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Electrical and thermal transport in the quasi-atomic limit of coupled Luttinger liquids
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We introduce a new model for quasi one-dimensional materials, motivated by intriguing but not
yet well-understood experiments that have shown two-dimensional polymer films to be promising
materials for thermoelectric devices. We consider a two-dimensional material consisting of many
one-dimensional systems, each treated as a Luttinger liquid, with weak (incoherent) coupling be-
tween them. This approximation of strong interactions within each one-dimensional chain and weak
coupling between them is the “quasi-atomic limit.” We find integral expressions for the (interchain)
transport coefficients, including the electrical and thermal conductivities and the thermopower, and
we extract their power law dependencies on temperature. Luttinger liquid physics is manifested in a
violation of the Wiedemann-Franz law; the Lorenz number is larger than the Fermi liquid value by
a factor between v? and 7%, where v > 1 is a measure of the electron-electron interaction strength

in the system.

I. INTRODUCTION

Recent experiments on thin films of doped poly-
mers such as PEDOT-PSS, PEDOT-Tos, and PBTTT
have found both high conductivity and a large
thermopower! 4. There are some possible explanations
for the source of conductive behavior in polymers®®, but
they are not yet definitive; in this paper we will bypass
this question and instead analyze a different facet of the
problem. Namely, since we take for granted the conduc-
tive nature of individual polymers, we can describe each
polymer as a Luttinger liquid, and we look for possible
signatures of the Luttinger liquid behavior that survive
even when the one-dimensional systems are coupled to
form a quasi-two-dimensional material.

The Luttinger liquid model™® represents a one-
dimensional electron gas modified by interaction between
the electrons and can therefore be viewed as the one-
dimensional analogue of the more well-known Fermi lig-
uid model, though the generic behavior of the system
is quite different. In the Fermi liquid theory for two-
and three-dimensional systems, the interacting system
actually behaves very much like the corresponding non-
interacting electron gas—the excitations are fermionic
quasiparticles which behave qualitatively like electrons
even if specific properties like mass are renormalized to
new values.

By contrast, in one dimension interactions between
electrons have a strong qualitative effect on the behav-
ior of the system. Schematically, one can picture elec-
trons in higher-dimensional systems having space to “go
around” each other and thus they still remain roughly in-
dependent (noninteracting), while in one dimension this
is impossible, and so electrons will move together, form-
ing collective (bosonic) excitations. The Luttinger liquid
theory and the technique of bosonization make this intu-
itive idea concrete.

There are numerous convincing experimental results
on one-dimensional systems that confirm various predic-

tions of the Luttinger liquid theory. For instance, Lut-
tinger liquids are expected to exhibit spin-charge sep-
aration, where charge and spin degrees of freedom act
independently®; spin-charge separation has been convinc-
ingly observed via photoemission experiments in artifi-
cially created one-dimensional structures®. Likewise, the
density of states around the Fermi level is predicted to
show a distinctive power law behavior'?; this was also
observed in an artificially created 1D chain'!'. Other
observations of Luttinger liquid-like behavior, however,
have been made not on actual one-dimensional chains but
rather on two-dimensional collections of one-dimensional
systems such as in the polymer films that motivated
this work! or on highly anisotropic three-dimensional
crystals'?14; it is not immediately clear that the results
of these experiments should be directly compared to the-
ories of single Luttinger liquids. Rather, the coupling of
1D chains to form a quasi-2D material may modify or
destroy altogether the distinctive signatures of Luttinger
liquid behavior. A theory of coupled Luttinger liquids
would thus be very helpful.

While the theory of weakly coupled Luttinger liquids
has been considered in the past by many different au-
thors, there are very few results for thermal transport
in a system of infinitely many coupled chains. Some re-
sults deal with “ladders” consisting of just two coupled
chains®'?, while some of the most well-known treat cou-
pling two half-infinite chains at their ends as a way of
modeling an impurity in the Luttinger liquid'® 8. Both
electrical and thermal transport have also been com-
puted for many impurities on a single chain!?. Papers
that do consider an infinite array of weakly coupled Lut-
tinger liquids have mostly focused only on the electrical
conductivity'?2%2! and not on any kind of thermal trans-
port. There is one recent paper on the off-diagonal terms
of the thermopower tensor for infinitely many coupled
chains??, but we are not aware of any existing results for
the thermal conductivity or Lorenz number in the type
of model we consider. This is the gap we intend to fill.
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In this work we consider a model of coupled one-
dimensional systems in which each 1D chain is treated
as a (spinless) Luttinger liquid, and the individual chains
are coupled by a perturbatively weak interchain hopping.
We refer to this situation of strong interactions within
1D chains and weak, incoherent coupling between them
as the “quasi-atomic limit.” The approximations and
assumptions inherent in this model, as well as some jus-
tifications of their validity, are discussed in section II.

We consider two somewhat different versions of the
model, which incorporate Luttinger liquid behavior at
different stages of the calculation. In both cases, we cal-
culate transport coefficients using the Kubo formalism.
In the first model, discussed in section III, the electronic
system is initially assumed to be noninteracting so that
the state of the system can be described by occupation of
single-particle orbitals; we introduce Luttinger behavior
via the electronic density of states. In the second model
(section IV), we use the full Luttinger liquid correlation
functions. In section V, we summarize our key results
and their applicability to experimental systems, and we
further discuss the comparison between the two models.

We find that both models predict the same power law
dependence on temperature for the transport coefficients,
o ox T3 and k < T?'~2, where v is a measure of in-
teraction strength as defined in equation (11), but that
the precise values of the transport coefficients (as mea-
sured by the Lorenz number) vary with electron-electron
interaction strength more strongly in the second, more
complete, calculation. In the generalized noninteracting
model (section IIT) we find that the Lorenz number is
larger than the value predicted by the Wiedemann-Franz
law by a factor between 42 and 42*. In the full Luttinger
liquid model (section IV), we find an even larger viola-
tion, with the Lorenz number augmented by as much as

73.6'

II. ASSUMPTIONS AND APPROXIMATIONS:
THE QUASI-ATOMIC LIMIT

In the Hubbard model, the “atomic limit” is the
limit as the hopping between lattice sites vanishes while
electron-electron interaction is held constant®*24, We
study the problem of weakly coupled chains with a simi-
lar approach, in which we do a perturbative calculation to
lowest order in the interchain hopping while treating each
one-dimensional chain as a single coherent quantum sys-
tem. This limit of full coherence in one direction (along
chains) and weak incoherent hopping in the other direc-
tion (between chains) we call the “quasi-atomic limit.”25

To be more precise, we make the following assump-
tions:

(1) There is no electron-electron interaction between the
1D chains.

(2) The different chains are perturbatively coupled

through a weak hopping of electrons between adja-
cent chains.

(3) The 1D chains are located at evenly spaced points
along a one-dimensional line, meaning that electrons
may hop from one polymer to adjacent ones on either
side of it and that the hopping strength between any
pair of adjacent polymers is the same.

We will briefly justify the applicability of these assump-
tions to real physical systems, beginning with assump-
tion (2). To measure transport properties for a macro-
scopic object (like a polymer film) we really want to
use not, the microscopic model of the system but rather
an effective theory that results from a renormalization
group flow. At zero temperature, any coupling between
chains is a relevant perturbation in the renormalization
group sense, but fortunately this is not the case at fi-
nite temperature!®26:27 This means that, so long as the
temperature is much higher than the energy scale of the
interchain coupling, the atomic limit will be valid. For
any particular material, this sets a lower bound on the
temperature regime in which our results are applicable.

In this temperature regime of validity, the thermaliza-
tion time within each chain (proportional to 1/7") will be
much less than the interchain hopping time (proportional
to the inverse hopping strength), so that each individual
one-dimensional chain will thermalize between hopping
events. We can therefore intuitively think of the inter-
chain hopping as incoherent, though we do not explicitly
use that fact anywhere in our calculations.

Assumption (3) is an accurate description for the case
of anisotropic crystals. The application to polymer films
is less direct, as they are known to have regions where the
polymers are relatively aligned in some organized array
(as in assumption 3), as well as amorphous regions®2%:29.
In the latter regions, which may account for a significant
fraction of the overall film, as long as the polymers form
a single two-dimensional layer and do not cross, at a suf-
ficiently small scale the polymers should still form a neat
array and our assumption will apply. We can therefore
approximately treat the film as consisting of a collection
of randomly oriented domains, each of which individu-
ally satisfies the assumption. We discuss this further in
section V.

III. GENERALIZED NONINTERACTING
MODEL

The first version of our model is intended to capture
the key Luttinger liquid behavior while still being simple
enough to provide helpful physical intuition about the
system we study. We thus use a noninteracting model for
most of the calculation, finally substituting the Luttinger
liquid density of states at the end.

To be precise, we add two more simplifying assump-
tions to those given in section II above:



(4) Each individual 1D chain can be described by a set
of non-interacting single-particle orbitals, given by
the Fourier modes of the localized on-site orbitals;
the orbitals’ energies are distributed according to the
tunneling density of states of a Luttinger liquid, and
each chain’s orbitals are the same.

(5) Electrons hop from a well-defined single-particle
eigenstate on one chain to an eigenstate with approx-
imately the same energy and momentum on an adja-
cent chain. The hopping strength is sharply peaked
in |k—k'| where k and k' are the wavenumbers on the
two chains, and the value at k = £k’ is independent of
k. (In practice, we assume the hopping is Gaussian
in k—k’, but this assumption is only needed when we
compare the two versions of our model, see Appendix

C.)

The five assumptions above lead to a specific interpreta-
tion of the standard tight-binding Hamiltonian

H = Z Ekc;-kcjk — Z (tkk’c}!kcj-i-l,k’ + h.C.) (1)
I kR

The index j labels 1D chains, while & and k' label ex-
tended (Fourier state) orbitals on each chain. ¢f and ¢
are the usual fermion creation and annihilation opera-
tors, while Ej is the single-particle energy corresponding
to the orbital k.

In the noninteracting limit, the FEj are just the en-
ergies of a one-dimensional tight-binding model Hy =
—tyy ., c;rciﬂ +h.c.; if the lattice spacing is a, the energy
levels are Ej = —2t/cos(ka), which are then linearized
around the Fermi points £k = £kprp. When interactions
are introduced, there are no longer well-defined single-
particle orbitals, so we cannot give an explicit formula for
the energies Ej. Instead, we will derive an expressions
for the transport coefficients in which the energy spec-
trum only appears via the density of states, for which we
can use the well-defined single-particle tunneling density
of states of a Luttinger liquid.

A. Calculation of transport coefficients

We calculate the transport coefficients in this model
using the Kubo formalism. For consistency with stan-
dard references, we use the conventions of reference 30,
in which case the electrical conductivity, thermal conduc-
tivity, and thermopower are given by

_ e_2L(11) (2a)
g = T a
1 22) (L(12))2
=7 [L( ~an- (2b)
1 L(12)
S =-—— (2¢)

In a two dimensional material, each of these coefficients
is actually a 2x2 matrix; the diagonal entries give the
response in the direction of an applied field, while the
off-diagonal entries give the response in a perpendicular
direction (e.g., the Hall conductivity). We will specifi-
cally focus on the longitudinal response in the interchain
direction.

The LUV coefficients in the transport coefficient for-
mulas are defined by®? (eqs. 3.487, 3.488)

1 1
_ (11) (12)
J TL V(eV)+ LYYV (T> (3a)

1 1
_ (21) v (22)

where J is the particle current, or electrical current di-
vided by the charge per particle, and Jg is the energy
current. Note that L(1?) = L1 In practice, we find
the LU coefficients in terms of current-current correla-
tion functions as?!

w—05—0 W

_; B
LG = lim lim = lQ—; /0 dTeiw"T<Trjl(T)ji(0)>] (4)

TWn —w+10

where j; is the particle current operator J and j, is the
energy current operator Jg. Both are the current op-
erators for the interchain direction. 2 is the volume of
the system. Because we calculate the transport coeffi-
cients at finite temperature, we perform the calculation
using the Matsubara formalism. 7 is the imaginary time,
wp, =27/ forn =0,1,2,--- are the discrete (bosonic)
Matsubara frequencies, and iw, — w + 0 indicates ana-
lytic continuation from the positive imaginary axis to just
above the positive real axis. In practice we will take only
the real part of LUY | since we are interested specifically
in transport.
The current operators we find using?*

— tim L eikaci
J = lim - zj:[NJ,H]e (5a)
: 1 ikacj
Jp = lim % Z[vaH]e ! (5b)
J

in units where 2~ = 1. Here a. is the distance between
1D chains and N; is the total number operator on chain
J, Nj = >, c;kcjk. Hj is the part of the Hamiltonian
associated with chain j, which includes both the on-chain
portion

hj = Z Ekc;-kcjk (6a)
k

and the hopping portion

1
h,; — —5 Ztkk/ (C;,kcj‘Flyk/ —+ C;_Lij’k/) —+ h.C. (Gb)
kk’



This leads, after some algebra, to the expressions

J =1ia. Z tkk/c;717k0j7k/ — tZk/C}k/Cj—l,k (7a)
kK’
. Ek + Ek’
3 (B5) ()]
jkk’
(7b)

From these current operators and equation (4), we derive
(see Appendix A) the expression

; Aa tPofm1 g*(y/B)y™
(i) |
Re [L0] = =2 / Tte) (1t ev)

dy (8)

where ny = i+1—2 (e.g., 0 for LOY), v is the (possi-
bly renormalized by interactions) Fermi velocity, A is a
dimensionless number, t is the peak value of the inter-
chain hopping ¢ = ¢k, 8 as usual is 1/T (we use units
of kp = 1), and ¢g(F) is the electronic density of states.
The integral over the dimensionless variable y = SF runs
from —oo to oo.

The form of the integrand can be intuitively under-
stood from a semiclassical perspective. If a particle is
hopping from an orbital at energy E on one chain to an
orbital at energy E on another, then the number of ways
that can happen is the number of orbitals at that energy
on the first chain, g(F), multiplied by the fraction that
are occupied, (1+e”#)~1 times the number of orbitals at
that energy on the second chain, g(E), multiplied by the
fraction that are unoccupied, (14 e~##)~1. Multiplying
all of these factors and integrating over the energy gives

*(E)
l/,ﬂ-+eﬂg)ﬂm+e_BE)dE' ©)

This should be proportional to the hopping rate, and
therefore to the electrical conductivity. Indeed, equation
(9) looks just like the integrand in equation (8) for L),
which is proportional to the electrical conductivity. The
fact that a semiclassical picture is helpful in understand-
ing equation (8) is not too surprising given that our weak
hopping assumption is only valid when the temperature
is high enough for the interchain hopping to be incoher-
ent.

This is the point in the calculation where the fact that
each 1D chain is a Luttinger liquid becomes important.
The density of states for a Luttinger liquid is given by
Eq. (61) of reference 10 as

/WP
Ey=2—"—— 10
002 (B) = 20 (10)
valid for E < W, where W = v/a is proportional to
the Fermi energy (Er o< k%/m = (kp/m)/kp' o< v/a) or
bandwidth of the underlying 1D model and ~ is a measure
of interaction strength in the Luttinger liquid defined by

K+ K1
7= (11)

K is the usual Luttinger liquid interaction parameter,
as defined for the Luttinger liquid Hamiltonian below
(equation 23). (Note that using K for this parameter is
a relatively standard convention, used for instance in the
book by Giamarchi®, though some authors refer to it as
g or K21671832) | — 1 corresponds to noninteracting
electrons, while K' < 1 corresponds to repulsive interac-
tions and K > 1 corresponds to attractive interactions.
We have introduced the new parameter v, which is sym-
metric in K and K ! and thus is independent of whether
the interactions happen to be attractive or repulsive. It
always satisfies v > 1, and v = 1 if and only if the system
is noninteracting.

Substituting equation (10) into equation (8) and using
that result in equations (2), we find the following results
for the transport coefficients:

a.e®t®? (T 201 A |y|2(7—1) p
T= T <WJ :memw2l(1+w)u+ew)y
(12a)

L ac_t2 z 2(7—;) A / y2|y|2(7—1) J
T \W 2T (72 ), T+ ev) (1 +ev) ™
(12b)
S=0 (12¢)

Both the thermopower and the second term of equation
(2b) for the thermal conductivity vanish because L(?)
is 0 when the density of states is particle-hole symmet-
ric. Mathematically this follows because the integrand in
equation (8) is odd when g(F) is an even function.

B. Correction for nonzero thermopower

To model a real material and get nonzero thermopower,
we can introduce an asymmetry in the band structure.
In particular, the Tomonaga-Luttinger model begins by
linearizing a typical 1D band structure around the Fermi
points, so we adopt the picture that the Luttinger liquid
arises from adding interactions to a 1D electron gas with

a typical dispersion E = % o k2. In that case, the

density of states is dk/dE o« E='/2. In our calculations
above we have set the Fermi level to £ = 0, in which case
the noninteracting density of states becomes

ng(E) o (EF+E)_1/2. (13)

The Fermi energy is proportional to v/a, so for consis-
tency with equation (10) we can write it as Ep = 0W
for a dimensionless constant b. Using this 1D density of
states as a correction to the Luttinger liquid one gives

gn(E) 1 E
\/TW ~ grL(E) (1 9 bW) - (14)

This density of states is a phenomenological way of cap-
turing the real physical behavior of the system which

g(E) =



should be accurate enough to find how the thermopower
depends on temperature. The most important features
are the violation of particle-hole symmetry by the in-
troduction of a bandwidth and the preservation of the
density of states to lowest order in E/W when FE is small
(near the Fermi energy).

If we calculate L(*?) with equation (14) replacing equa-
tion (10) as the density of states, we find for the ther-
mopower

7
g k3T y | aehare W (15)
 We Ty ly20-D
| arenmren

where Boltzmann’s constant has been restored to get the
correct final units.

Note that in principle we could also use the same cor-
rection for the conductivities, equations (12), but any
additional terms would be higher order in kgT/W than
those given above. kpT /W must be small, otherwise
the Tomonaga-Luttinger model, which is based on a lin-
earized band structure (i.e., W — o0), would not be
applicable at that temperature.

C. Lorenz number

The expressions for the conductivities, equations (12),
are clear and understandable, but they do contain
material-dependent parameters like a., v, and W. To
find a robust result that can be tested experimentally, we
would like a quantity in which these material-dependent
quantities do not appear. One such parameter is the
Lorenz number,

K

L=—.
oT

(16)
This is a particularly useful quantity to consider, since
the Wiedemann-Franz law states that for a noninteract-
ing system or for a Fermi liquid, the Lorenz number
should take a specific value, namely

Lo = %2 (%B)Q (17)

The Lorenz number for our model can be found by di-
viding the results from equations (12) to get

]
_ & aeharen

2 [y2—D :
“ | mrenaren

(18)

As expected from the Wiedemann-Franz law, in the non-
interacting limit of v = 1 we get precisely Lo. At v > 1,
this expression for L can be evaluated via numerical inte-
gration. With interactions, v > 1, we find that L > Ly,
violating the Wiedemann-Franz law. The Lorenz number
is plotted as a function of the interaction strength ~ in
the lower curve in figure 1.
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FIG. 1. (Color online) Lorenz number, L, as calculated in the
generalized noninteracting (GN) and Luttinger liquid (LL)
models. The Lorenz number is plotted as a function of the
interaction strength ~ in units of Lo, the value expected from
the Wiedemann-Franz law. For both models, we find that
L = Lo in the noninteracting case v = 1. Electron-electron
interactions (7 > 1) lead to a violation of the Wiedemann-
Franz law; the violation is stronger in the LL model than in
the GN model. The Lorenz number is evaluated at discrete
points in the LL model; error bars indicate the precision of
numerical results as described in the text. Lines connecting
the data points for the LL model show linear interpolation
between adjacent points, and the dashed line below v = 1.005
in the inset shows extrapolation to v = 1.

The Lorenz number should scale approximately as 2
in this model, since the extra two powers of y in equation
(8) that appear for L(??) (and therefore x) but not for
LY (and therefore o) become derivatives with respect
to x if the expression is rewritten via Fourier transform;
these derivatives act on the Green’s function that looks
roughly like f(z)~7 and thus pull down two factors of
~. To test that it is indeed the case that L ~ Lgy2, we
define a(vy) by L = Loy*") in which case

o) — 2L/ L)

log(7)
This quantity is plotted in figure 2. From the plot we
see that the exponent a is between 2.35 and 2 for all
interaction strengths . For large v, the scaling of the
Lorenz number is close to +?; for small v, expanding
around v = 1 gives

oy 1) = 1= 21og(n) + 5 (' (5) = ')
~ 2.3432 (20)

(19)

where 71 () is a generalized Stieltjes constant®3:34.

D. Summary of generalized noninteracting model

Our most robust predictions are those that do not de-
pend on any material-dependent parameter but the in-
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FIG. 2. The Lorenz number scales as L/Lo = v*"). For the
generalized noninteracting model we find 2 < a(y) < 2.35 for
all v, with L ~ Lov? for large ~.

teraction strength. These are (a) the power law depen-
dencies of o, k, and S on temperature and (b) the Lorenz
number. We find that

oo T3 (21a)
Ko< T2 72 (21b)
SxT (21c¢)
and
y?y[20 Y
_ k3 aenaren
2 |y|2(v—1)
“f TFenire ¥
~ Lov? (22)

In the noninteracting case, v = 1, the Lorenz number
agrees with the usual Wiedemann-Franz Law. With ei-
ther attractive or repulsive interactions, the Wiedemann-
Franz law is violated as shown in figure 1.

IV. LUTTINGER LIQUID MODEL

In the second version of our model, we introduce Lut-
tinger liquid physics much earlier in the analysis. To do
so, we replace assumptions (4) and (5) with two new,
corresponding assumptions:

(4’) Each individual 1D chain is described by the Lut-

tinger liquid Hamiltonian®,

1
H=—
2

s

v
/ dr [vK(VO)? + (V)] (23)
where again we have set h = 1. As above, K is a pa-
rameter that measures interaction strength and v is
the renormalized Fermi velocity. ¢ and 6 are bosonic
field operators related to the fermion operators by®

1 .
U, lim ewzkpme—z(oab(m)—@(w))
a—0 \/277a

UT lim

@ a0 \2ma

Ya(r) = (24)

—iakpmei(oab(w)—@(m))

e

vh(z) = (24b)

where « can be R or L (labeling right-movers versus
left-movers) when used as an index and 1 or —1,
respectively, when used as a multiplicative factor.
The U, operators are called Klein factors, and are
included to make sure that the fermion operators
anticommute and that they do not conserve particle
number.

(57) Electrons hop between real-space localized orbitals.
The hopping strength is sharply peaked in |z — 2|,
where x and 2’ are the locations along the two
chains, measured from the same “center” point (so
that all the “z = 0”7 points lie on a line perpen-
dicular to the chains). In the thermodynamic limit,
a delta-function hopping in real space is consistent
with the sharply peaked hopping in Fourier space
from assumption (5) from the first version of our
model (see Appendix C). We also assume that right-
movers on one chain can only hop to right-movers on
the adjacent chain and the same for left-movers; this
is needed for consistency with the approximate mo-
mentum conserving hopping in the generalized non-
interacting model.

Including both on-chain and hopping terms, the Hamil-
tonian for this second version of our model is:



H=> H;j=>Y hj+h
hi= e [de[oK (96" + 2 (Vo) (25)

=35 [dnds tap(o = o) (8fa@Wrira@) + ¥ a@)iss()) + b

A. Calculation of transport coefficients

As in the generalized noninteracting model, to find the transport coefficients we first find operators for the electrical
and energy currents. This can be done using equations (5) just as before, but with the new definitions for h; and h'.
The results (for some details of the calculation, see Appendix B) are

J=—ia.> Y / tap(e = o) [0l (@05 1,6(") = 01, ((@)056(a")] dada’ (26a)

j aB=R,L
Jp == z% [ tante =) [(I9512 + 195112) wha@yo5) = (V5o + (912) 6]y a@)ip(a)] do o
(26D)
where
V5l5 = aKV0;(y) — K"V, (). (27)

Unlike in the generalized noninteracting model, we do not find a single simple formula like equation (8) that gives all
the transport coefficients. Instead, the particularly nice expressions that we find are for the current-current correlators
in terms of the Green’s function for a single Luttinger liquid:

(J(1)J) = —2N.L <‘;—‘;f)22a:/dx Golx,7)Go(—x, —7) (28a)

2
vt . .
(Jp(r)Jg) = —2N,L~? <a2_“) 3y / da [(kp +i0d,)Ga(,7)] X [(kr —i0d,)Ga(~z,—T)] (28b)
T
a.t 2 .
(Jg(1)J) = 2vyN.L o Z dx Go(z,7)(kp — i20;)Go(—2, —T) (28¢)
For the Green’s function we use the expression!%32
- Fte
glokrz —ia ’ ia ’
Galz,7) = - , — (29)
2ma | 28 sinh (25 ) 22 sinh (247 )

and we are then able to perform the integration over z exactly, getting results in terms of the Appell hypergeometric
function Fy as defined in §16.13 of reference 35.3¢ As an example, the result for (J(7)J) is

(J()J) = AN,L <‘;—;)2 (;—‘;)2 <2:—6“)2V_1 <2f(7,7/, 1,1) — cos(2r) (f (7. 7,0, 1) + f(7, 7,2, 1))> (30)

where 7/ is a scaled version of the imaginary time, 7/ = 77/, and

Fi(y+n;y+m,y+m;y+n+1;e27, e %7)

Y+n (31)

f(/y7 T? n7m) =

The analogous expressions for the other two current- current correlators are longer and more complex, and



thus proportionally less enlightening. We present them
in Appendix B for the edification of the interested reader.

The next step is to evaluate each of the LUV coeffi-
cients using equation (4). In the previous model it was
possible to perform the Fourier transform and analytic
continuation analytically, but here we must perform the
7 integrals of the current-current correlators numerically
for each Matsubara frequency and then numerically per-
form the analytic continuation and limits. The procedure
we follow is discussed further in Appendix B, and in great
detail in the Supplemental Material®7.

For each transport coefficient, we get a numerical part
from the procedure mentioned above and a prefactor that
contains all the dimensionful quantities, notably the de-
pendence on temperature. Including for now only the
dimensionful quantities, we find

242 2v-3
aca q-t a
act? [ a -2
%= (35) 320)
S=0 (320)

Recalling that the energy scale W introduced in the
Luttinger liquid density of states, equation (10), was
W = v/a, the dependence of the transport coefficients on
the material-dependent parameters a., a, and v in this
model (equations 32) precisely matches what we found
in the generalized noninteracting model (equations 12).

In the generalized noninteracting model, we introduced
a correction to the density of states to find a nonzero
thermopower. Due to the complexity of the full Luttinger
liquid model, we consider the equivalent correction here
to be beyond the scope of this paper.

B. Lorenz number

The numerical analytic continuation has not yet been
needed for the results presented above. We would like,
however, to evaluate the Lorenz number numerically as
a function of the interaction strength, 7, just as in the
generalized noninteracting model. For that calculation,
the full numerics are needed.

To compute the precise transport coeflicients, for each
interaction strength ~ we must separately evaluate the
Fourier transform of the current-current correlation func-
tions at a number of Matsubara frequencies, fit an ana-
lytic function to these results, analytically continue the
function, and then take the limits as the frequency w and
the infinitesimal parameter § go to 0. (For details, see
Appendix B.)

Due to the complexity of the correlation functions (for
instance equation 30), the calculation of each Fourier
transform, and thus the calculation of transport coef-
ficients for each interaction strength +, is very compu-
tationally expensive. We therefore evaluate the Lorenz

number for a limited number of values of the interaction
strength, with a higher density around v = 1 to make
sure that the results in the noninteracting limit are reli-
able. The results are shown for v in the range 1 to 3 by
the discrete data points in figure 1 (connected by linear
interpolation for visual clarity). An inset shows a de-
tail of v € [1,1.05]; from the inset it is clear that in the
noninteracting limit the Lorenz number approaches the
expected value from the Wiedemann-Franz law.

The error bars on the Luttinger liquid model data in
figure 1 indicate the numerical precision of the Lorenz
number for each v. We compute the numerical integral
for each Fourier transform with a relative precision of
1071, and allowing the values of the Fourier transforms
to vary within this range and recomputing the Lorenz
number gives a sharply peaked distribution of possible
values of L. The error bars in the figure show one stan-
dard deviation of this distribution for each interaction
strength ~.

Comparing the results of the full Luttinger liquid
model with the corresponding results for the general-
ized noninteracting model, as shown in the upper and
lower curves respectively in figure 1, we see that the
full Luttinger liquid model exhibits a stronger violation
of the Wiedemann-Franz law with increasing interaction
strength. We argued that in the generalized noninter-
acting model the Lorenz number should scale as 72 be-
cause the two extra factors of energy for L(*?) relative
to L' in equation (8) act, in a real-space representa-
tion, as derivatives of the Green’s function. For the full
Luttinger liquid model, we can make a similar argument
that L/Lg ~ v*. There are indeed two derivatives acting
on the Green’s function in the expression for (Jg(7)Jg),
equation (28b), that are not present in the expression
for (J(7)J), equation (28a), giving rise to the same two
factors of v as in the generalized noninteracting model.

There are additionally two factors of «y in the prefactor
in the expression for (Jg(7)Jg), which come from the
[V;] operators in the expression for the energy current
operator, equation (26b), and are thus missing from the
generalized noninteracting model because there the en-
ergy current operator was derived in the noninteracting
limit where v = 1. With these two additional factors of
v included, we find that the Lorenz number should scale

approximately as L/Lg ~ ~*.

This argument neglects the full complexity of the cor-
relation functions, so to find more precisely how the
Lorenz number scales with v we again introduce the
function a(y) defined by equation (19), L/Ly = %),
This is plotted in figure 3. We find that L/Lq satis-
fies v32 < L/Lo < 7 for v < 3. This is a slightly
weaker dependence than the predicted v*, but it is still
a much stronger violation of the Wiedemann-Franz law
than L/Ly =~ ~? from the generalized noninteracting
model.
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FIG. 3. Exponent a in L/Lo = 4% for the Luttinger liquid
model. The dependence on « is stronger than in the gen-
eralized noninteracting model. Lines are given by linear in-
terpolation between adjacent data points, and error bars are
omitted for clarity.

C. Summary of Luttinger liquid model

As in the generalized noninteracting model, it is use-
ful to summarize those results that do not depend on
any material-dependent parameter apart from the inter-
action strength. For the dependence of the conductivities
on temperature, we find the same power laws as in the
generalized noninteracting model, namely o oc 7273 and
k o< T?'=2. For the Lorenz number we find a stronger
violation of the Wiedemann-Franz law than in the gen-
eralized noninteracting model. We analytically estimate
that

L ~ Loy* (33)
and numerically observe that
Lov*? < L < Loy 7 (34)

The precise dependence of the Lorenz number on the in-
teraction strength is shown in figure 1. In the noninter-
acting case, v = 1, the Lorenz number is Ly, the expected
value from the Wiedemann-Franz Law.

V. DISCUSSION AND ANALYSIS

We have analyzed two different models for weakly cou-
pled Luttinger liquids, finding in both cases the electri-
cal and thermal conductivity. In terms of the interaction
parameter -, the conductivities scale in both models as
o oc T?773 and k oc T?~2. In both cases we find a viola-
tion of the Wiedemann-Franz law with increasing inter-
action strength; for the generalized noninteracting model
L =~ Ly~? as shown in figures 1 and 2, while for the Lut-
tinger liquid model L = Loy3? as shown in figures 1 and
3. This type of violation of the Wiedemann-Franz law

as a power of the interaction strength is similar to the
result of Kane and Fisher'®, although the precise depen-
dence is of course different since our models describe a
different physical system. In the generalized noninteract-
ing model we also find a nonzero expression for the ther-
mopower if we correct the density of states to account for
particle-hole symmetry breaking, in which case S oc T
This linear dependence of thermopower on temperature,
which matches the expected behavior in a Fermi liquid,
was also found by Kane and Fisher in their coupled chain
model'8.

The violation of the Wiedemann-Franz law that we ob-
serve in both models is an indication that Luttinger liquid
behavior survives when 1D chains are coupled to form a
two-dimensional material. Just how large is the violation
in practice? Experimental measurements®® and theoreti-
cal calculations®* 3 have found Luttinger parameters in
a typical range of about 0.2 through 1.5, corresponding
to values of v up to about 3. In both our models, v = 3
would lead to a large violation of the Wiedemann-Franz
law by an order of magnitude or more, an easily measur-
able effect that could be observed in experiments.

The results summarized here are all independent of
any material-dependent parameters apart from the Lut-
tinger liquid interaction parameter, which makes them
good candidates for experimental testing and verification
on any system with strong anisotropy that might lead to
quasi-one-dimensional behavior. One very direct applica-
tion of our theory would be to highly anisotropic crystals,
as they typically have electron hopping strength along
one axis which is at least an order of magnitude stronger
than the hopping along the other two axes3®. For temper-
atures between the two hopping scales, it would be rea-
sonable to treat the system as a collection of weakly cou-
pled 1D chains as we have done here, and by the nature
of the crystal they form an ordered array, again matching
our model. Such anisotropic crystals are known to show
strong violations of the Wiedemann-Franz law, especially
in the Hall direction in a magnetic field'?. By comparing
the measured violations of the Wiedemann-Franz law in
these systems with our predictions, it should be possi-
ble to estimate the effective Luttinger parameter K for
the constituent one-dimensional chains. Conversely, if K
is independently known then such measurements would
serve as a verification of our predictions.

Applying our theory to polymer films, the original mo-
tivation of the work, requires some additional work since
the films are partially amorphous. One approach would
be to treat the polymer film as a polycrystal, consisting
of randomly oriented grains; within each grain, the poly-
mers form an ordered array to which our theory directly
applies. The overall transport properties of the polymer
film could then be found by averaging using methods
like those discussed in reference 44. The precise level of
alignment of polymers can also vary significantly between
films2829 and more work is needed to properly take this
into account. One experimental result on polymer films
which is clearly consistent with our calculations is the fact



that some polymers show conductivity increasing with
temperature, while others show the opposite behavior?.
We find that o increases with temperature if the inter-
action strength is large enough, v > 3/2, but decreases
with increasing temperature for 1 <y < 3/2.

Numerical studies of transport and other dynamical
properties in quasi-one-dimensional systems have made
great progress since the advent of matrix product state al-
gorithms for time dependence®® 47, In the case of a single
chain, it is possible to see the characteristic power laws
of Luttinger liquid behavior*®, and while coupled chains
are considerably more demanding, it has been possible to
access at least some excited-state properties*®. Coupled-
chain numerical studies could in principle provide a more
precise and tunable “numerical laboratory” to test our
predictions than current polymer experiments.

There are a number of ways that our models could be
extended for future work. We have dealt only with spin-
less Luttinger liquids, so a spin sector could be added.
Due to the spin-charge separation in Luttinger liquids,
this would be a relatively simple change and would just
result in extra additive contributions to some L) coef-
ficients. The models could also be made more complete
via the addition of disorder and by going to higher or-
der in the perturbation theory in the interchain hopping
strength. The latter two corrections would be poten-
tially quite difficult, though disorder could be added at a
relatively late stage in the calculation by modifying the
density of states as used in equation (8) or the Green’s
function in equations (28).

To implement these or other extensions of our model, if
the goal is only to find how transport properties depend
on temperature then it will apparently be sufficient to
use a noninteracting model for most of the calculation
as in section III; if the precise values of the transport
coefficients are needed, such as for calculating the Lorenz
number, then a more complete calculation, as in section
IV, will be required.
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Appendix A: Details of generalized noninteracting
model

In the main body of the paper, we focused on the key
results of our work and restricted discussion of the cal-
culations to the general formalism that we used. In this
appendix and the ones that follow, we discuss key steps of
the calculations, especially those in which we use one of
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our assumptions. We also provide some intermediate re-
sults such as the current-current correlation functions for
the Luttinger liquid model in terms of the hypergeomet-
ric function Fy. For a reader interested in seeing more
details, we have made our full calculations available in
the Supplemental Material37.

1. Current operators

The computation of the particle and energy current op-
erators, as given in equations (7a) and (7b), from equa-
tions (5) involves computing the commutators [N;, H]
and [H;, H] respectively. In each case, the best way to
proceed with the calculation is to break the Hamilto-
nian into the on-chain and interchain coupling pieces,
H =", h; + hl. As the on-chain Hamiltonian conserves
the total number of electrons on the chain, it must com-
mute with the number operator on each chain, so that
[N;, H] = >,[N;, h;]. Similarly, the on-chain Hamiltoni-
ans for different chains all commute so that

(Hj, H] =Y [y, hi] + [W, hi] + [, 7).

3

(A1)

We also neglect the last term as it contains two powers
of the interchain hopping strength and thus is not lowest
order in our perturbative calculation. The remainder of
the derivation of the current operators consists of com-
puting the commutators and then observing that half the
terms can have their index shifted by 1 in the sum over
j from equations (5), in which case the limit as £ — 0
gives

1— eikac

k

— —10e.

(A2)

For further details, see the Supplemental Material37.

2. Finding L

The first step in finding the transport coefficients is
to find the time evolution of the current operators. In
imaginary time 7 = it, the time evolution is given by

J(t) = eflmjeH7. (A3)

In general this would be a very difficult calculation, but it
is made much easier by the fact that we do the calculation
only to lowest order in the interchain hopping, which
allows us to drop the hopping terms entirely from the
Hamiltonian used for the time evolution,

H— Hy=> hi. (A4)

This means that the time evolution operator acts sepa-
rately on each creation and annihilation operator in equa-
tions (7a) and (7b). The resulting time-dependent cur-
rent operators are
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J(7) = ia, Z eT(EkiEk,)tkk/C;‘_l)kcj,k/ _ eT(Ek/*Ek)tzk,c;k/cj‘,Lk (Aba)
Kk
: Ey + Ep — B, B
JE(T) = ia. Z [(T) (eT(Ek E, )tkk/cj-il’kc]‘)k/ — eT(Ek Ek)tkk,c;[k,cj_l)k)] (A5b)
kK

We then calculate the current-current correlators. In this appendix we show only the calculations for (J(7).J), as the
others are quite similar. The brackets (-) indicate a thermal expectation value defined as usual by
(0) = Trfe” "1 O]/Trle™?H] = Trle™ "1 0]/ Z (A6)

As with the time evolution, the lowest order result in the interchain hopping can be found by simply dropping the
interchain hopping terms from H in the thermal density matrix, e ## — e~ #Ho_in which case the expression for the

current-current correlator can be written in terms of expectation values on single chains,

()T = a2 w2 (7 E =B (1 = (i) g + € E (1 = () (ng-1))

jkk!

(A7)

where as usual the number operator is given by n = cfc. The expectation value of each number operator is just given
by the Fermi-Dirac distribution and is independent of the chain number j so this becomes

eT(Ekl —FEy)

(J(r)J) = NeaZ > [trw |

kk’

(1 + e BEx) (1 + eﬁEk/) +

2
= Nea? <2£) / |t(k, k)|?
s kk’

L

—ovat () [ m B o)e)

L

v () [ E B Patye)

where in successive steps we have (1) rewritten the sum
over k as an integral over a continuous variable, (2) con-
verted to an integral over energy F, with ¢(F, E') defined
by t(E(k), E(k")) = t(k, k') for all k and k', also getting
a factor of 2 for the two branches of the dispersion, and
(3) recognized that the two terms are the same if, as we
assume, t(E, E') =t(F', E).

In the continuum case, the hopping t(k, k') becomes
a Dirac delta function. Thus one factor of t(E, E’) col-
lapses the two integrals into one, leaving t(E, E) « §(0).
The appearance of the apparently infinite quantity 6(0)
is not a problem because when we do the conversion
from a sum over k to an integral, txr (which we initially
viewed as a sharply peaked, perhaps Gaussian, function)
becomes

/ t
trw = te” BRI 4 k) = FOk—F)  (A9)
with 6(0) = L. (The precise form of tx, that we use
here is discussed in Appendix C and more thoroughly in
the Supplemental Material®”.) This means that t(E, E)
is actually just equal to ¢, a constant. Using this form

eT(Ek*Ek/) A
(1+ePBr) (1 + e PBw) (A8a)
e (E(K)—E(k)) o (B(R)—E(K) /
(14 e PER) (1 4 eFERD) + (1 + ePEM) (1 4 e PER) dk dk (A8D)
6T(E’fE) 6T(E7E’) B dE N
L +e PR (1+e®) T T+ Py (14e PP (A8c)
6T(E7El) )
(14 eBB) (1 + e PE") dEdE (A8d)
[
for t(E, E') gives
AN, Lv (a.t)? ¢%(E)
J(r)J) = dE.
< (7') > (27r)2 /(1 + eBE) (1 4 e—,BE)
(A10)

The corresponding expressions for (Jg(7)Jg) and
(Jg(1)J) are quite similar, but with extra factors of F
in the integrand. The most noteworthy aspect of this ex-
pression from a calculational perspective is that it does
not depend on the imaginary time 7 at all. Then when
we calculate the Fourier transform in the equation for
LU | equation (4), the integral over 7 is just

B
/ e*“nTdr = [ 0no, (A11)
0

proportional to a Kronecker delta in the Matsubara fre-
quency. The analytic continuation of this function is not
well-defined, so it is not immediately obvious how to con-
vert the Matsubara correlation function to a retarded
one. This problem, however, arises only when the in-
teraction strength is precisely 0, since otherwise the 7
dependence would not have vanished. Thus this should



be regularized by some small amount of interaction (or
by disorder or some other mechanism) in any realistic
system. We thus convert to the dimensionless variable
7 =7w/f and let

A=Re | lim lim — [/ e%’”/dT’} . (A12)
n—046"—0 N 0 in—smn-+is’

This constant corresponds to F,, (0) in equation (3) of ref-
erence 21. Rewriting the expression for LG9 from equa-
tion (4) in terms of 7/ and then substituting both the
current-current correlator from equation (A10) (and the
corresponding results for (Jg(7)Jg) and (Jg(r)J)) and
the definition of A, we get equation (8), our final result
for LUY in the generalized noninteracting model.

Appendix B: Details of Luttinger liquid model

The calculations for the Luttinger liquid model are
substantially more complex. Here we highlight some in-
teresting features particularly of the calculation of the
thermal current operator and the correlation function
(Jg(1)JE). We also present expressions for (Jg(7)JEg)
and (Jg(7)J) in terms of the hypergeometric function
F, and we discuss the method we use for numerical an-
alytic continuation to get the transport coefficients from
the correlation functions.

1. Thermal current operator

We calculate the current operators in the full Luttinger
liquid model using the same approach as in the general-
ized noninteracting model. The additional complication

[l (B)is1.5(x), (VO;(2'))?] = [

[l (@) is1,5(2), (Vo (2))?]
and hence

(] (B)iy1.5(x), hy] = v [5i+1,j (BEVO;(x)

There are four terms of this type in [k}, h;], and another
four in [h}, h;]. Adding them all and summing over i,
then using the trick of shifting the chain index j in half
the terms before taking the limit £ — 0 as in equation
(A2), gives the thermal current operator, equation (26b).

[ —2nVo;(z') (6(x — 2’')diy1,; — O(x

- aK_1V¢](x ) —
+5 (K + K1) 6(0) (di41,5 + 0ij)
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in the calculation comes from the more complete Hamil-
tonian (equation 25) and in particular from the on-chain
part. As with the calculation of the thermal current op-
erator in the previous model as discussed in Appendix
A, the commutator [H;, H| from equation (5b) has only
two pieces that are neither 0 nor negligible in the atomic
limit,

Zha,hi + [ k) = D [P bl = (B, By

(B1)

Terms in the commutator [k}, h;] look like
[¢z+1a( )i ('), (VO;(%))?]. To compute these

kinds of terms, we need the canonical commutation
relations between the bosonic field operators ¢ and 6,
which are given by®:

[¢i(2), 00 0;(2")] = imdij0 (2’ — ) (B2a)
[64(2),0;(a")] = igdysign(a’ —a)  (B2b)
[6i(2), ¢ (2")] = [0i(x), 0;(=")] = 0 (B2c)

We then write out the Fermionic operators ¥ and 9! in
terms of ¢ and @ using equations (24) and use the bosonic
commutators from equations (B2) to show

[Via(x), VO, (2")] = amds;d(z — x')ihs(z) (B3a)
[l (x),V0;(z)] = —amdijo(z — ')l (z)  (B3b)
[thia (), Véj(x")] = —mdij0(x — x')ihi(x) (B3c)
[l (2), Vo5 (2)] = 76556 (x — ' Yool () (B3d)

Combining these commutators with the rule [AB,C] =
A[B,C] + [A, C]|B, we additionally find that

27V0; (') (Bé(x — 2")0iq1,; — ad(x — £)d;5) . N .
72 (B6(x — 2')0ip1,; — ad(x — F)dij)? ] Gia (@) tit1,5(2) (B4a)

_ 5)513) T S .
+m2 (6(x — 2')di11,; — O(x — £)di5)° ] Vo (T)it1,5(z) (B4b)

5 (KV0;(3) — K~1V¢, (7)) ] O (@)t (@)

(B5)

2. Thermal current-current correlator

The thermal expectation value (Jg(7)Jg) looks like
P [dxda’ Y (---) where P is some (dimensionful) pref-
actor, four integrals over real-space coordinates have
been reduced to two by assuming t(z — a’) x §(x — ')



(see Appendix C), and the expectation value is a sum of
terms of the form

([Vilo®] (@) (2)[Vir Lol (2" )by ()

where the [V] operators are defined in equation (27). The
indices satisfy 7/ = j + 1, with ¢ and ¢ related to j and
7" in one of four possible ways; these four cases are: (1)
i=id=34,12)i=4id=4,8)i=jand ¢ =7, and (4)
it =7 and i = j. As in the generalized noninteracting
model, the fact that we work only to lowest order in the
interchain hopping allows us to drop the hopping terms
from the Hamiltonian appearing in the density matrix
used in the calculation of the expectation values, e ## —
e~PHo and likewise for the time evolution, so that the
expectation values for each term of the type in equation
(B6) splits up into a product of expectation values on two
individual chains. Cases (1) through (4) lead to eight
different types of two-point functions on the individual
chains, as follows:

(B6)

(1) = (V' [V]e) (e (B7a)
(2) = (') (VIUIVIYT) (B7b)
(3) = ([VI¥ ) (¢ [V]T) (B7c)
(4) = @ VIN([VIvyT) (B7d)
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Both (¢4 (z,7)1)!,(0,0)) and (4] (z,7)14(0,0)) can be
written simply in terms of the single-chain Green’s
function, being —G,(z,7) and G, (—x, —7) respectively;
these are the only two that appear in the calculation of
(J(7)J) and therefore in the calculation of the electrical
conductivity.

The other six types of two-point functions we compute
by writing them in terms of derivatives of the Green’s
function. The first step is to separate the [V] operator
into two pieces, proportional to a¢ — 6 and —ap — 6,

V;ly = —aVy [v(ag; —0;) + (—ap; —0;)]  (BY)

where v = (K + K~1)/2 as usual and 5 = (K — K~1)/2.
This operator only appears in expectation values with
1o and 1], which according to equations (24) contain
ad—0 but not —agp—0. Then when [V] is split up inside
an expectation value and the expectation values of the
two terms are calculated separately, all of the —a¢p — 6
terms vanish. (See further discussion of this point in the
Supplemental Material®”.)

A factor of aV¢—V0 is pulled down by every derivative
of 14 or ¥l so that for instance

(VIS +valz, 10k (a") = ar(ie’® oV, (e M Ty (2, 7))9l (2)) = —iane'™* ™7V, (7" Go(x — o', 7)) . (BY)

The remaining five two-point functions are calculated in a similar manner. For cases (1) through (4) we find

for G(x,7) = —G(—x, —7). We have omitted indices and
coordinates on the left-hand side for clarity. The last two
terms are clearly the same, but the first two appear to
be different. In fact, all of these expressions are inside an
integral over x and z’, so we apply integration by parts to
move derivatives in the first two terms; the result is that
all four terms are equal. These expressions, for instance

2T
2 (akp)?Gol(x — ', 1) — 2i0kpd,Go(x — 2/, 7) — 92Colz — 2, 7')}

)] Galz —2',7)  (Bl0a
Gz —

a',7)

in equation (B10c), are now quite reminiscent of equation
(28b) for (Jg(7)Jg) in the main paper.

To finish the calculation, we change variables in the
integration from 2 and 2’ to  — 2’ and (x 4+ 2’)/2. The
integrand does not depend on the center of mass coordi-
nate and thus the integral over (z + z’)/2 just provides
a factor of the length of the 1D chain. The result is
equation (28b).

3. Correlator results in terms of F}

By substituting the Luttinger liquid Green’s function, equation (29), into the current-current correlators, equations
(28), and integrating over the position = from —oo to oo, we find expressions for the correlators that are functions
only of the imaginary time 7. In practice we write the results in terms of the dimensionless parameter 7/ = 77/
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because that makes it easy to separate the dimensionful parts of the transport coefficients as given in equations (32)
from the purely numerical parts that we need only for finding the Lorenz number.
The expression for (J(7').J) is given in equation (30) in the main paper. The corresponding expressions for the

remaining two correlators are

2 2v+1
(Je(1')JE) = NcLv? (acvt) —_— (27m> x

2m 20372 \ v8

a?m?

2

(Ji(7) ) = 209N, L <“_t)2 L <@>2Vsin(2r’)x

vp

The function f(v,7,n,m) can be written in terms of the
Appell hypergeometric function F; as in equation (31) in
the main paper, and it also has a nice integral represen-
tation,

1
f(y,7ym,m) = / (1 = 2t cos(27) + 12) O™ dt,
0

(B12)
which is derived in the Supplemental Material®” from a
representation of this type for Fj.

4. Numerical Fourier transform and analytic
continuation

Computing the L) coefficients involves evaluating the
expression

(B13)

w—06—0 W

1| /.
lim Tim & / nT () (r)4i) dr
0

Wy —w+10

The first step is to write anything that cannot be com-
puted analytically in terms of dimensionless quantities,
which we do by the transformation 7 — 7’. This results
in

lim li 62 /F 2in‘r/<~( I))d ’
n%é’lino 2m2n | Jo € JAT)dig 4T m%nﬂ.é,'
(B14)
In principle we would now find a unique analytic func-
tion f(n) such that [ "7 (j(')j)dr' = f(n) for every
n =0,1,2,---, but there is no general formula for the
Fourier transforms and the integrals must therefore be
computed individually for each value of n. This provides
a limited set of points (n, f(n)) to use in fitting an ana-
lytic function.
Two standard approaches to this function-fitting prob-
lem are the maximum entropy method®?:°! and the Padé

—4(2 442 —2cos(47)) f(~, 7', 3,3)

+cos(27')(2 + 7% — 2cos(47 ) (f (7,7, 2,3) + f(v,7,4,3))

+2(1+~2 — cos(4m)) (f(v,7',1,3) + f(v,7',5,3))

—y2cos(27)(f(~,7',0,3) + f(v,7,6,3))
(Blla)

_2(1 + %)f(ﬁ)/a T/a 27 2)
+cos(27)(f (7,7, 1,2) + f(7,7',3,2))

+%(f(777-/a Ov 2) + f('%Tl, 47 2))

(B11b)

approximation®?°3. The maximum entropy method is

more robust to numerical errors, but it does depend quite
strongly on an initial assumption of the form of the func-
tion. In our case, we do not a priori have any strong as-
sumptions about what the function f(n) should look like,
and our data comes from numerical integrals for which
we can bound the error by requiring a fixed level of pre-
cision, with no statistical errors like those that appear
in quantum Monte Carlo calculations. We therefore use
the Padé approximation and fit a rational function to the
calculated Fourier transforms at Matsubara frequencies.

If we evaluate the Fourier transform at 2NV points, we
can find an exact fit for a rational function with 2N pa-
rameters, namely

o) = St

27127:01 bz

This has only 2N parameters because f(0) is just the in-

tegral of the current-current correlation function so that

bp # 0, and therefore we can assume without loss of

generality that by = 1. Our method for finding f from

the 2N points is discussed further in the Supplemental

Material®” and is very similar to the method described
in reference 53.

A major benefit of writing f(z) as a rational function
is that the analytic continuation can be accomplished
simply by the replacement n — ¢ — in. We make this
substitution, divide by n (from equation B14), and take
the imaginary part to get only the real part of LUP; let-
ting both n and ¢’ go to 0, we find in the case that the
correlation function (j;(7')j;) is even about 7" = /2 the
very simple expression

(1 [ ] ) — b - m16)

(B15)

lim lim
n—04§"—0 n

which is just minus the derivative of f(z) evaluated at
z = 0. (Note that under some assumptions about f,



this follows from the Cauchy-Riemann equations.) If the
correlation function is odd about 7" = 7/2, then we get
0.

It turns out that the function f(vy,7,n,m) is even
about 7/ = /2, which implies that both (J(7)J) (equa-
tion 30) and (Jg(7)JE) (equation Blla) are even, while
(Jg(1)J) (equation B11b) is odd. This is the mathemati-
cal explanation for why the thermopower vanishes in our
calculation for the Luttinger liquid model, although of
course this result was expected due to particle-hole sym-
metry.

There are two complications that must be addressed.
First, the form of the function f(z) and hence the calcu-
lated value for the numerical part of L% depends on the
number of points used to fit the function. With a small
number of points, the function is highly underdetermined
and thus the derivative at the origin is inaccurate. Con-
versely, finding the parameters in f involves inverting a
matrix that quickly becomes ill-conditioned as N grows,
which for a given precision of the numerical integrals sets
an upper bound on how many data points we can use.
In practice, we compute the transport coefficients for ev-
ery value of N from 1 through Npyax, confirm that the
resulting numerical series converges, and use the limit of
the sequence for the value of the transport coefficient.
We use Npax = 40 because that value empirically gives
good convergence for all transport coefficients that we
calculate.

The second complication is that the functions
f(v,7,n,m) are divergent at 7 = 0 and 7. We regulate
the divergence by introducing a cutoff € at both bounds of
the integral in equation (B14), integrating from e to m—e
instead of 0 to m. We compute the transport coefficients
for values of € that vary over an order of magnitude (from
0.1 to 0.01) and confirm that the results for the transport
coefficients converge as € — 0. The numerical error grows
as € — 0, so all the numerical results for the Luttinger
liquid model shown in figures 1 and 3 are for e = 1075,
for which the results are converged and the error is guar-
anteed to be small. See the Supplemental Material®? for
details.

Appendix C: Correspondence between the two
models

In the main text of the paper we have compared the
results of our two models, implicitly assuming that the
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results they give should match at least in the noninter-
acting limit. In this appendix we confirm that the two
models match in that limit, first by showing that the
hopping terms in the two models are equivalent and sec-
ond by explicitly rewriting the Fourier-space expression
for (J(7)J) from the generalized noninteracting model in
a real-space representation and showing that the result
matches the noninteracting limit of equation (28a) from
the Luttinger liquid model.
1. Correspondence of hopping terms

The correspondence between the Fourier-space opera-
tors ¢ that appear in the Hamiltonian in equation (1)
and the real-space operators ¢, (z) that appear in the
Hamiltonian in equation (25) is given by a Fourier trans-
form,

_ L —ikx —iakpx
Cha = \/E/e e Yo (x)dx (Cla)
iakpx )
bal(z) = < - S ety (C1b)

k

where the chiral Fourier-space operator CLQ creates a

fermion that has wave-vector k relative to the Fermi point
akpr. We can then find the correspondence between the
hopping strength tix from equation (1) and tag(z — 2')
from equation (25) by substituting equation (C1b) into
the hopping term of the Luttinger liquid Hamiltonian
and matching the result to the corresponding term in
the noninteracting Hamiltonian. To simplify the calcula-
tion, we rewrite the hopping part of the Luttinger liquid
with only two terms, as

Z / dx dx’ {taﬁ(x - :r')w;a(x)djjﬂ_ﬂ(x') +h.c.
ap
(C2)

In fact, it is sufficient to match just the first term of this
to the first term in the hopping part of the noninteract-
ing Hamiltonian, since their Hermitian conjugates will
automatically match as well.

Making the substitution with equation (C1b), we have:



Z/dwdw tas (@ = @'Yl (@)1 ,6(

Z/dw da’ laﬁ (x —2a') l e~torre Z —ikx ;ka]
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szpm

Ze H e, kBH

(C3a)

k

_ _ZZ/CZ‘T dz’ a,@ z —LL’) —ikp(az—pBa’) |: —ikx zk' /:| ;kac_]-i-l k’,@}

kk! af

We can compare this with the equivalent term for the
generalized noninteracting model, which looks like

S tuwef s = 5 Xt basclacinis (1)

kE’ kE' af

For the two to be equal, we must have top(z — 2') =
dapt(z —2') and

1 ; ’ : 1.
fopr = . /d(E da’ |:t(.’IJ _ x/)efzakp(xfx )efzkxezk x
(Ch)

The inverse relation is

. ’ L . N
t(x — o' )e~takr @l — /dk dk tet*e= e

(2m)?
(C6)

From these relations, we can verify the consistency of
the hopping strengths that we used in our calculations,
namely t(k, k") = (t/L)é(k — k') from equation (A9) and
t(x —2') < 6(x — 2). Starting from t(k, k') and using

(C3b)

equation (C6), we find

tlx —2') = i(;(x —a').

5 (C7)

Note that the factor of L1 in t(k,k’) is necessary to
cancel the factor of L in equation (C6), so that the hop-
ping strength ¢(x — ') between localized sites does not
depend on the chain length; such a dependence would be
unphysical.

The factor of L=! in front of the delta function in
t(k, k") appears because the width of the Gaussian de-
scribing tzs is proportional to L~!. We assume the
specific form of the hopping txr given in equation (A9)
specifically to achieve the cancellation of factors of the
length of the system in ¢(x,z’). This ensures that both
t(x — ') and tg are physically valid, while also being
compatible with each other according to equations (C5)
and (C6).

2. Real space representation of current-current correlator in generalized noninteracting model

In the noninteracting limit, v — 1, the results of our two models should precisely agree. We confirm that explicitly
by writing (J(7)J) as calculated in the generalized noninteracting model in a real-space representation. We begin
from equation (A8d), first converting back into an integral over k to get

<J(7’)J>—2Na< )Z/kk t(k, k')

where on each branch (o« = R, L), k is measured from the Fermi point akp.

o (Ba(k)=Ea(k)
(1 + eBEoe(k)) (1 + e_BEa(k,))

(C8)

] dk dk’

Putting in the linear dispersion

E, (k) = avk and substituting equation (C5) for ¢(k, k'), this becomes

(J(r)J

2N a Z drq d.IQ
dLL'3 dLL'4

961 _ $2)e—iakp(m1—mg)} |:t(£[]3 _ x4)*eiakp(13—m4):|

ea‘r/,ka/ﬂ'e—ik(ml—mg) e—a‘r/B'uk'/Treik/(wg—m4)
dk dk’ C9
X |:/ 1+ eaBvk / 1+efaﬁvk’ ( )
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Substituting t(z — 2’) = (¢/27)d(x — 2’) and computing the integrals over k and k' gives

(J(r)J) = 2N act” Z/d:z: dw [——csch< S s 27'))] [Z—gcsch (%(m — +¢7))} (C10)

_ _% (%)2/@; {csch <%(z+i7’)>]2 (C11)

This result can be compared with the noninteracting (7 = 1) limit of (J(7).J) in the Luttinger liquid model, as given
by equation (28a). The noninteracting Green’s function is found by substituting v = 1 into equation (29) to get

iakpx .
lim G (z,7) = —2 o , (C12)
y—1

2m | 2 sinh (£higer )

and substituting this into equation (28a) gives

(J(r)J) = %ﬁ( ) Z/dw [csch (—ﬂ(:v—HaT))r (C13)

The integral does not actually depend on « since all terms cisely matches the real-space representation of the cor-
containing a are odd in x and integrate to 0. We can  relator from the generalized noninteracting model, equa-
therefore let & — 1 in the integrand, in which case the  tion (C11).

sum over « becomes just a factor of 2 and the result pre-
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