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A violation of the Wiedemann-Franz law in a metal can be quantified by comparing the Lorentz ratio,
L = kp/T, where k is the thermal conductivity and p is the electrical resistivity, with the universal Sommerfeld
constant, Ly = (7v2/3)(kg/e)*. We obtain the Lorentz ratio of a clean compensated metal with intercarrier
interaction as the dominant scattering mechanism by solving exactly the system of coupled integral Boltzmann
equations. The Lorentz ratio is shown to assume a particular simple form in the forward-scattering limit:
L/Ly = ©2/2, where © is the scattering angle. In this limit, L/L¢ can be arbitrarily small. We also show how
the same result can be obtained without the benefit of an exact solution. We discuss how a strong downward
violation of the Wiedemann-Franz law in a type-II Weyl semimetal WP, can be explained within our model.
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I. INTRODUCTION

According to the Wiedemann-Franz law (WFL) [1-3], the
Lorentz ratio L(T) = kp/ T, where « is the thermal conduc-
tivity and p is the electrical resistivity of a metal, is given by
the universal Sommerfeld constant

Lo = (w?/3)(kp/e)’. (1.1)

The WFL holds if electron scattering is elastic [1,3], such that
the relaxation times of the charge current, 7,, and of the ther-
mal current, t,, are the same. The WFL holds both at very low
temperatures, when electrons are scattered mostly by disorder,
and at temperatures above the Debye one, when scattering of
electrons by phonons becomes quasielastic.! At intermediate
temperatures, scattering is inelastic, the two relaxation times
differ from each other, and the WFL is violated.

In the case of inelastic electron-phonon scattering, the
difference between 7, and 7, is due to the fact that electrons
are scattered by acoustic phonons with group velocity s and
typical momenta g ~ T /s, the latter being much smaller than
the Fermi momentum, pr. Therefore, 7, is longer than the
single-particle relaxation time, T T3 duetothe 1 —cos®
factor, which filters out small-angle scattering events, and
poxT, ' T5. On the other hand, since every collision is
effective in energy relaxation, we have 7, ~ 7, and the ther-
mal resistivity w = T/« scales as T~ o« T3. As a result, one
obtains a downward violation of the WFL, i.e., L(T) < Ly,
which is often observed in elemental metals [4-6].

Downward deviations from the WFL are also observed
in cases when the electron-electron interaction is known (or
suspected) to be the dominant scattering mechanism. For ex-
ample, the values of L(T') < Ly were measured in the normal
state of the cuprate superconductors [5], in heavy-fermion

'Historically, the WFL was observed first in the regime of
quasielastic electron-phonon scattering [39] because cryogenic tech-
nologies were not available in 1853.
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metals [7-11], near a magnetic-field-tuned quantum critical
end point [12], and in a candidate type-II Weyl semimetal
WP, (Refs. [13,14]).2 The interpretation of such experiments
is complicated by the fact the charge current can be degraded
only by umklapp or interband scattering, whereas the thermal
current is degraded already by intraband normal scattering,
but is affected by umklapp and interband scattering as well.
Consequently, the Lorentz ratio depends on the ratio of the
umklapp and normal scattering rates which, in turn, is very
sensitive to the geometry and topology of the Fermi surface
(FS) and thus highly nonuniversal. However, if umklapp scat-
tering is excluded because, e.g., the FS is too small [2] or the
interaction is of a long range [15-17], the situation is some-
what simplified because normal scattering in a metal with
anisotropic FS affects both electrical and thermal currents.
In general, however, one still needs to introduce momentum-
relaxing scattering, e.g., by impurities or phonons, which
ultimately renders the electrical conductivity finite.

There is one but very important exception to this rule,
namely a compensated metal (CM) with equal numbers of
electrons and holes. The electrical conductivity of a CM is
rendered finite already by normal scattering between electrons
and holes (the Baber mechanism [18]), while its thermal
conductivity contains contributions from both intra- and inter-
band scattering processes. At high enough temperatures, the
electron-hole and electron-electron interactions control both
electrical and thermal transport without the help of additional
momentum-relaxing processes, and one can make certain
statements about the magnitude of the Lorentz ratio within
a tractable model.

In this paper, we calculate the Lorentz ratio of a CM,
assuming that the intercarrier interaction is the dominant

2A drastic upward violation of the WFL is observed in graphene
at the charge neutrality point [40] and is understood as arising from
the weakness of electron-hole generation-recombination processes,
which control the thermal conductivity of graphene [40—42].
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scattering mechanism. Qur particular goal is to understand
recent observation of an abnormally small (*0.2L() Lorentz
ratio in bulk WP, (Ref. [14]). We will argue that this can
be attributed to weak screening in this material. In a broader
context, the family of CMs is quite large [19]: it includes
many metals and semimetals with an even number of electrons
per unit cell, e.g., Mg, Zn, Cd, Bi, graphite, etc. A relatively
recent addition to the family are iron-based superconductors
in their parent states [20], most of which have compensated
electron and hole pockets. Finally, the most recently dis-
covered members of the family are type-1I Weyl semimetals
(Ref. [21]), e.g., WP, (Refs. [22]).% The interest in electron
transport in CMs has been rekindled by recent observations
of extremely large magnetoresistance [23,24] and possible
realization of the hydrodynamic (Gurzhi [25]) flow regime
[13,14,26] in these materials. Having even a simple model for
electrical and thermal transport in CMs would be useful for
understanding the unique properties of CMs.

In what follows, the electron band (1) and hole band (2)
will be assumed to have parabolic dispersions,

(P —po/2) __(P+po/2)

Elp = 2m, , &p= iy + A, (1.2)

where A is the energy offset, and m () is the electron (hole)
effective mass. In a CM, the electron and hole density are
equal, n; = n, = n, hence the Fermi momentum and Fermi
energy are given by pr = (37%n)!/3 and er = Amy/(m; +
my), correspondingly. We will only be interested in the degen-
erate regime of 7 < ep. (Throughout the paper, we take i =
kg = 1, unless specified otherwise.) The separation between
the electron and hole bands (pg) is assumed to be much
larger than the (inverse) radius of the interaction, so interband
transfer of carriers is not allowed.

The rest of the paper is organized as follows. In Sec. II,
we briefly introduce the Boltzmann equation (BE). In Sec. I1I,
we show that a system of BEs allows for a simple solution for
the case of forward scattering and obtain the corresponding
results for the electrical and thermal conductivities. In Sec. IV,
we find the exact results for the electrical and thermal con-
ductivities, using the method of Refs. [27-30] for an arbitrary
interaction potential, and compare these results to the approx-
imate ones obtained in Sec. III. In Sec. V, we discuss the
Lorentz ratio for a number of models and make a connection
to an experiment on WP, (Ref. [14]). Our conclusions are
given in Sec. VL.

II. LINEARIZED BOLTZMANN EQUATION

To set the stage, we briefly introduce the BE for a single
band case. The generalization to a two band case is straight-
forward. The semiclassical BE for the distribution function
fp(r, 1) is written as

ofp  O0gp dfp Odep Ofp

4+ £ 0P 7P = -1l fpl, 2.1
p

3For metals with open Fermi surfaces, such as WP,, “compensa-
tion” can be understood as the equality of volumes of electron and
hole parts of the Fermi surface within the first Brillouin zone [43]

where Z is the collision integral which accounts for scattering
processes.

If Eq. (2.1) describes a Fermi liquid (FL), &, on its left-
hand side is to be understood as the nonequilibrium quasi-
particle energy, which is related to f;, via the self-consistent
equation of the FL theory [31]. As a result, the left-hand side
of linearized Eq. (2.1) contains two corrections to the equi-
librium distribution function [3,32]. The “bare” one, dnp, is
defined by writing f, as f, = np + dnp, where n, = I’lF(SI()O))
is the equilibrium Fermi function and sl(,o) is the equilibrium
quasiparticle energy. The time derivative on the left-hand side
of linearized Eq. (2.1) contains én,. The “renormalized” one,
di1p, is related to the bare one via
(2.2)

Siip = Snp — Fé (p, p)ony,

np
ey €p
where fp is a shorthand for | de/(Zn)D and F*(p, p') is the
spin-symmetric part of the Landau interaction function. On
the other hand, the gradient term in linearized Eq. (2.1) and
macroscopic observables contain 7i,. For example, the charge
current is given by j = e fp vpdiip. However, the collision in-
tegral can also be expressed via 671, (Refs. [3,32]). Therefore,
if the time dependence can be ignored, énp does not appear
in the theory, while 671 plays the role of a proper distribution
function. As we will be interested only in dc transport, én, in
the remainder of the paper is to be understood as é7ip, with bar
suppressed for brevity. In this way, the kinetic equation for a
FL coincides with that for the Fermi gas, the only difference
being that v, = d,¢, in this equation is to be understood as
the renormalized Fermi velocity.

The collision integral describing electron-electron interac-
tion in a single-band metal can be written as

I[fp] = // / ka—»p’k’a(gp + &k — Ep — Ek/)
kJp !

x8(p+k—p —K)fpfl = f)(1 = fi)
— S fw (L = fp)(1 = fi)l, (2.3)

where Wy pi is the scattering probability of intercarrier
scattering. The collision integral can be linearized by defining

np)&ps 2.4)

onp
dnp=-T— 9%, gp =np(l —

which yields [2]

Ilgpl = // / Wik prfphk(l — ny)(1 — ny)

X (gp + 8k — 8p — 8K )3(ep + &k — &p — i)
x8(p+k—p —k). (2.5)

III. TRANSPORT COEFFICIENTS IN THE
FORWARD-SCATTERING LIMIT

In this section, we examine the forward-scattering limit
which is relevant, e.g., for the case of a weakly screened
Coulomb interaction, or to scattering by ferromagnetic or
nematic fluctuations near a corresponding quantum phase
transition [15].
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A. Electrical conductivity

In the presence of an external electric field, the two coupled
BE:s for the electron and hole bands can be readily obtained as
a generalization of Eq. (2.1),

0

—eB Vi pl = —T[g;, o], (3.12)
El,p
0

—eE Vot = —1[g), g1, (3.1b)
&k

where v, is the group velocity of the jth band and g, are
defined as in Eq. (2.4) for each of the two bands. The collision
integrals Z'? and Z?' describe the Baber-type [18] interband
scattering between electron and holes:

T"g1, g1

// f k—>p'kf”l,p”2,k(1 —npp)(1 —ny)

x [g1p+ &k —&p — &K1

x8(e1p+erk—epy —2k)S(Pp+k—p —k), (3.2

and Z?' is obtained from Z'> by interchanging the band
indices. In our model of parabolic bands [cf. Eq. (1.2)],
intraband scattering does not affect the electrical conductivity,
and the corresponding collision integrals have been dropped.
It is convenient to introduce the momentum transfer q
and energy exchange w, such that p’=p—q, k' =k +q,
gjp =¢€jp—w,and ;v = ¢&jx +w, where j =1,2. In the
FL regime, the scattering probability can be taken as inde-
pendent of w. If electrons interact via a potential V(q), the
symmetrized scattering probability for a carrier with spin « is
given by
Wl:lzﬁpk -
=27 ) |V (Q)ayps —
Bys

21
kaﬁp 'k’

V(p— Kk — q)8.585, .

(3.3)

For a long-range interaction, the second (exchange) term
under | ...| in the equation above can be neglected, in which
case W2 depends only on momentum transfer q but not on the
initial momenta p and k. In addition, if the system is isotropic,

V(q) = V(g) and
Wor o = Wanope = W(g) =4 |V(Q)P. (34

After these steps, the collision integral can be rewritten as

Tlg1, g2] = / / / doW (@1 k(1 =11 pq)
kJq

x (11— n2,k+q)(g1,p

x8(e1,p —

- gz,k+q)
(3.5)

+ g2k — 81.p—q

£1,p—q)8(e2k — €2 k+q)>

where it is understood that 114 = nr(€;1 = w). In the equa-
tion above, we have also neglected w in the arguments of the
8 functions which ensure energy conservation. The reason is
that the scaling dimensions of the two energy integrals (over
ex and o) already give the expected T2 scaling of the collision
integral; keeping w in other places would give only subleading
terms.

The nonequilibrium part of the distribution function can be
parameterized as

8j1= — = (le E)§01<§}1)9

where j =1,2, ;1 =¢;1 —¢r and ¢;(x) is an even func-
tion of its argument. In general, one needs to solve the
system of integral equations for ¢;(x), which is what we
will do in Sec. IV. In the forward-scattering limit, however,
the procedure can be simplified because, in this case, the
energy relaxation is much faster than the momentum one: a
thermally excited carrier first descends to the FS and then
diffuses around the FS via small-angle scattering events. As
a result, the nonequilibrium part of the distribution function
depends primarily on the direction of the momentum, while
the dependence on its magnitude (energy) is much weaker and
can to be taken into account only to leading order that ensures
the symmetry requirements. The simplest choice for ¢;(x) is
just a constant:

(3.6)

@;(x) = const = a;. 3.7

(The same argument was used in Refs. [15,16] to find the
conductivity of an uncompensated two-band system.)

Substituting g; in Egs. (3.1a) and (3.1b), we obtain a single
equation relating a; and a;:

a | @  4877hp} 1

m sz2 Jdag®W(q)
Although Eq. (3.8) does not allow one to find a; and a;
independently, it suffices to determine the total electric cur-

rent density, which is proportional to the same combination
ay/my + ay/my:

dp;
:22/ (25)13(—e)v,(—Tn;g,),
J

= nez<a—l + a—2>E
ni ny

Using Eqgs. (3.8) and (3.9), we obtain the electrical resistivity
as

- (3.8)
ni ny

(3.9)

2,272
I mim;T

— 172 3.10
ne* 48zx2p3. (5-10)

p= f dqq*W(q).
A factor of g2 in the integrand is the familiar “transport factor”
that filters out small-angle scattering events. In Sec. IV, we
will show that the exact result for p is indeed reduced to
Eq. (3.10) in the forward-scattering limit.
A screened Coulomb interaction is described by the poten-

tial
e’ 1

€ g2+ 1%

Vig) = 3.1D

where x is the inverse screening length and € is the dielectric
constant at zero frequency. In this case,

72 1 szzmze4
=75 — (3.12)
ne eopF%

The forward-scattering approximation is justified for » < pp,
which is also a condition for writing V(q) as in Eq. (3.11).
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Note that if m; # m, the resistivity cannot be cast into a
Drude form, i.e., p = m/nezr, because m and t cannot be
defined uniquely.

In 2D, the corresponding average of the scattering proba-

bility
/d Wiq)
197 (q/2pr)?

diverges logarithmically at ¢ = 2pr. The denominator in
Eq. (3.13) is obtained as a result of the angular integration
of the two delta- functions in Eq. (3.5):

(3.13)

/ d48(61p — £19-0) f A8 (Erk — £2414)

1 1
q*1—(q/2pF)*

Cutting off the divergence at |g —2pp| ~ T/vp, we ob-
tain p oc T>InT. However, the logarithmic factor is just
the first term in the series for the Cooper scattering am-
plitude in the backscattering channel with (p, —p — —p, p)
(Refs. [33,34]). Resumming this series, one obtains

(3.14)

T2
p X 2T (3.15)
This result is the same as that for the (inverse) shear viscosity
of a single-band 2D FL [35]. Strictly speaking, the forward-
scattering approximation is not valid for large momentum
transfers (¢ &~ 2pr), but the scaling form in Eq. (3.15) re-
mains correct even beyond this approximation.

Note that the 2 pr singularity in Eq. (3.13) comes about as a
product of two square-root singularities: 1/y/1 — (¢/2pF.1)?
and 1//1 — (q/2pF)? with pr | = pro = pr. If ametal is
not compensated, i.e., pr1 # pr.2, each of the square-root
singularities is integrable on its own and there is no loga-
rithmic factor in the result. In this case, however, one needs
to introduce a momentum-relaxing process, e.g., impurity
scattering, to render the resistivity finite. As a result, the
resistivity increases with temperature from its residual value at
the lowest temperatures towards another impurity-controlled
limiting value at the highest temperatures [15,16]. If the
band masses differ substantially, so do the low- and high-
temperature limits of the resistivity, and there is a well-defined
intermediate region in which p scales just as T2 even in 2D,
without an extra logarithmic factor. Also, if a 2D metal is
compensated but has an unequal number of electron and hole
pockets (as it is the case, e.g., for the parent state of iron-based
superconductors [20]), the Fermi momenta of electrons and
holes are different and, as result, the resistivity also scales just
as T2, without an extra logarithmic factor.

B. Thermal conductivity

The driving term for thermal transport is

a
__nV .VT gp

=, 3.16
dep © T (3.16)

&p =¢&p —&F.

The relevant scattering processes in a two-band system in-
clude both intra- and interband scattering. Consequently, the

linearized BEs for the two-band system read

- VT 22 = 7M1= Ty, 22], (3.17
351,lep T [g1] [g1, &1, (B.17a)
ony. &

— 2K VT 2K — _72(g,] — T[g1, g2], (3.17b)
06k T

where 7}, and Z;; are given by Eq. (3.5), and the intraband
collision integrals are given by

I'"[g;] Z// / ngiep/k”j,p”.ik(l —njp)(1 —nji)
kJp JK

x[gjp + &k — &jp — &jx]
X 8(ejp + €jk — Ejp — Ejk)

xs(p+k—p —Kk), j=1,2 (3.18)

and W,y . is the probability of intraband scattering. In the
forward-scattering limit, the intraband probability is equal to
the interband one (and also depends only on q). However,
we will keep Wlhl%p,k, = W'l(q) and W;l%ﬁp’k’ = W?(g) to
be different from each other and also from the interband
scattering probability W (q) for the sake of generality.

The solutions for g;; may be sought in the following form

1 £,
gin=—705 VT)%(%'),

where /; is an odd function of its argument.*

In the forward-scattering approximation, v/;(x) is assumed
to be a slowly varying function of its argument. Since ¥;(x)
is odd, the minimal Ansatz consistent with this requirement is
a linear form

(3.19)

¥ (6) = byx,

where b; are the constants to be determined. Substituting
the correspondmg expressions g;’s into Egs. (3.17a) and
(3.17b), multiplying Eq. (3.17a) [Eq. (3.17b)] by &1pvip - VT
[E2.xV2k - VT, and integrating over p (k), we arrive ata 2 x 2
system for b, ,, whose solution is

(3.20)

- 2072 /m T? .
1 = , .
mi [ dgW'(q) +m3 [ dgW(q)
2072 /m,T?
by = /ma . (321b)

m3 [ dgW?(q) +m? [ dqgW(q)

Once the nonequilibrium distribution functions are ob-
tained, the thermal current can be found as

Z/(z )3 Jp;;:]( Tn gJP)

b nT b1 b2
= — 4+ — | VT.
3 ni %)

(3.22)

4Strictly speaking, the even part of v; is also to be found as it
ensures the boundary condition of no macroscopic current. However,
the even part of ¥/; leads to a contribution to thermal conductivity
which is smaller by a factor of (T /er)? compared to that from the
odd part [2].
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Substituting Egs. (3.21a) and (3.21b) into Eq. (3.22), we
obtain the thermal conductivity

Cnpp|: 1
Kk =C——
m$ [ dgW'(q) + m?m3 [ dgW(q)

1
mj [ dgW?(q) + m}

with C = 20m%*/3.

However, one can check that the higher-order terms in the
Taylor series for ;(x) modify the result in Eq. (3.23) in
a nonperturbative manner. For example, taking into account
the cubic term in the series modifies the numerical prefactor
to C = (20m*/3)[1 4 7/1772]. Higher-order terms will bring
additional corrections. Therefore, in contrast to the case of the
electrical conductivity considered in Sec. III A, the forward-
scattering approximation does not produce an asymptotically
exact result for the thermal conductivity. However, the higher-
order corrections happen to be numerically small. For exam-
ple, the cubic term changes the prefactor only by 4%. We
thus see that approximating ¥ (x) by a linear function is still a
satisfactory albeit not controllable approximation. In Sec. IV,
we will see why the exact solutions for the electrical and
thermal conductivities differ in the forward-scattering limit.

For the screened Coulomb interaction with » < ppr,
Wll(g) = W?*(q) = W(q) with W(q) given by Egs. (3.4)
and (3.11), and Eq. (3.23) is reduced to

3.3
m%quW(q)} 629

(3.24)

with C; = 5/12.

In 2D, the corresponding average of the scattering proba-
bility
(3.25)
|

J——
q 1—(q/2pr)? 7

3

which follows from a derivation similar to Eq. (3.13), is log-
arithmically divergent both at ¢ = 0 and ¢ = 2pr. However,
the corresponding logarithmic factors come with W(0) and
W(Q2pr), respectively. Since W(0) > W(2pp) for the case
of forward scattering, the ¢ = 2pF singularity is subleading
compared to the g = O singularity even after resumming the
series for the Cooper channel. Therefore, the 2 p singularity
can be ignored, and the asymptotic form of k coincides with
that found in Ref. [36]:

1

K X .
TInT

(3.26)

IV. EXACT RESULTS FOR THE TRANSPORT
COEFFICIENTS

A. General case

In this section, we obtain exact results for the thermal and
electrical conductivities by solving a system of coupled BEs
for an arbitrary interaction potential. (The word “exact” here
means that the solutions are valid for an arbitrary scattering
probability but still only in the limit T < ¢r.) We follow
the method of solving the integral BE for a single-band FL
developed by Abrikosov and Khalatnikov [27], Sykes and
Brooker [28,30], and Smith, Jensen and Wilkins [29]. The
same formalism was employed by Maldague and Kukkonen
[37], who found the electrical resistivity of a CM by a
variational solution of the coupled BEs. To the best of our
knowledge, however, the thermal conductivity has not been
calculated, and thus the Lorentz ratio has not been determined.
In what follows, we obtain exact results both for the electrical
and thermal conductivities, and thus for the Lorentz ratio.

Following Refs. [27-30], we rewrite the intra- and inter-
band collision integrals as

Tiilg,] = 8’”4 dex / don(epnr (el —np(ep — o[l — np(ex + )]

/ /2” dey W (6, )
2m cos(0/2)

T"[g1, g2l = dex

where the angles are defined as follows (see Fig. 1): 6 is the
angle between the initial state momenta p and Kk, ¢ is the angle
between the planes formed by p and k, and the final state
momenta, p’ and K/, respectively, ¢ is the azimuthal angle of
k relative to p, and dQ2 = d6 sinfd¢. As before, Wi/ (6, ¢)
with j = 1,2 and W(@, ¢) are the intra- and interband scat-
tering probabilities, respectively, while Z?![g, g»] is obtained
from Z%!'[g,, g»] by interchanging indices 1 and 2.

We again seek g; in the forms of Eqgs. (3.6) and (3.19)
for the electrical and thermal conductivities, respectively. This
leads to a system of integral equations for the unknown

donp(ep)np(ex)(1 —nr(ep

/ /2” dox W0, )
2w cos(6/2)

————(gjp T &ix—&p—&x) J=12, (4.1a)
— )1 —nr(ex + w))
——[g1p + &k — &up — L2x] (4.1b)

(

energy-dependent functions ¢;(x) and ¥ ;(x), which can be
solved by converting the integral equations into a system
of second-order differential equations for Fourier transforms
of the distribution functions. For brevity, we provide here
only the final results delegating the computational details to
Appendix. First, we introduce some definitions:

1 mm3T* [ W6, )
Tt = g <Cos(9/2)> (4.22)
3, = <W(0, ¢)cos®>/< W@, ¢) >7 4.2b)
cos(6/2) cos(6/2)
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FIG. 1. Schematics of a collision process with incoming mo-
menta p, k and outgoing momenta p’, K'.

2 11
t;ll = mT |:m%<W (9’¢)>+m§<—w(9’¢)>], (4.2¢)

84 cos(0/2) cos(6/2)
2/ W'(6,¢)(14+2cosh) 2/ W(8,4)cos ®
= m1< 0s(6/2) )"‘ 2< 0s(6/2) > 42d
Kkl — 2<W“(9,¢>)>+ 2( W(0,¢)> 5 ( . )
cos872) | T M2\ 5os0/2)
W (6,¢)(142 cosf—cos ©)
mymof c0s(0/2) ) 42
ﬂKl = (W“(O,Qﬁ)) + (W(9,¢)> ( . e)
N eos072) | T M2\ os6/2)

where ©® is the scattering angle related to the angles 6
and ¢ via sin(®/2) = sin(6/2)sin(¢/2) and (- --) denotes

‘i—frz -+-. The quantities with index 2, e.g., 7,2, T2, €tc., are
obtained from 7,1, 7,1, etc. by interchanging indices 1 and 2 in
the right-hand sides of Egs. (4.2a) to (4.2e). Note that 7,; and
7,; can be interpreted as the relaxation times of the electrical
and thermal currents in the jth band, respectively, while A, is
an average cosine of the scattering angle.

Let the energy-dependent part of the distribution function
in the presence of an electric field be

To find the electrical current, one needs to know only tkle sum
O(x) = Di(x) + Dr(x), whose Fourier transform (k) =

[ dxe'**®(x) is given by
(k) = 2 i 4 +3 Py, (tanh k)
(T DA+ (- D2+ -2, + 1

4.4)

where P/" (x) are the associated Legendre polynomials.
Using Egs. (3.6), (4.3), and (4.4), we find the electrical
resistivity as

2. .22
m2T <W(9,¢>) “5)

T 872en cos(9/2)>P(2(l_kP))’

where

i 4 +3 1
(x) A+DRI+DI+DRI+1)—1+x

1=0
— 8x>

1 1
=——|y+In2+-Dr

2(x — 1) 2
1D 3 1\/9 8 4.6
3 F(Z‘z ‘)} 0

y & (.58 is the Euler constant and Dr(x) =dInT'(x)/dx is
the digamma function. Note that the zero of the denominator
at x =1 in P(x) is compensated by the vanishing of the
numerator. Also, P(x) remains real for x > 9/8, when the
arguments of the square roots become negative.

Likewise, let the energy-dependent part of the distribution

function in the presence of a thermal gradient be
¥ (x) = 1 cosh(x/2)W; (x). 4.7

To find the thermal current, we need to know W, (x) and W, (x)

@;j(x) = 1, cosh (2>CD x), j=1,2. “4.3) individually. Their Fourier transforms are given by
|
- > I+ 1DQRL4+3) — 2 — BerTea/ T 4145
bk ==y U+ DEIS) =z = fet T2/ T + Pl (tanh7k),  (4.8a)
7 [0+ DQRL3) = ]l + D@L+ 3) = Al = BBz (1 4+ D21+ 3)
- > [+ 1)QL4+3) — de1 — BeaTie1 /T 4 +5
bk ==y U+ D@+ 3) = ha = BT/t + P} ,(tanh7k).  (4.8b)
= [0+ DQ@LA3) = 2alld + D@L+ 3) = Aol = BeaBea (4 D21+ 3)
The thermal conductivity is also given by an infinite series:
_ drin/miT i 4l +5
mi (W16, ¢)/ cos §) +m3(W(B, ¢)/ cos §) = (I + 1)(2l +3)
L4+ 1D)RI+3)— A2 — Be1Tea/Te
( )( ) 2 — Be1Tea/Tet b (my > my). 4.9)

T+ D@ +3) — 2l + DI+ 3) — hal — BeiBea

In contrast to the electrical resistivity, the series for ¥ cannot
be reduced to a more compact form in terms of the digamma
function.

If the interband scattering probability, W (0, ¢), is set to
zero and the band masses are taken to be the same, Eq. (4.9)
is reduced to (twice) the thermal conductivity of a single-band

[

FL [28,29]. In this case, 8,1 and B, vanish, while A,; and A,

become identical to Ag of Ref. [28] and to «/2 of Ref. [29].
B. Limiting cases

Equations (4.5) and (4.9) are valid for arbitrary forms of the
scattering probabilities W' (6, ¢), W?2(6, ¢), and W (8, ¢).
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It is instructive, however, to analyze the limiting cases of
forward and isotropic scattering, which are considered in this
section.

1. Forward scattering

In the forward-scattering limit, the parameter A, in
Eq. (4.2b) can be written as

(4.10)

where

= _ W(9,¢)®2>/< W(9,¢)>
© _< cos(6/2) cos(6/2) <1 @10

is the average square of the scattering angle. The / = 0 term
in the series for ®(k) in Eq. (4.4) is singular in the limit of
A, — 1, while the rest of the terms are regular. Keeping only
the / = 0 term, we find

1

N 6 6
&(k) = ———=P!(tanh 7k) = — 4.12
®© 7T ®2 i (tanh k) 7@2 coshk ( )
and thus
*® dk . 3 1
d(x) = —Pk) = — . 4.13
) /;oo 2 ) 72@2 cosh 5 ( )

Recalling relation (4.3), we see that ¢(x) = ¢(x) + @2(x) is
independent of x:

3
Px) = (Tp1 + Tp2) ——. (4.14)

7202

This means that the nonequilibrium part of the distribution
function in Eq. (3.6) is indeed almost independent of energy,
in agreement with the argument given in Sec. III A. The
energy dependence of the distribution function results from
the remainder of the series in Eq. (4.4) with/ > 1. In all terms
in this remainder, one can safely set A, = 1. The result is some
function of k, which is parametrically smaller than the / = 0
term by ®2 « 1. As result, a correction to Eq. (4.14) is some
(even) function of x, which is O(1) for x ~ 1.

Substituting A, into Eq. (4.5), we find the electrical resis-
tivity as

B m%m%T2< we, ¢) ®2> @.15)

T 2472e2n \cos(9/2)

where we have used that P(x) =~ x /3 for x < 1. For a generic
value of the angle 6 between the initial momenta k and p, a
small value of ® can only be achieved if the angle ¢ between
the planes formed by the initial and final momenta is small.
Then ® = sin(6/2)¢. If W depends only on ® or, which is the
same, on the momentum transfer ¢ = 2prsin ®/2 = pp@,
the average in Eq. (4.15) can be written as

<W(9,¢>)®2> 1

cos(6/2) :—S/dqqu(q).

(4.16)
2py

Substituting the last result into Eq. (4.15), we see that it indeed
coincides with Eq. (3.10) for p obtained in Sec. IIT A.

We now turn to the thermal conductivity. In the forward-
scattering limit, W'(8, ¢), W?2(0, ¢) and W (8, ¢) are equal

because the exchange term can be neglected. Then the param-
eters entering Eqgs. (4.8a) and (4.8b) can be simplified as

PO L Uy R W
~ cosd, ~ Cos o,
K1l m%+m% K2 %+m%
2mimo T2 m
131(1 = /31(2 2 2 97 L N~ Ty (417)
1 my Tkl nmy
where

cosd = <W(9’¢>C°SQ> / < W<9’¢>>. “.18)
cos(6/2) cos(8/2)

However, because generic values of these parameters are of
order one, the series in Egs. (4.8a) and (4.8b) cannot be
simplified any further. This implies that the energy-dependent
part of the distribution functions in the presence of a thermal
gradient, v;(x), are some odd functions of x which, gener-
ally speaking, cannot be approximated by a linear form of
Eq. (3.20).

However, substituting Eq. (4.17) into the series for the
thermal conductivity in Eq. (4.9), we find that all physical
parameters drop out, and the series is reduced to a simple
number:

4 +5 1

;(l+l)(2l+3)(l+1)(2l+3)—1 -

1. (4.19)

Hence the thermal conductivity in the forward-scattering limit
is given by
4mn 1
K= .
mim3T (W0, $)/ cos(6/2)

(4.20)

With (W (8, ¢)/ cos(6/2)) = (1/2pp)quW(q), the last re-
sult can be rewritten as
_ 87'[41’1])1: 1
 mim3T [dqW(q)

421

For W'l(q) = W??(q) = W(q), the approximate result for «
in Eq. (3.23) is reduced to the same form as that in Eq. (4.21)
but with a numerical prefactor C = 20714/3, which differs
from the exact prefactor of 87* in Eq. (4.21) by 17%. Keeping
the cubic term in v »(x) reduces the disagreement to 13%,
etc. Therefore, an approximate method of Sec. IIIB gives
a reasonably accurate albeit not asymptotically exact result
for k.

In case of the screened Coulomb interaction, the result for
p remains the same as that in Eq. (3.12), while « is given by

3.2
nprro€;
=——. 4.22

2Tm3m3e? *22)

2. Isotropic scattering

Another limiting case is isotropic scattering, which cor-
responds to a short-range (Hubbard-like) interaction. In this
case, the intra- and interband scattering probabilities reduce to
three constants: W', W22, and W, respectively. The angular
averages of the scattering probability can then be readily per-
formed, and we find B¢; = B2 =0, A1 = A2 =4, = 1/3.
Substituting the above parameters into Egs. (4.5) and (4.9),
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we find
mim3T?
p=0. OOSOT W, (4.23a)
e’n
303.9 ! + ! (4.23b)
K = . .
Tm%m%W ’”1 W” +1 mz W22+1

(The odd-looking numerical prefactors in these equations
result from numerical summation of the corresponding se-
ries.) If W!' = W? =W, the result for « is reduced
to /c=303.9n/Tm%m%W. If W< WU W2, « is re-
duced to the sum of two single-band conductivities: x ~
(303.9n/T) Yy, 1/(miWi).

V. LORENTZ RATIO

A. Forward scattering

For clarity, we again assume that W' (6, ¢) =

W20, ¢) = W(0, ¢). Using Egs. (4.15) and (4.20), we
find a simple result for the Lorentz ratio
L e?
—=—, 5.1
.= 2 5.1

where L is the Sommerfeld constant given by Eq. (1.1).
Note that this result does not depend on the mass ratio. By

assumption of forward scattering, ©2 « 1and hence L /Lo, in

principle, can be arbitrarily small. For the screened Coulomb

potential in Eq. (3.11), Eq. (5.1) is reduced to
L _ x> 5.2)
Ly~ 2p%° '

B. Isotropic scattering

Using Egs. (4.23a) and (4.23b), we find the Lorentz ratio
for the isotropic-scattering case

1

L 1
= = 046( —— +o (5.3)
0 preda i e
If W' = W22 = W, the Lorentz ratio assumes a universal

value of L/Ly = 0.46, which does not depend on the mass
ratio. If W « W W22 the Lorentz ratio is reduced in
proportion to the ratios of the inter- and intraband scattering
probabilities:

L w m2 W m?
o~ = 046(W11 + — W2 ) <1 5.4)

C. Exact result

One can also calculate the Lorentz ratio without assuming
either forward or isotropic scattering for a given interaction
potential. To be specific, we use again the screened Coulomb
potential in Eq. (3.11), but now assume that x/pr can be
arbitrary. Although Eq. (3.11) is not, strictly speaking, valid
for % 2 pr,one can still view this equation as a model with an
adjustable parameter (»/pr), which allows one to interpolate
between the limits of forward and isotropic scattering. For

L/Lo
0.5
__ m_1
0.4 m; 2
o3 .. m _
my
0.2 2
0.1f 2 p2
L ,\I/
1.0 PF
L/Ly
0.4; —_
/‘//
0.3 // o m_1
//- my 2
0.2} s my_
'/' m;
V4
0.1- /,
s
e I I I I IY/
1 2 3 4 NPF

FIG. 2. The Lorentz ratio in units of the Sommerfeld constant as
a function of x/pr, where x is the inverse screening length defined
by Eq. (3.11).

a generic interaction potential, one needs to restore the ex-
change term in the scattering amplitude, as given by Eq. (3.3).
To minimize the number of free parameters, however, we
assume that the distance between the centers of the electron
and hole FSs [pg in Eq. (1.2)] is much larger than x, so that
the exchange term in the interband scattering amplitude can
still be neglected, but take into account the exchange term
in the intraband amplitude. We then calculate the parameters
in Egs. (4.2a)—(4.2e) and use the exact results for p and «,
Egs. (4.5) and (4.9), respectively.

The result of this calculation is shown in the top panel
of Fig. 2 for 0 < x/pr < 1 and in the bottom panel for

< x/pr < 4. The dashed and dashed-and-dotted lines in
both panels correspond to exact solutions for m/m, = 1/2
and m/m, = 1, respectively. The solid line in the top panel
depicts the forward-scattering limit given by Eq. (5.2). We see
that the exact result matches the approximate one for x/pr <
0.2 but goes below the approximate one for larger x/pg. The
dependence of the exact result on the mass ratio, which is
absent in the forward-scattering limit, remains very weak for
arbitrary »/pr. For larger values of x/pp, the Lorentz ratio
shows a clear tendency to saturation. This agrees with the
analytic result in the isotropic-scattering limit [cf. Eq. (5.3)]
because our current model corresponds to W'l = W22 = W.
The value at saturation is also quite close to the analytic result
of L/Ly = 0.46.

Lorentz ratio of WP,

The Lorentz ratio measures the relative rates of relaxation
of electrical and thermal currents, with L = L, indicating
that the two rates are same. Recent experiments on a CM
WP;[14] found a very low Lorentz ratio (L /Ly =~ 0.2), which
indicates that the electrical current is relaxed much slower
than the thermal one. This low Lorentz ratio was observed
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in the temperature range where both p and T /k scale as
T2, which suggests that the dominant scattering mechanism
is electron-electron interaction. According to the discussion
in the previous two sections, a low Lorentz ratio can occur
if either the interaction is of a long-range type, or if the
interaction is of a short-range type but intraband scattering is
much stronger than interband one.

In the first scenario, the Lorentz ratio is parameterized by
the average square of the scattering angle [See Eq. (5.1)]
which, for the screened Coulomb potential translates into
Eq. (5.2). In a multiband system,

5 4e?

W =—— ) mjpr;
ey &= IPEI
J

(5.5)

where m ; and pr ; are the effective mass and Fermi momen-
tum of the jth band, respectively. WP, has two electron pock-
ets with masses m, = 0.87mg and ms = 0.99my, and two
hole pockets with masses m, = 1.67mqy and mg = 0.89m,
(Ref. [13]).> The total number density of electrons (equal to
that of holes) is n ~ 2.5 x 10*'cm~3. According to the exact
solution of the BEs (dashed and dashed-and-dotted lines in
Fig. 2), the Lorentz ratio reaches the observed value of 0.2 al-
ready at x/pr ~ 1. With material parameters indicated above,
we have x/pr ~ /30.8/€¢p, and the forward-scattering sce-
nario can explain the experiment only if €, is quite large:
€0 2 30. Interestingly, this may be the case for WP;. Indeed,
although we are not aware of optical measurements on this
material, an anomalously large value of €4, (from 75 to 91,
depending on orientation) has recently been reported for a
cousin material WTe, (Ref. [38]), which is also a type-1I Weyl
semimetal. Since €y > €4, the condition €y 2 30 is then satis-
fied within a good margin. Alternatively, a small Lorentz ratio
can result from strong intraband scattering with short-range
interaction. With comparable masses of electron and hole
bands, the observed value of L/Lg can be already achieved
if W/ W'l = W/W?? ~ 0.4, which is not unrealistic. Optical
data for €5, in WP, are obviously needed to discriminate
between the forward- and isotropic-scattering scenarios.

VI. CONCLUSIONS

In this paper, we calculated electrical and thermal conduc-
tivities of a clean compensated two-band metal with intercar-
rier interaction as the dominant scattering mechanism. From
the theoretical standpoint, it is an attractive toy model which
allows one to study both electrical and thermal transport prop-
erties, without invoking additional mechanisms of momentum
relaxation. However, this model is also relevant to a large class
of materials, i.e., metals and semimetals with an even number
of electrons per unit cell, which include many elemental
metals, group V semimetals, graphite, parent states of iron-

J

1
m_I”F(xl)[l —np(x))] = Sl

m my

mlmgTz/‘d_Q W@, ¢)
4 cos(6/2)

|:<p1(x1) ¥2(x2)
X | ——— —="cosf

based superconductors, type-II Weyl semimetals, etc. To find
the electrical and thermal conductivities, we solved exactly the
system of coupled BEs, describing both inter- and intraband
scattering, and analyzed the limiting cases of forward and
isotropic scattering. We showed that the forward-scattering
limit of the electrical conductivity can be obtained without
knowing the exact solution: By assuming from the very begin-
ning that the nonequilibrium part of the distribution function
depends primarily on the directions of carriers’ momenta but
not on their energies. For the thermal conductivity, the same
procedure leads to a reasonable albeit not asymptotically exact
approximation. We obtained the exact result for the Lorentz
ratio and showed that it takes a particularly simple form,
parameterized by the average square of the scattering angle,
in the forward-scattering limit [cf. Eq. (5.1)]. We analyzed the
Lorentz ratio of a type-II Weyl semimetal WP, and showed
that a strong downward violation of the WFL observed in this
material [14] can be explained within the forward-scattering
model, provided that the high-frequency value of the dielectric
constant in this material is sufficiently large.
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APPENDIX: EXACT SOLUTION OF THE COUPLED
BOLTZMANN EQUATIONS

In the Appendix, we provide detailed derivations of the
exact results for the electric resistivity and the thermal con-
ductivity. To reiterate, “exact” here means that the results
are valid for an arbitrary scattering probability but only for
T L er.

1. Electrical resistivity

To find the electrical resistivity of a two-band CM, we
start with the system of coupled BEs, Egs. (3.1a) and (3.1b).
The nonequilibrium parts of the distribution functions are
parameterized by Eq. (3.6). Defining dimensionless variables
x;j=§&;/T and y = w/T, where w is the energy transfer in
the scattering processes, we rewrite Egs. (3.1a) and (3.1b) in
the notations of Ref. [27] as

dx,dy Q(x1, x2,y)

CC Rl DU n P2(x2 +y) cos@k/p],
m my

(Ala)

3 Although our model has only two pockets, additional pockets can be incorporated by replacing m, and m, by properly averaged masses.
Since the masses cancel out in L /Ly, a particular way of averaging does not matter.
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mom’T? [ dQQ W0,
21 / (_¢) dxidy Q(x1, x2, )

8r? 47 cos(6/2)
y |:€02(X2) _ex) gty o n pra—y) ep,k} (Alb)
my m my m;

1
—np(x)[1 —np(x)] =
my

As in the main text, 6 is the angle between the initial state momenta, p and Kk, ® is the scattering angle, ¢ is the angle between
the planes formed by the initial and final momenta, respectively, W (8, ¢) is the scattering probability, and cos Gip = cos Opk =
1 4 cos 8 — cos ©, where 6y, is the angle between vectors n and m. Furthermore, Q represents the product of Fermi functions

Qx1, x2, y) = np(xp)np ()l —np(xr — I —nplxza + y)], npx) =1/(e" +1). (A2)
Equations (Ala) and (A1b) can be further reduced to two coupled integral equations:

2 2

T +x _ _

=1, 5 1(p](xl)—Aptpllfduf(xl,u)¢1(u)+(1 —Ap)rp21fduf(x1,u)¢2(u), (A3a)
Lt x? . .

l=1, > 02(x2) = ATy | duF(xo, u)pa(u) + (1 = 2,)7,; [ du F(xo, u)pi(u), (A3b)

where 7, » are given by Eq. (4.2a) and its analog with 1 < 2, A, is defined by Eq. (4.2b), and the kernel in the integrand reads

cosh(x/2)

f(x, M) = Wg(x — I/l), (A4a)
Gx)= — >~ Adb
™) = S SnhGr/2)° (A4D)

To derive Eq. (A3a) and (A3b), we have used that

/de/dyQ(xl,xZ’ Wgj(x2) = —npx)ll - nF(xl)]/du]:(xh u)p;(u), (A5a)
/ d”/ dyQ(x1, %2, Y)pj(x1 = y) = np@nll —np ()] / duF (x1, u)g;(u). (ASb)
/ d’”/ dyQ(x1, %2, Y)pj(x2 +y) = npnll = nr ()] / duF (x1, u)g; (u). (ASC)
with j = 1, 2.
Defining ®;(x) = ¢;(x)/(t,,; cosh 3), we arrive at
2
cosh(x1/2) = (7[2 + xlz)q)l(xl) — Z/du Gx1 —w) A, @) — (1 = A,)Pa(u)], (A62)
2
cosh(x,/2) = (7-[2 + x%)q)Z(xz) -2 / du G(xy — u)[A, Pa(u) — (1 — 1)@ (w)]. (A6b)

The integral equations can be reduced to the differential ones for Fourier transforms ® jk) = f dx ®;j(x Yelkx:

2o k) L[ 24, i 20—, ~ o 4m

k2 |:cosh2(7rk) a 1}@(’() o coshz(nk)qDZ(k) ~ " cosh(nk)’ (ATa)
Lo | L[ 2, i ,20-h) s - 4n

dk? d |:cosh2(nk) 1i|d>2(k) g coshz(nk)(bl(k) ~ cosh(mk)’ (ATD)

Adding up the two equations above and introducing a variable ¢ = tanh(rk), we obtain an equation for ®(k) = &, (k) +
&, (k):

- = 8
L&) +221, - DPQ) = ——F—., (A8)
¢ ’ =i
where the linear differential operator £ is given by
d d 1
L=—|0-)—|-—. A9
d([( C)dg] ¢ (A9)
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"1:he eigenfunctions of £ are associated Legendre polynomials, le ©): £P,'(§ )y=—-Il(l+ l)Pll ), 1=1,2,3... Expanding
®(¢) in series over P!(¢)

(@)=Y aP\@), (A10)
l
and using the orthogonality relation
! 201+ 1)
d¢PNOPL(E) = L8, All
[1§1(§)m(§) T (A11)
and an identity
1 1 ipq
Pi(¢) (=2, iflisodd;
/;1d§ T—¢2 - { 0, ifl/iseven, (Al2)
we obtain Eq. (4.4) of the main text.
The electrical resistivity is given by
—1 —1
o= % Z M/dx—q);l(” - % ﬂ/dk—q)f}fk)k
ne =5 m; 4 cosh(x/2) ne = m;j 4 cosh(mk)
~ -1 ~ -1
_ Lm%m%Tz W@, ¢) /dk d(k) _ Lm%m%Tz W, ¢)\| 1 1d§ d(2)
ner 2m* \cos(9/2) cosh (k) ner 2m* \cos(8/2)[| m J_, /1-1¢2
—1
1 m2m3T? | W, > 41 +3 1
L e ©.9) 3 + : (A13)
ne? 8m% \cos(6/2) P (+DI+D) (+D2I+1)—2x, = 1)

which reproduces the result in Eq. (4.5).

2. Thermal conductivity

In the same parametrization as in the previous section, Egs. (3.17a) and (3.17b) in the presence of a thermal gradient read

m3T? / dQ W', ¢)
84 4 cos(0/2)

1
m—1x1 np(x)[l —np(x)] = dxy dy Q(x1, x2,y)

1
X m—l[wl(xl) + Yi1(x2)cos — Y (xp — y)cos O — Y (x2 + ¥) cos bp]

mym3T? / dQ W, ¢)
84 4 cos(6/2)

y |:1/f1(x1) _ nlx) cos Yi(xr —y) cos © + Ya(x2 +y)

dxydy Q(x1, x2,)

g M 77

cos Gk/p] , (Al4a)

n ny nj ny

m3T? [ dQ W22, ¢)
2 /_— dxidy Q(x1,x2,y)

1
m—2x2 np(x)[1 —np(x2)] = Tor® | Im cos@/2)

1
X m—z[lﬂz(xz) + ¥a(x1)cost — Ya(xz + y) cos © — Yra(x) — y) €os Gp]

mom?T? [ dQ W,
21 f_ ©.¢) dxydy Q(xi, x2,y)

1674 47 cos(6/2)

y [Wz(xz) i) cosf — Ya(x2 +y) 05 O + Yi(xr —y)

cos Gprk]. (A14b)
my mi my mi

Egs. (Al4a) and (A14b) can be further reduced to two coupled integral equations,

712+)cl2

pex = wl(m—mfduf(xl,u)wl(uwﬂ“fduf(xl,u)m(u), (Al5a)
712+)c2

s A f du F e ) + oo / du F (e, 1)y a0, (A15b)
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where parameters T, 2, A¢1,2, and B » are given by Eqgs. (4.2¢), (4.2d), and (4.2e), respectively, and their analogs with 1 < 2,
and kernels F(x, u) and G(x) are defined by Eqs. (A4a) and (A4b), respectively. Defining W;(x) = v;(x)/(t,, j cosh %‘), we

arrive at
. (n +x ) (x )—Z/du G(x —u)[)» Uy (1) — ’3"”"2\1; (”)i|
cosh(x1/2) 1)W1 (x 1 «1W1 . 2 ,
e R B S A )—2fd Gx — )| e Watu) — P2y .
cosh(x,/2) o 12) T2l UTL T Ao E T2 !

After a Fourier transformation, ¥ (k) = [ dx W;(x)e’**, Egs. (A16a) and (A16b) become

- - 1 Tic 4
L) + 20081 (0) — 22052 ) = 2
Tyl 1—(2

5 _ 2T, 4
LUE) + 202 Br(0) — 22250 (o) = —i 2
Ti2 1—(2

Expanding ¥, (¢) and ¥,,(¢) in series of the associated Legendre polynomial Pll @),
U(@)=iY aP Q). Ba(t)=i) b P Q)
n !

we then obtain

2Be1T2 2021 + 1) ld PN

(l+1)—2x b = ,
ld+1 cla + —— iy L e
2827 2021 +1 P
2Pt 11+ 1) = 2y = 2P D d ¢h @)
T w+n LA
Solving for a; and b;, we find

I+ 1) =202 — 2Bc1 T2/ Tt 420+ 1)

a = — ,
T D = 20alUd + D) = 2kl — 4BaBa LA+ 1)
b l(l + 1) - 2)‘1(1 - 2;3/(21—/(1/1'/(2 4(Zl + 1)

) = —

L+ 1) = 2211+ 1) = 2%l = 4Bc1Ber 1L+ 1)
where we have again used Eq. (A11) and another identity
tPNE) {—2, if [ is even;
L e T Lo iflisodd.

Substituting a; and b; into Eq. (A18), we reproduce Eqgs. (4.8a) and (4.8b) of the main text.
The thermal conductivity is found as

Ty i X Ty, sinh(k)
Kk =nT - /dx—\IJ- x)| = —innT L) f i(k
j=21:2 mj 4 cosh(x/2) 100 ]21:2 4 cosh? (k) b

_,_ 3 TK// ¢Wi) | 4n'n 1
C JI=¢2 | miT m3 (W0, $)/ cos §) +m3(W (b, $)/ cos §)

j=1.2
y i 4 +5 U+ D@L+ 3) = de2 — Ber T2/ T
— (I + D@ +3) [+ D@L+ 3) = 21l + D@L+ 3) = Aol = BBz
4rn 1

m3T m3(W2(9, ¢)/ cos §) + m3(W(0, ¢)/ cos §)

oo

Z 4l+5 (l+1)(21+3)_)\/<1 _ﬁKZTKl/TKZ
7 U+ D3+ DR+ 3) = Aall 4+ DL A3) = A2l = BeiBe2’

which reproduces Eq. (4.9) in the main text.
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