and charge are rela-
tively easy to show. They require that

) . (A3

(A4)
|

dk kcC C =0
/m (CLLf1+C_IfD =

O f (& 1, k) + Avpk - 3:fi (R, 1, k) — €E - 9 f(F, 1, k)

dk,  dg

and

/ K Cilf1+C_[f1=0
Qre B
These two conditions are trivially fulfilled by C.[f] given in
Eq. (7) provided that t. are constant.

The conservation law of energy, on the other hand, is more
involved. One can show that energy is conserved as long as
the following equation is satisfied:

(AS5)

dk . .
/ On P e (OC[f1+e_(H)C_[f]=0. (A6)

Here single-particle energy dispersion €4 (k) = +vpk, and,
because of particle-hole symmetry, e, (k) = —e_(k) = €.
Substitute Eq. (7) into (9), we find that

1 dk 55 1 dk 54 AT
— | —= € =— | —= ¢€of_,
) @re T T ) @)
which in turn reduces to
1 dk 50— L dk 2P @A)
JR— — €0 —_— — — €0
) @n)? Mt o) @n)p M

upon a substitution of §fy from Eq. (8). This equa-
tion is always true since both sides vanish upon an angular
integration.

APPENDIX B: NUMERICAL EVALUATION OF THE
SCATTERING TIME FOR ELECTRON-HOLE DRAG

In this Appendix, we discuss how to perform the
relaxation-time approximation for electron-hole drag on a
systematic level. To this end, we consider a set of coupled
Boltzmann equations for a two-dimensional Dirac electron-
hole plasma. In the companion paper [48], we derive these
equations from a Keldysh quantum field theory within a per-
turbation theory up to second order. The equations read as

= ——2nd[e (k) — &, (k—q) — 6)\2(/_51 +4)+ 613(];1 )]Rulxm(lz, ki, @)

) ernyreny

X [fR) fo, (kD1 = fo, (k — DI = fi, (ki 4+ D] = [1 — O = fo, kDS, (k — D fo, (ki + @] (B1)

We introduce the shorthand notation for the transition proba-
bility that is

Risisin (s K1y @) = 20 Tansngns — Toagnns |

+ (N = D(| T+ Tianns 11,
(B2)

where

T 7 > V(‘?) 2
T K, b, @) = —=M7 M2 o (B3)

(

with N being the number of flavors. The Coulomb inter-
action in Fourier space is V(§) = 2w« /q, where « is the
fine-structure constant characterizing the strength of the in-
teraction. The coherence factor coming from the overlap of
the wave function is defined according to

M:*k = (u];+ U, )M] (B4)

and

U, = L(— expl(—ielg) exp(l—iG;)). (B5)

V2
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Here tan(6;) = k,/k, and k denotes the magnitude of the

momentum &. Moreover, A, Ay, Ay, A3 = % are energy-band
indices, + for the conduction band and — for the valence band.
The collision integral on the right-hand side describes a pro-
cess that an electron in the energy band A and the momentum
state k is scattered into the energy band A; and momentum
state Kk + g by a collision with another electron in band A3
and state k;, which is itself scattered into the energy band A,
and state 1_51 — ¢. The initial states k and 1_51 have to be filled and
the final states k — g and k; 4 ¢ must be empty for this event
to take place. The factors f,\(lz) and f;, (El) are the occupation
numbers of these states. 1 — f,\l(l_é —¢g)and 1 — f;, (ky + q)
describe the probability that the final states are unoccupied.
The conservation of energy is taken into account by the delta
function. The transition probability of this event is R;,,2, -
Next, we consider the electron-hole drag part of the
collision integral that is when A = A; and A, = A3 = —A.
Moreover, we are interested in a steady state and homoge-
neous solution, so the time-derivative and space-derivative
terms on the left-hand side of the Boltzmann equations are

J

a/}f}?(k) =
Avp — (k)

X v
kg)L k1

Here we introduce a shorthand notation

k —
k —

ki
— Avp—g_y (k1) — Avp

zero. In the linear-response regime, we may solve the Boltz-
mann equations to linear order using the ansatz f;(k) =
F2(k) + 8£,.(k), where

3 fu(k) = g.(K)eE - a (k)
B -
= gu()ek - dvp L O = f1O1 - (BO)
The unknown function g, (k) is determined by solving the

Boltzmann equations. It is usually expanded in terms of an
appropriate set of basis functions

Yoo k), (B7)

n.p

g.(k) =

where 7" can be interpreted as a relaxation time for the

correspondmg mode. Here, we use
¢ (k) = APK". (BS)

After linearizing the Boltzmann equations, we obtain

dk
_/ (27.[1)2 (27_[)27)(/( kl’Q)[fA (k)fox(kl)[l _fx (k C])][l _fo)‘(]q —i—q)]]

ki +
Ik,

'Ql

g,x(lk gl) + rvp qlg 2 (1 +q|)] (B9)

Pk, ki, §) = 278 (ex(k) — €3, (k — §) — €3, (K1 + §) + €1, (k1)) Ry (K, K1, §).

We are particularly interested in current relaxation, so we look at the current mode ¢§0’ Y(k) = 1 and assume that the other modes
are not excited. By projecting the Boltzmann equation onto this mode, we find

o1 E 0z __/ dk dk, dg
/(2 )2¢ (k)k %uh k) = (277)2 (2m)? (2m)?

x¢§0'”(k) |:)»vp "DV (k) — rvp

— AUp

P_w =1
»Qi 'Ql

To evaluate the current relaxation time rl(o' b

dk  dk,

01)¢(01)(|k Gl) + Avp——— |]-{'

P&, &y, PLLER L, CD[1 — £k — D1 - £2F + D]

-

(0 1)¢(0 D(k )

k|+q
1+4

X 9Pk, + q|>} (B10)

, we again assume that the mode corresponding to qbg’l) is not excited, this gives

k .
o )2¢(0 ”(k)% . 3];]30(/()) =

i
_L_)EO,I)

k k k
0,1 0,1
X P\ kk)z-[xvpzqs; (k) — av F“;

and similarly 1{0/\’1) is determined from

G O O )ZPUZ K DLAELL, RDO[1 = &= ][1 = 00 +)]]

|¢(°”(|1?—q“l)], (B11)

o )2¢(0 “(k)li ko(,-(')> _ dk  dk,

1 (
©0,1)
o5

< g0k [

(2m)* 27)? (2 )2

P&k, LG, CD[1 = Lk —D][1 - £2F + D]

ki+q

¢<0 Dky) + Avp ——L ;
1

————¢ %Ik, +q|>} (B12)
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FIG. 12. Numerical solution of the relaxation time for electron-hole drag as a function of chemical potential .

These integrals can be evaluated numerically. In Fig. 12, we plot the relaxation time for electron-hole drag 1/t., which we

defined from the discussion above according to

1 dk dk; dg

— ) @rr@r2@n)?

Tt
k k
x ¢Q V)~ - [vr— "D (k) — vp =
k k
1 f dk dky  dg
P (27)? 27)% 27 )2

k k 7
0D | Lp©ODk q
x ¢ ( )k |: UF_](] ¢ l)+vF—|]-<> e

We find that the relaxation time decays exponentially in the
large-p limit which is the Fermi-liquid regime. One may
understand this by observing that the relaxation time takes the
form

1 0,7\ £0 (7. 0,7 = 0,7 >
o /f+(k)f_(k1)[1 — [k =PI = fZki +PI[- .. ]

/

In the large-u limit, these become

1
—ky

1 1 1
k—p -
et +1ler1

T [...]
+le 7 +1e

Ry +3+1
.

+1
(B14)

— )

T+

/ Ot~ O — gl — wexp(—u/T)| .. |
(B15)

APPENDIX C: COMPARISON WITH OTHER
RELATED WORKS

In this Appendix, we compare our results to the other
related works, both theoretical and experimental, especially
the admittedly disputed measurement of the breakdown of
the Wiedemann-Franz law by Crossno et al. [6]. These works

Pk, ki, LR L&D = 2K — DI — 2k + Pl

-

q

-

f*"ﬂ%—cﬂ)} ,

Pk, ki, LR L&D — 2K — DI — 2k + Pl

ki + -
1 ¢(°’”(|k1+q|)]. (B13)

1

(

argued that, close to the charge-neutrality point, electrons in
graphene are strongly correlated which leads to the breakdown
of the quasiparticle concept and invalidating the kinetic-theory
description of transport phenomena. As such, the other the-
oretical frameworks, which model interacting electrons in
graphene as a quantum liquid without quasiparticle excita-
tions, are chosen to analyze the transport measurements by
Crossno et al. [6]; relativistic hydrodynamics was used by
Lucas and collaborations while the AdS/CFT correspondence
was employed, for instance, by Rogatko ef al. and Seo, Song,
Kim, Sachdev, and Sin [49-51].

In our paper, however, we insist upon using a kinetic-
theory approach. We find it manifests as same salient features
of thermoelectric transport coefficients as studied within
the relativistic hydrodynamic and AdS/CFT correspondence.
Moreover, it can be used to fit the experimental results pro-
vided that the collision integral is constructed in such a
way that momentum, energy, and charge are conserved in a
disorder-free limit. One can also derive hydrodynamic equa-
tions from the kinetic theory. In fact, the quantum critical
conductivity op, one of the important parameters of rela-
tivistic hydrodynamics, was theoretically calculated using a
Boltzmann equation.

We compare in Figs. 13 and 14 the results of our two-fluid
model to the experimental results. We are able to choose
the parameters 7o and 79 of our model that nicely fit the
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FIG. 13. A comparison of our two-fluid model with the experimental results of Crossno et al. [6] at the charge-neutrality point. We use

7% = 1.63 ps and 1/7y = 0.26“"min(1, ’787{).
measurements close to the charge-neutrality point, while it
mismatches at high density. This does not, however, imply that
our model is wrong. In fact, the same problem has been found
in the previous approaches as well. Relativistic hydrodynam-
ics with a constant momentum relaxation time is not sufficient
to fit the measurements for the entire range of densities. Lucas
and collaborations solved this problem by carefully modeling
the momentum relaxation time due to electron-charge puddle

J

1 1
o

scatterings. So we believe that our model can be used to fit
the experiments as well if 7% is modeled more carefully. We
leave this to be studied in the future.

Furthermore, there is another related work by Gallagher
et al. [10]. measuring optical conductivity of graphene at
charge neutrality. While, in the main text, we focus on dc
conductivity, our model is versatile enough to be solved for
o (w). We find that

T lw(€+ + 8_)

(ChH

o(w) = —e

1 1 l
Tdis (Tdis T

In Fig. 15, we show that our result matches nicely with the
experiment.

APPENDIX D: PLASMON MODE WITHIN THE RPA
APPROXIMATION

In this Appendix, we derive the energy dispersion re-
lation as well as the Landau damping for plasmon in a
two-dimensional Dirac system within the RPA approximation.
Here, we use units in which vg = 1. To this end, let us con-
sider the RPA dielectric function

érpa(q, ) = 1 = V(PTG w). (D)

B et d)
(2

i

=)

(

The polarization function (%, w) is given by the Lindhard
formula

nG.o=x 3 / o )zm X

AN =

2P — £2(G + P)
o +i0t +€.(p) —ex(G+ P)’

(D2)

where A, A’ = + denote the energy band, + denotes the con-
duction band, and — denotes the valence band. The coherence
factor is defined according to

Fore(B. @) = 311+ AN cos(@pig — 6)).  (D3)
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FIG. 14. A comparison of our two-fluid model with the experimental results of Crossno et al.

kT
*owl ).

1/79 = 0.26*2 min(1

n [pm=?] n [pm=
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%

[6] at T = 75 K. We use 1% = 1.63 ps and

205126-17



PONGSANGANGAN, LUDWIG, STOOF, AND FRITZ

PHYSICAL REVIEW B 106, 205126 (2022)

14
=== Ro(hw/kpT)
12 ¢ -AA%AA-.?_AA A = = = So(hw/kpT)
A.'~~A
10 e WY
— AN
= 2.
~ S N
NQ) S
: A’%.g.
3 6 o o e airs il 1 rColail
T o 385 FTIT O oo Tume g
4 . 9%
<>»<"‘> ¢
2 ‘,80
'%'(%0
0
0 0.1 0.2 0.3

hw/k:BT

FIG. 15. A comparison of our two-fluid model with the exper-
imental results of Gallagher et al. [10]. We use 7% = 1.5 ps and

1/79 = 0.21% min(1, ’%).

The Fermi-Dirac distribution function is

. 1
fi(l?) = o (D4)
e 1 +1
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FIG. 16. Polarization function, in the unit of temperature 7', at
a nonzero temperature and a chemical potential ©/7 =1 in the
momentum-frequency plane. The above plot shows the real part and
the lower plot shows the imaginary part.

Note that here we use a different notation from the main
text and work in terms of electrons only instead of elec-
trons and holes. The plasmon frequency (w = w, — iy,) is
obtained from zero of the RPA dielectric function. Let us note
that by defining it in this way the decay rate y, is positive.
If the damping is sufficiently weak (y, < w,), we can ex-
pand the polarization function to leading order in y,. This
gives

H(C_f, a)p - l)/p) ~ Ren(q, wp) - lJ/pawReH(l?, w)|w:a)p
+ i ImI1(G, w,). (D5)

By substituting this expansion into Eq. (D1), one finds that
the energy of the plasmon is determined from the real part
according to

1 — V(§)Rell(§, w,) = 0, (D6)

whereas the decay rate is a solution of the imaginary part
which is given by

, = ImI1(G, ) o7
P 9,Rell(d, ®) '

w=w,

A solution to Eq. (D6) exists only when RelIl > 0. In the
upper panel of Fig. 16, we show the real part of the polariza-
tion in the momentum-frequency plane. We observe that ReIl
is positive when @ > ¢g. Furthermore, considering Eq. (D7),
we find that a stable plasmon solution requires ImIT = 0.
In the lower panel of Fig. 16, we plot the imaginary part
of the polarization function. We observe that although it is
not identically zero, it is still negligibly small in the low-
momentum limit and w > ¢g. Consequently, we may expect
a long-wavelength underdamped plasmon mode with almost
infinitely long lifetime.

Having made this observation, we expand the polariza-
tion function up to first order in g/w by making use of the
following expressions:

Fii(P.§) = 3[1 4 cos Opeg — 0] ~ 1,

Fir(P.§) = 31 = cos 057 — 0)] ~ (P - 9307)°.
LG+~ L@+ P :1@),

&P+ §) = €.(§) + P 06.(d) (D8)

Let us first calculate the real part of the polarization
in Eq. (D2). The intraband contribution, when A = A,
gives
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Rell(§, w) =~ N Z/(Zn)z_

w
A=%1

q- 3ﬁff(ﬁ)[1 n 67~3,36A(ﬁ)]
w

=~ / @ f 7 [FYP)G - 3p) e (P) — [1 — fAPIG - 35) e (P)]

Ng* [ pdpd6 sin® 0
= ) L@+ 11— 2P

Ng’ . B}
= 4nw2/dp[fﬁ(p)+[l — 2

N 2
= — S TlLir(=e"/") + Liy(=e™/")]

o + Ty +log(1 + e /1))

2
q
47 w?
In contrast, the interband contribution, when A = —)/, gives a logarithmic correction which will be neglected in evaluating
the plasmon energy dispersion. For the case of nonzero dopings, at zero temperature, this interband contribution reads as

T[log (2 +2cosh u/T)]. (DY)

% log(| g;;z |). By substituting Eq. (D9) into (D6), we can derive the dispersion relation for plasmon. It reads as

w,(G) = :t\/%vaTq log[2 + 2 cosh(u/T)]. (D10)

Note that this is the same result as we obtained from the Boltzmann approach in the main text.
Next, we consider the imaginary part of the polarization function. The main contribution to the imaginary part is from the
interband transition, when A = —A’. This gives

1
ImM(G, @) ~ =N ) / o )24(61 905’ L) — O (1)]8(@ + 6.(P) — € 5.(P))

A==l

dp 14¢°
4 f (2:)2 z,% sin’ (LY (B) — f2(B)8( + €.(B) — e~ (B) + (f2(P) — fL(P)S(@ + e~ (P) — ex(P)].

Notice that since £9(5) depends only on the magnitude of the momentum , let us now denote it by £ (p). The angular integral
can be performed, giving

N *d
ImI(§, 0) & ——¢° /0 f[(fﬂ(p) — f2(p)d(w +2p) + (f2(p) — f2(p)S(w — 2p)]

16
N *®dp
=137 | 0 = LoN6@+2p) - 8w = 2p))
N Fdp 0 1
=——¢ | =P = LLPN56(p+0/2) = 8(p - w/2),
16 p 2
N 1 1
= 16(2) ( W) =T n 1) (DIT)
(
In the limit of zero temperature, this becomes imaginary part in Eq. (D11) into Eq. (D7), we find the decay
rate of plasmon. It reads as
Q N ¢*
ImM*(G, w) & ——=—06(lo| - 2|u)), (D12) 0
16 w @) = Twp(q)
YD) = T 8T log(2 + 2 cosh 1/ T)
which was found previously in Ref. [46]. It vanishes when 1 1
|| < 2|ul|, consequently, the long-lived plasmon mode exists X < T — e ) (D13)
in this region. By substituting the real part in Eq. (D9) and the e 7 +1 e T +1
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FIG. 17. The plot shows the ratio of the plasmon decay rate eval-
uated in Eq. (D13) to the energy dispersion evaluated in Eq. (D10) for
small momenta. It can be observed that, within the low-momentum
approximation, the ratio is small. As a result, the plasmon is a well-
defined excitation. Here we use u/T = 3, but it should be noted that
this feature is generic for any /7.

In Fig. 17, we show the ratio of the decay rate to the
energy evaluated above in Eqs. (D13) and (D10). We find
that y,/w, < 1, so, within the low-momentum approxima-
tion, the plasmon is a well-defined excitation. However, as
we show in Fig. 18, the square-root g energy dispersion
enters the region w < g where the plasmon becomes an over-
damped mode. This defined a momentum cutoff above which
the plasmon is an unstable mode. The momentum cutoff
satisfies

®p(qc)/qc =1, (D14)
which translates to
N

qc = EO[T log[2 + 2 cosh(u/T)]. (D15)
4 —

3 _a
w” |
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FIG. 18. The plot shows the energy dispersion of plasmon. Here
weuse u/T = 3.

APPENDIX E: RELAXATION TIME OF PLASMON

In this Appendix, we are going to derive the relaxation time
75, for the plasmon used in the main text. In the companion
paper [48], we derive the Boltzmann equation for plasmons.
It reads as

o,b(X, p,t) + Uy - 0:b(X, P, 1)

_ZO(JTZNa)p(ﬁ) / dg
P (2m)?

+ 6§ —ex(P+D)AH@A = fi(p

+g@Nb(p) — (1 = fil(@)fi(p+ A +b(P)].  (ED)

By substituting f = f° and b = b’ + b to the Boltzmann
equation above, the left-hand side becomes

%8b(X, p, 1) + Ty - 0T 0rb"(p), (E2)

Fon(P+ G, DS (wp(P)

and the collision integral becomes

_205712Nw,,(ﬁ)/ dg
p (

Fin(P+ G, 3(wp(p)

27 )2
+ e — e (B+ (@) — [P+ §)b(P)
_ 2amop(P) | s
P
= —2y,8b, (E3)

where y,, is the decay rate for plasmon in Eq. (D13). To obtain
the result above, we approximate the imaginary part of the po-
larization function at the same level as we did in the previous
section. Let us note that in principle there are contributions
of the form —§ f, /T4, and —8f_ /7_; to the collision integral
above. However, an evaluation of the 1/t; is equivalent to
solving the Boltzmann equation. This is beyond the scope of
this paper. For this approach, we refer the reader to Ref. [32].

APPENDIX F: THERMOELECTRIC RESPONSES OF A
HYBRID SYSTEM OF ELECTRONS, HOLES, AND
PLASMONS

In this Appendix, we discuss the role of the internal electric
potential in thermoelectric transport phenomena. One interest-
ing effect of this force term is the nonlocal transport response
which has been investigated, for example, in Refs. [36,52]. In
this paper, we focus on local thermoelectric transport. In this
case, the Hartree potential has a direct contribution to thermo-
electric transport phenomena via the collective charge-density
oscillations or plasmons. Plasmons do not contribute directly
to charge transport because they are electrically neutral. How-
ever, they give an extra contribution to the heat current which
is given by

. p .
2= / Gy PP, (F1)

where b is deviation of the distribution function for plasmons
from the equilibrium solution. The deviation 85 is a solution of
the linearized coupled Boltzmann equations. Here w(p) is the
energy dispersion of the plasmon given by Eq. (D10) [46,47].

We obtain the coupled system of Boltzmann equations for
a hybrid system of the electrons, holes, and plasmons and it
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takes the form
(& + 0(P) - VIAE, P, 1) = Cilfs, -, BID),
(3 + 0p(P) - VIBE, B, 1) = Cyplfes f-, BI(B),  (F2)

where b(X, p, t) is the distribution function for the plasmons
which the velocity ¥,(p). To obtain the qualitative feature of
the thermoelectric responses, we can resort to the relaxation-
time approximation and use

8f [ 8fs Sfi  Ob

G.lfy, -, bl(p) = . + o, 7o + o (F3)

and

Colf+. /=, D)) = —ﬁy (F4)
Tp / 2

where 1}, is the Landau damping of a plasmon into an electron-
hole pair. Note that we use the relaxation-time approximation
discussed in the main text which respects the required conser-
vation laws. Within linear-response theory, in the presence of
an external electric field E and a temperature gradient VT, we
linearize the Boltzmann equations to linear order in external
fields. The deviation of the distribution functions to linear
order in the external disturbances can be solved from these
Boltzmann equations. This solution is used to determine the
charge and heat currents and, consequently, the thermoelectric
coefficients. We find that the expression for the electric con-
ductivity remains the same as in Eq. (21) since plasmons do
not have a direct contribution to the charge current. However,
they can relax electrons, and thus modify the relaxation time
for electron-hole drag according to

1 ri(;[/c, +2(T- + péE)l
T K+ 2T+ uE] = Ky +2(T5 + uEN
1 —%[ICJr +2(T3 + &)
T K+ 2T+ uE = [Ks +2(T5 + DT
(F5)
where we defined here second-rank tensors
£, = / 8:0% (k).
¥
g = / 8:6°D_eo(F), (F6)
¥

and I%i = K.1. Note that in calculating C1 above, the in-
tegrations have the momentum cutoff given by Eq. (D15).
Beyond this value, the quasiparticle becomes overdamped
(see Appendix B) and thus its corresponding distribution
function is not well defined. We further use t) = 7, since
the electron-hole drag results effectively from the Landau
damping.

The thermoelectric coefficient has an additional contribu-
tion from the drag. It is given by

o=+ Qdrag (F7)
where
1 2 1 2
Celm D)+ (m+ o)k -
Oldrag—T i(L_’.l.FL) (F3)
pdis \ pdis T4 T

and «, is given by Eq. (23). We observe that ogr,g = 0 at
charge neutrality. Similarly, there are three contributions to
the thermal conductivity according to

K =Ke+ Kkp+ Kdrag- (F9)

Here «, is from electrons and holes, which is given by
Eq. (22), and «;, is a direct contribution from plasmons, which
is given by

_ Tp / 2
T
In addition, there is a contribution due to plasmon drag ac-
cording to

Kp (F10)

ﬁ (0(K))*D, - 3;0°.
k

Kdrag = — =

S [U_(e_ — Uy (e —
x[w(k) f 2#) + +E + zﬂ) -8,;b0.
k @ T Pl i

(F11)

Recall that the momentum integrals in k;, and kgpe above
have an upper bound set by the momentum cutoff given by
Eq. (D15). Figures 10 and 11 show the thermoelectric coeffi-
cients of the hybrid system of electrons, holes, and plasmons.
We observe the enhancement of the Weidemann-Franz ratio
not only at the charge-neutrality point, but also at high doping
due to the extra contribution from the plasmons to the heat
transport.
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