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Abstract

We introduce a model for charge and heat transport based on the Landauer-Biittiker
scattering approach. The system consists of a chain of N quantum dots, each of them
being coupled to a particle reservoir. Additionally, the left and right ends of the chain
are coupled to two particle reservoirs. All these reservoirs are independent and can be
described by any of the standard physical distributions: Maxwell-Boltzmann, Fermi-
Dirac and Bose-Einstein. In the linear response regime, and under some assumptions,
we first describe the general transport properties of the system. Then we impose the
self-consistency condition, i.e. we fix the boundary values (7%, u1,) and (TR, r), and
adjust the parameters (73, y4;), for © = 1,..., N, so that the net electric and heat cur-
rents through all the intermediate reservoirs vanish. This leads to expressions for the
temperature and chemical potential profiles along the system, which turn out to be
independent of the distribution describing the reservoirs. We also determine the elec-
tric and heat currents flowing through the system and present some numerical results,
using random matrix theory, showing that the statistical average currents are governed
by Ohm and Fourier laws.

Mathematics Subject Classification 80A20, 81Q50, 81U20, 82C70

Keywords Quantum transport; Quantum dots; Landauer-Biittiker scattering approach;
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1 Introduction

The study of transport properties of systems out of equilibrium is a fascinating subject in
theoretical physics. In particular, various models have been developed to find out what
are the underlying microscopic mechanisms giving rise to macroscopic behaviours such as
Ohm and Fourier laws [1, 2].
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One interesting class of models that has been introduced with this purpose is related to
the Lorentz gas [3-8]. In particular, a classical model for particle and energy transport has
recently been investigated by Eckmann and Young [9]. In this EY-model, the system is a
linear chain of chaotic cells, each one containing a fixed freely rotating disc at its centre
(see Figure 1). Both ends of the chain are coupled to classical particle reservoirs assumed
to be at thermal equilibrium at temperatures 77, and 7Tg, respectively. Particles are injected
into the system from these reservoirs at characteristic rates -y, and g, respectively. Once
in the system, the non-interacting particles move freely and collide elastically with the
boundaries of the cells as well as with the discs. The particles can also leave the system
through these reservoirs.

Note that in this model the discs play the role of energy tanks, allowing the redistribu-
tion of energy among the particles in a given cell and thus permitting the system to reach
at large times a stationary state satisfying local thermal equilibrium (in the linear regime).
As a consequence, this model admits a well-defined notion of local temperature.

One of the main results states that, under some assumptions, the particle and energy
currents through the system are governed by Fick and Fourier laws.
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Figure 1: The classical EY-model composed of NV cells.

In the present paper, we shall construct a similar type of model using the Landauer-
Biittiker scattering approach [10—14]. This will permit, in particular, to establish an effec-
tive quantum version of the EY-model.

Basically, in the scattering approach to charge and heat transport, one expresses the
electric and heat currents through a conductor in terms of the probability that a particle can
transmit through it. Therefore, starting from the EY-model, we shall make the following
crucial modifications:

(1) The main modification concerns the scattering version of the disc. There are two
features of the EY-model that should be pointed out: (i) The exact position of the
disc within a given cell is not important, so one may consider the cell represented in
Figure 2 (left). (i1) Once the system has reached a stationary state (close to equilib-
rium), the discs are at equilibrium and the net particle and energy currents into the
discs vanish.

Therefore, in the scattering approach, one can obtain an effective description of the
discs as follows': We model the discs as independent particle reservoirs with char-

IThis way of modelling the discs in the scattering approach was suggested to me by M. Biittiker.
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Figure 2: Left: A possible EY-cell. Right: The corresponding scattering cell.

acteristic temperatures and chemical potentials such that the stationary particle and
heat currents through these reservoirs vanish (see Figures 2 and 3). In this manner,
the particles in a given cell will be in equilibrium with their respective reservoir,
i.e. the system will be in local thermal equilibrium.

Although the discs carry finite amounts of energy, while the reservoirs have infinite
energy, we believe that the transport properties of the system in the stationary state
(assuming there is one) will be similar in both cases.

Usually, the condition of zero net particle and heat currents, between the system and
a reservoir, is referred to as the self-consistency condition [15-20]. In the situation
in which one is only interested in the electric current, the self-consistent reservoirs
correspond to the voltage probes used in mesoscopic physics, originally introduced
to model the inelastic scatterings occuring in a conductor [21-29].

If the couplings between the system and the self-consistent reservoirs are sufficiently
small, then one may interpret the intermediate reservoirs as ideal potentiometers and
thermometers [30,31].

The transport properties of the cells will be given in terms of N scattering matrices
SW .., SM) However, we will work mostly in terms of the scattering matrix S
associated to the global multi-terminal system, which is obtained by composing the
N local scattering matrices together.

In order to have some generality, we will describe the particle reservoirs in terms
of the three standard physical distributions: the classical Maxwell-Boltzmann dis-
tribution and the quantum Fermi-Dirac and Bose-Einstein distributions. We assume
that the particles may carry some charge e, so that we may speak of electric currents
instead of particle currents. Nevertheless, we shall assume, as in the EY-model, that
the particles do not interact with each other.

For obvious reasons, we now call the cells quantum dots. In the EY-model, the outer
boundaries of the cells were chosen such that the system was chaotic. We shall at some
point impose this property by assuming that the quantum dots are classically chaotic.
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Figure 3: The system made of N quantum dots with self-consistent reservoirs.

The organization of this paper is as follows. In Section 2, we establish the framework of
multi-terminal systems in mesoscopic physics, present our model and outline the strategy
adopted to obtain the desired chain of quantum dots. Starting with Section 3, we will work
in the linear response regime and under the following main assumption: the scattering
matrix S associated to the system does not depend on the energy. As we shall see, this
assumption, which is a good approximation in certain limiting cases, will lead to some
interesting consequences.

More precisely, the main results of this paper are divided into three parts. In Section 3,
we present the general transport properties of the system, and discuss in particular the On-
sager relations and the entropy production. In Section 4, we solve the self-consistency
condition, i.e. we fix the boundary values (77, u1,) and (TR, g ), and adjust the parameters
(T}, ps), fori = 1,..., N, so that the net electric and heat currents through all the interme-
diate reservoirs vanish. This leads to explicit expressions for the temperature and chemical
potential profiles along the system, which turn out to be independent of the nature of the
particles, i.e. independent of the distribution describing the reservoirs. From these profiles,
we work out the electric and heat currents flowing through the system from left to right. In
particular, we discuss Ohm and Fourier laws under the self-consistency condition. Finally,
in Section 5, we present some numerical results, using in particular random matrix theory,
which support the validity of Ohm and Fourier laws in the chain of quantum dots with
self-consistent reservoirs.

Actually, all the results presented in Sections 3 and 4 hold for any energy-independent
scattering matrix S (see Figure 4). It is only in Section 5 that we restrict our attention to
the linear geometry represented in Figure 3.

2 The Model

We consider a chain of N connected quantum dots, where each dot is coupled to a particle
reservoir at temperature 7; and chemical potential y;, withz = 1, ..., N. Additionally, the
left and right ends of the chain are coupled to particle reservoirs with parameters (77,,441,)
and (Tg,ur), respectively (Figure 3). All these reservoirs, which we also call terminals, are
independent and inject particles into the system according to some distribution function.
We assume that they can also absorb particles without changing their state.
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In this paper, we shall consider the following three cases (i € {L,R,1,..., N}):

E—p
fiMB(E) = fMB(E7E7,uz) = exXp <_ ]{ZBTM ) 5 (21)
-1
FiP(E) = 7B Ty ) = lexp (Ek;Tﬂ) - 1] , 2.2)
E — 1 -
FPEHE) = fPR(E; T ) = [exp( kBT’_L ) —~ 1} . (2.3)

Here, E € [0, c0) is the energy, kg is Boltzmann’s constant and 7; > 0 is the temperature
of the i-th terminal. For the chemical potentials there is one subtlety: for the Maxwell-
Boltzmann and Fermi-Dirac functions, one has pi; € (—00, 00), while for the Bose-Einstein
function, one has 1; € (—o00,0). Let us emphasise that, for each i, the parameters 7; and
; are independent of each other.

We consider that the transport properties of the k-th quantum dot are described by a
scattering matrix S*)(E) at energy E > 0:

SO(E) = (S50a(E)) , ke{l,...,N}, 24)

where 7, 7 denote the three possible entrances of the k-th dot and the indices m, n denote
their corresponding channels. In Section 5, we shall use these scattering matrices to build
the scattering matrix S associated to the global system made of N quantum dots. For the
present, let us assume that we are given the scattering matrix of the global system:

S(E) = (Sij;mn<E)> ) (2.5)
where i,j € {L,R,1,..., N} and for each couple (i, 7) the indices m € {1,..., M;}
and n € {1,..., M;} number the channels in terminal ¢ and j, respectively. Therefore,

the matrix element S;;..,,,(E) is the probability amplitude that a particle with energy £
incident in channel 7 in terminal j is transmitted into channel m in terminal 7.

Being given S(E), one can define the fotal transmission probability ¢;;(E) that a parti-
cle with energy £/ > 0 goes from terminal j to terminal ¢ [32]:

J

M; M
ti(B) =Y > |Simn(E)[ . (2.6)

m=1 n=1

Throughout this paper, we always assume that the following holds.
Assumption Al. For each E > 0, the complex matrix S(F) is unitary.

On the other hand, we do not assume the scattering matrix S(F) to be symmetric.
Using the unitarity of S(F) one easily obtains the following results:

dty(B)y=M;, ¥j and Y ti;(E)=M;, Vi. (2.7)
( J

Remark 2.1. The sums appearing in (2.7) are over the set {L, R, 1, ..., N} of all terminals.
Unless stated, in what follows every sum will be understood over this set.
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2.1 The Currents

In this paper, we shall always assume that the following holds.

Assumption A2. (i) The particles do not interact with each other.

(ii) The system admits a unique stationary state (out of equilibrium).

Under these assumptions, one can derive for any of the distributions (2.1)—(2.3) the
expressions for the average electric currents in a multi-terminal system [14, 26, 33, 34].
One finds

I = %;/OOO [t;:(E)f{(E) — ti;(E) f;(B)] dE 2.8)

where e > 0 is the charge carried by the particles and A is Planck’s constant.

The expression (2.8) can be interpreted as follows: ¢;;(E)f;(E) is the average num-
ber of particles with energy £ that are transmitted from terminal ¢ to terminal j, and
tij(E)f;(E) is the same but from terminal j to terminal i. Therefore, I; is the net elec-
tric current through terminal ¢, counted positively from the terminal to the system.

Remark 2.2. To describe the transport of neutral particles (such as neutrons or phonons), it
suffices to set e = 1 in (2.8) and one will obtain the particle current.

It turns out that most relations that we shall encounter will have the same form in the
three considered cases (an example being given by the expression (2.8)). Therefore, from
now on, all relations not wearing the superscript MB, FD or BE will be assumed to hold in
all three cases.

We shall also obtain some expressions which do not depend at all on the distribution
function describing the reservoirs. In order to emphasise the fact that such relations do not
depend on the nature of the particles, we shall say that they are universal. We hope the
reader will not be confused with the notion of universality used to refer to properties that
are model independent.

Under the Assumption A2, one can also derive the expression for the (average) heat
current in terminal ¢ [33,35]. Basically, the idea is to write the particle current, which is
given by (2.8) with e = 1, as well as the energy current, which is also given by (2.8) with
e = 1 but with an extra F in the integrand, and then to invoke the first law of thermody-
namics 0Q); = dF; — p;dN;. One finds

5= 3 3 [T UABYAE) ~ 5 (B)(B)) (B~ m)aB 29)

Remark 2.3. As we shall see in the linear response analysis, if one considers d.;/e and
0T;/T as the thermodynamic forces, then I; and J; turn out to be the right currents to
obtain the Onsager relations.

Although the expressions (2.8)—(2.9) for the electric and heat currents have a direct
physical interpretation in terms of ¢;;(E), we prefer to work in terms of the quantities

Ti;(E) = Mibi; — ti;(E) (2.10)

where J;; denotes the Kronecker delta.
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For this, we use the relations (2.7) to rewrite the integrand in (2.8) as follows:

> (E)Gi(E) = fi(B)ty(BE)] = fi(E)M; — ij(E)tz’j(E)

J

= 3 HE) My~ t5(B))

=Ty(E)
Hence, one can rewrite the currents in the following form (i € {L,R,1,..., N}):

e o
I = 5 ;/0 fi(E)YTy(E)dE | (2.11)

1 o0
W= 23 [ HEEE - . .12)

= Jo
From (2.7) one immediately obtains the following properties:
Y Ty(E)=0,Vj and > Ty(E)=0, Vi. (2.13)
i J

Remark 2.4. Note that I';;(E) # I';;(E) in general.

Using the relations (2.13) one immediately sees that the expressions (2.11)—(2.12) for
the currents satisfy the conservation of charge and energy, respectively, i.e.

i
L,=0 and (i+20) =0 2.14
> 2 o
Remark 2.5. The second relation in (2.14) emphasises the fact that energy is conserved
but not heat. However, as we shall see in the next section, heat is conserved in the linear

response approximation.

2.2 The Strategy

In Section 4, we will fix the values (71, uy,) and (TR, pr), and determine the parameters
(T;, pi), fori = 1..., N, for which the self-consistency condition is satisfied:

;=0 and J;=0 for i=1,...,N. (2.15)

Actually, this condition will be solved only in the linear response approximation. Then
we will work out the remaining currents: [}, = —Ir and J;, = —Jy (these equalities are
satisfied in the linear response regime).

Up to that point, the system is described by any scattering matrix S and has therefore
no specific geometry (see Figure 4). In order to obtain a system with the linear geometry
represented in Figure 3, and to interpret /1, and Ji, as the currents flowing through the
system, from left to right, we will consider that the global scattering matrix S is given in
terms of the local (linearly ordered) scattering matrices, S M ..., SW) associated to the
N quantum dots.

In Section 5, we will study numerically the properties of the composite scattering matrix
S, using random matrix theory (RMT), and show that the currents through the chain of
quantum dots with self-consistent reservoirs are typically (in the sense of RMT) governed
by Ohm and Fourier laws.



8 Philippe A. Jacquet

3 General Properties

In this section, we consider that the system is coupled to NV + 2 terminals (we use L and R
to be consistent with the next sections) and suppose that its transport properties are given
in terms of some scattering matrix S (see Figure 4).

Figure 4: The general system coupled to /N + 2 terminals.

In the linear response regime and under the assumption that the scattering matrix S
does not depend on the energy, we will determine the general transport properties of the
system. All these properties are expected to hold on physical grounds and actually some
of them have recently been obtained in full generality [33]. Nevertheless, in this paper, we
are only interested in some particular situations in which the derivations of these properties
are somehow simpler.

3.1 Linear Transport Analysis

In the remainder of this paper we shall always rely on the following.

Assumption A3. We assume that, fori € {L,R,1,..., N},
T, = T+6T;, (3.1)
pi = ptou, (3.2)

where T > 0 and p € R are some reference values, while 6T; € R and dy; € R are some
“small” perturbations. For definiteness, we assume that all subsequent expressions are
first order expansions in 0T; and J ;.

To study the transport, we consider the first order expansion of any distribution func-

tion:
dg dg
9(E; Ty, py) = g(B; Ty ) + 5 (B3 T, ) 0T + (BT, ) dpy - (3.3)
oy O
Note that the three considered distribution functions (2.1)—(2.3) are of the form:
E—p;
E;T: p) = ). 34
g( I ]7”]) g( k’BT‘] ) ( )
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Hence, one can rewrite the derivative of g, with respect to 7% and p;, in terms of the
derivative of g with respect to F, and obtain the following result:

fi(E) = f(E; T, py) = f(E;T, ) — g—é(E T, 1) K?) T} +5u]} . (3.5)

Substituting this first order expansion into the expressions (2.11)—(2.12) for the currents,
and using the relations (2.13), one sees that all terms containing f(F; T, ut) vanish and one
is left with

L = Z L@% LE?%, (3.6)
J; = ZL + LY 5?, (3.7)
where
LY = ——/ —L(E; T, 1)Ti;(E) dE , (3.8)
Ly = —EkBT/O ( T ) gé(E T, 11)0y(E) dE (3.9)
LY = —(thT)z /OOO< kBT) gé(E T, 1)Ti;(E) dE . (3.10)

Remark 3.1. While heat is not a conserved quantity in general, one sees from the expression
(3.7) for the heat current, using the relations (2.13), that heat is conserved in the linear

response approximation:
> Ji=0. (3.11)

In Section 4, we will impose the self-consistency condition, I; = J; = 0fori=1,..., N,
and the conservation laws (2.14) and (3.11) will permit to interpret Iy, = —Ig and J;, =
—Jg as the electric and heat currents flowing through the system (from left to right).

3.2 The Transport Matrix

Here we establish some basic properties of the transport matrix. From the expressions
(3.6)—(3.7) for the currents we are naturally led to the following definition.

Definition 3.2. We denote by L the transport matrix:

k k k k
R
L(O) L(l) LlL Lll te LlN LlR
b= (L(l) L(z>) ;owhere L® =1 1 :
10 ® 10 ®
NL N NN NR
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A quick glance at the expressions (3.8)—(3.10) for the transport coefficients Lgf), re-

membering that [';;(E) = M,d;; — t;;(E), shows that the Onsager relations hold, i.e. if
S(F) is symmetric (for each £ > 0), then L is symmetric. More generally, is the system
satisfies the microreversibility property S;; n(E, B) = Sjinm(E, —B), where B is some
applied magnetic field, then L;;(B) = L;;(—B).

In general, the scattering matrix S depends on the energy. Nevertheless, in this pa-
per, we shall restrict our attention to the energy-independent situations. The assumption
that S does not depend on the energy is a good approximation in some limiting cases
(e.g. looking at (3.8)—(3.10) one sees that for electrons at low temperature one may con-
sider S(F) = S(Er), where Ep is the Fermi energy, since (—0f/0E)(E) = 6(FE — Ew))
and leads to interesting consequences. In particular, we will see that the relations among
the transport coefficients, LZ(]Q), LS) and LZ(?), will be very simple and will lead to some
universal transport properties. For definiteness, we assume for the rest of this paper that
the following holds.

Assumption A4. The scattering matrix S does not depend on the energy.

In order to simplify some derivations, without restricting our results too much, it is
convenient to assume the following.

Assumption AS. We assume that t;; # 0 foralli,j € {L,R,1,..., N}

Remark 3.3. Recalling the properties (2.7), one sees that the assumption A5 implies ¢;; #
min{M;, M;},foralli,j € {L,R,1,..., N}, which permits to avoid total back-scattering.

Under the assumption that the scattering matrix S does not depend on the energy, one
sees in the expressions for the transport coefficients (3.8)—(3.10) that some integrals of the
following form appear (withn = 0, 1, 2):

*(E—p\"Of
=— ——(E;T E. 12
o= [ (57) seETad a.1)
More explicitly,
CMB(n) = /xo e dr and C*(n)= /xo ﬁ dx , (3.13)

where the signs 4+ and — correspond to the Fermi-Dirac and Bose-Einstein cases, respec-
tively, and zo = —p/(kgT) is some reference parameter. Here, zy € R in MB and FD, but
xo > 01n BE.

Remark 3.4. Although C'(n) depends on xy, we will see that the transport properties of the
system are essentially independent of xo. This explains why we do not write C'(n, xo).

In terms of C'(n), one can write

Ly = %C(O)Fija (3.14)

L = %kBTcu)nj, (3.15)
kpT)?

e - (ks )C(z)rzj. (3.16)

1J h
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In Appendix A, we show that C'(0), C(1) and C(2) are positive for all

p (—1,00) in MB
B (0,00) in BE

In the Maxwell-Boltzmann case, when xy € (—oo, —1], we find that CMB(0) and CMB(2)
are positive, but CMB(1) is non-positive. As one may easily check, all the subsequent
results also hold in this situation. Nevertheless, in order to be able to treat the three consid-
ered cases on the same footing we make the following restricting assumption.

Assumption A6. In the Maxwell-Boltzmann case: xy = —u/(kgT) € (—1, 00).

Remark 3.5. Note that the coefficient CBE(0) diverges as o — 0. This may be interpreted
as a Bose-Einstein condensation, and shows that our theory breaks down in describing
properly the transport of Bose-Einstein condensates.

Remark 3.6. In mesoscopic physics, one is usually interested in electronic transport at

low temperature, i.e. vg = —u/(kgT) — —oc. Observe that in this limit C*P(1) — 0
and consequently LZD(l) — 0. In order to have non-zero transport coefficients LZD(U in

this regime, one usually considers the first order term in the Taylor expansion, I';;(E) =
Tij(1) + Ty () (E — ) + O((E — p1)?), which leads to L™ ~ T/ (n).

Remark 3.7. Observe that the transport coefficients Lgf) depend on the properties of the
quantum dots through the scattering matrix S. Here we can see why the assumption AS
is useful. Indeed, suppose that ¢;; = M; for some 7 (total reflection). Then ¢;; = 0 for
all j # ¢ and consequently Lgf) = 0 for all j. In other words, in such a situation the ¢-th
reservoir is disconnected from the rest of the system.

Looking at the relations (3.14)—(3.16), one sees that the transport coefficients are related
as follows:

2
€
Ly =5COry. Ly =QLy and L7 =QLJ. (3.18)
where kT C(1) T2 C(2)
B B
=B 50 and Qr=-- L0, 3.19
Q=" 70 M Q="aE) T (3.19)

Remark 3.8. The quantity (), is related to the Seebeck coefficient (see Remark 4.10). In
the Fermi-Dirac case, lim,, ., Q2/T* = (7%/3)(kg/e)? is called the Lorentz number.

Recalling that I';; = M;0;; —t;; and using the assumption A5, one immediately obtains
the following properties (k = 0, 1, 2):

# | >0 if i=3
Li; { <0 ifitj (3.20)
and
YLy =0,v ad Y LY =0, Vi (3.21)
: j
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As we shall see later on, the following ratio, R, will play an important role. Using
standard techniques, we show in Appendix B that (for all z():

_ oM B C(1)
R=Ta T )0 0.1 22
Remark 3.9. In terms of the matrix
- c(0) C(1)
¢= <C(1) 0(2)) ) (3.23)

the inequality 0 < R < 1 is equivalent to det(C') = C'(0)C'(2) — C(1)% > 0.

3.3 The Entropy Production

In this subsection, we show that the transport matrix L is real positive semi-definite. In
other words, we show that the entropy production rate is non-negative:
2N+4
oo= Y LyViV; >0, (3.24)
ij=1
where the thermodynamic forces are
o (5#2‘_1/6 le:1,7N+2
Vi_{aTHNH)/T if i=N+3,... 2N+4 (3.25)
Here, we have set L = 0 and R = N + 1. Let X; = 0u;/e and Z; = /Q2 6T;/T, for
i€{0,1,...,N, N + 1}. Then, in Appendix C, we show that one can rewrite the entropy

production rate as follows:
N+1

os= Y (-L) I, (3.26)

27]:0
1< j

where
Li= (X, — X;)* +(Z;— Z;)* = 2RCy;, Cij=XiZ;+ X;Z; — X;Z; — X;Z; .

Observe now that (—LZ(?)) > ( for all i # j. Therefore, to show that o, > 0 it is sufficient
to show that I;; > 0 forall i # j. As we shall see, it will be crucial that the ratio R satisfies
0 <R < 1. Assume first that C;; < 0, then (R > 0)

L > (X, — X, +(Z;— Z;)* > 0. (3.27)
Assume next that Cj; > 0, then (R < 1)
Lj> (X, = X +(Zi = Z;)* = 2C;; = (X, = X; + Z; — Z;)* >0 . (3.28)

This ends the proof that o, > 0.

Remark 3.10. The term (X; — X;)? accounts for the entropy production due to the electric
current, and it is well known in mesoscopic physics (see e.g. [32]). The term (Z; — Zj)2 is
related to the heat current, and one sees that there is also a thermoelectric term, —2RC;,
which might take positive and negative values.
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3.4 Equilibrium and Non-Equilibrium States

Here we present some equivalent characterizations of the equilibrium and non-equilibrium
states of the multi-terminal system. We start with the following.

Definition 3.11. We say that the system is at equilibrium if
Otherwise, we say that the system is out of equilibrium.

Now, as one expects, the system is at equilibrium only in the situations in which all the
electric and heat currents vanish, i.e.

{System is at equilibrium} <= {[; =0 and J; =0, Vi}.

This equivalence is obtained by writing the no-current condition, /; = J; = 0 for all 7 €
{L,R,1,..., N}, in a matrix form and by using the properties of the transport coefficients

Ll(f) as well as the fact that 0 < R < 1. The details are presented in Appendix D.
Also, one can characterize the equilibrium and non-equilibrium states of the system in
terms of the entropy production:

System is at System is
e <— o0,=0 and e <— 0,>0.
equilibrium out of equilibrium

This equivalence easily follows from the expression (3.26) for o and the inequality (3.27).
The details can be found in Appendix D.

4 The Self-Consistency Condition

We now turn to the resolution of the self-consistency condition (2.15). Using the expres-

sions (3.6)—(3.7) one can rewrite the self-consistency condition as follows ( = 1,..., N):

al Sy ST ST

S (i)« - (et o)

=t < 7 oe JoT Py 7T

N
) oT; ) 0T;

Z(LS) iy S TJ) > (L“ B T) . (430)
e

j=1 Jj=LR

We recall that we are given the values (77, 1) and (TR, pr), so that the right-hand side
of the above equations are supposed to be known (1; = T+ 07; and p; = p + op; ).
Therefore, the self-consistency condition constitutes a set of 2N equations for the 2NV
unknown variables 71, ..., Ty and pq, ..., un-
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To solve these equations, it is convenient to introduce the vectors X,Y € R and the
N x N matrix L' defined by (i,j = 1,..., N):

;== and (L), =LY . (4.31)

Remark 4.1. Recalling that L(©) is the (N +2) x (N + 2) matrix defined in Definition 3.2,

one sees that Lg] ) is the reduced matrix associated to the “central” terminals 1,...,N.

We also define for ¢ = L, R:

(0)
S o7, Ly
Xo=—t, v,=-=t, and D=1 : |. (4.32)
e T ©)
Ly
Then the equations (4.29)—(4.30) can be rewritten as follows:
LI(X+QiY) = =Y (Xe+QiYo) Dy, (4.33)
(=L,R
LOQX +Qy) = — X Y;) D 4.34
o (1 X +QyY) (@1 Xy +Q2Yy) Dy . (4.34)
(=L.R

Since R # 1, one has Q # (Q1)?. As a consequence, if one takes (Q2/Q1) times (4.33)
and subtract (4.34) and similarly if one takes (—1/Q);) times (4.34) and add (4.33), one
obtains
LPX == DX, and LYY =-Y" Dy,. (4.35)
(=L.R (=L.R

We see here that the equations (4.33)—(4.34) decouple and that the equations for the chem-
ical potentials and for the temperatures are actually identical. In order to proceed, we need

to know that the matrix Léo ) is invertible. This fact is proved in Appendix E by showing
that Léo ) is real positive definite. In particular, this shows that the self-consistency condition
(2.15) has a unique solution.

By inverting the matrix LY we obtain the following self-consistent temperatures and
chemical potentials (z = 1, ..., N):

T, = Ty +A(Ix—T1), (4.36)
wi = pL+ A (pr — ) 4.37)
where
N
A= (T tir,  with To= Ty, . (4.38)
j=1

The details about their derivation are given in Appendix F.
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By substituting these expressions into the relations (3.6)—(3.7) for the currents, with
¢ = L, and by using the properties of the transport coefficients Lg?), one deduces the
stationary currents flowing through the system (from left to right):

— TR — Tj
L= o (M) . (M) , (4.39)
e T
— Tr — T3
B o= o (M) + oy (M) , (4.40)
e T
where
N
og = Liof){ + ZAJ Lg)j) s o1 = Q100 and 09 = QQUO . (441)
j=1

Remark 4.2. The corresponding expressions to (4.36)—(4.41) in the case of electronic trans-
port at low temperature (7; = 0 and J; = 0 for7 € {L,,R, 1,... N}) were obtained in [24].

Using the relations (4.36)—(4.37), one may rewrite the currents (4.39)—(4.40) as follows:

_ ©0) (M5 = HL o (1; -1y
L, = ZLL]. ( - )+LL. (T) , (4.42)
j
1 [ Hj — ML o) (1; — 1L
no= Y (7) L ® (T) | (4.43)
j
Although the multi-terminal system considered so far has no specific geometry (see
Figure 4), we shall nevertheless use the word “profile” for the arrangements 4, ..., uyn
and 77, ..., Ty. This terminology will be fully justified in Section 5, where we will restrict

our attention to the linear chain of quantum dots (Figure 3).

Remark 4.3. Note that the temperature and chemical potential profiles are decoupled, i.e. T;
only depends on (71,,7g) and pu; only depends on (ur, ur). On the other hand, since
(21 > 0, there can be a heat current due to a gradient of chemical potential (71, = TR), and
reciprocally, there can be an electric current due to a gradient of temperature (py, = ug).

Remark 4.4. We see that the form of the profiles is given by the coefficients Ay, ..., Ay.
Hence, in what follows we will use the word “profile” to refer to these coefficients. Looking
at the expression (4.38) for A; one sees that it does not depend on the distribution function
(2.1)—(2.3) describing the reservoirs. In this sense, we say that the profile is universal. One
may wonder whether this is true for any distribution function f. It seems not to be the case.
Indeed, the key ingredients to obtain the preceding results are: (i) the specific form (3.4)
of f and (ii) the ratio R, defined in (3.22), must satisfy 0 < R < 1. Basically, we expect
that any distribution function f satisfying (i)-(ii) will lead to the same results. Note that
universal temperature profiles were also found for a quantum harmonic chain coupled at
both ends to two phonon reservoirs at different temperatures [36].

Remark 4.5. Although the profiles are the same in the three considered situations, one can
distinguish between the classical and quantum chain of quantum dots. Indeed, assume we
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are given the scattering matrices, S, ..., S™) associated to the N quantum dots. Then,
as explained in detail in Appendix H, one can compose them into a global scattering matrix
S, out of which one extracts the transmission probabilities ¢;; (see (2.6)). This is the natural
quantum way of working.

In order to extract the interference effects, one may first compute the probability ma-
trices, P, ..., PN), defined by Pfjk,)m = SZ-(;%mP, then compose them into a global
probability matrix P and finally set ¢;; = Eff;l Eﬁi’l P,j.mn. This way of computing ¢;;
will be referred to as classical.

As one can easily check, the composition law of the probability matrices is the same as
for the scattering matrices, i.e. all expressions in Appendix H hold with P instead of S. In
this sense, we will study in Section 5 the classical versus quantum situations.

In Appendix G, we derive an interesting alternative expression for the coefficients A;.
We obtain (: =1, ..., N)
N s ..
C (=) det (Dc(7,1)) t;
A = NZ]A( A ) ( ‘C.(] ) tir ’ (4.44)
> (1) det (Te(d,4)) [t + tr]

where I'c(j, 7) denotes the (j,7) minor of 'c.

Remark 4.6. As an illustration, let us apply the relation (4.44) in the case N = 1. One has

tir t +1
_ . = 1L ML 1R MR .
ti1, + tir b, + tir

This relation for 14; corresponds to the one obtained in [32] for a three-terminal conductor
under the conditions 71, = T} = Tx = 0 (which implies J; = 0, since §7; = 0 and

FD(1)
Ly,

(4.45)

A

= 0 in this case) and I; = 0.
An important consequence of (4.44)is (v = 1,..., N):
A; €(0,1). (4.46)

This implies that the temperatures and chemical potentials of the reservoirs, connected
self-consistently to the N quantum dots, are bounded between the boundary values 77, T
and py,, pg, respectively. In other words, fori =1, ..., N, one has

min{7y,,Tr} < T; < max{Ty,,Tr} and min{uy, ur} < p; < max{ur, ur} .

Remark 4.7. The property (4.46) implies that the self-consistent parameters 77, . . ., Ty and
[41, - - ., by are increasing functions of 1y, Tg, and puy,, pugr, respectively.

Moreover, looking at the expressions (4.41) for the coefficients o(, o1 and o9, and
recalling that LE;-]) < 0if7 # 7, Q1 > 0 and Q)2 > 0, one deduces that for k£ = 0, 1, 2:

o, < 0. (4.47)

Remark 4.8. There are some simple consequences of (4.47) with respect to (4.39)—(4.40).
(i) If p, = pg, then the heat current flows from the hot reservoir to the cold one, and
similarly (ii) if 77, = TR, then the electric current goes from the high chemical potential to
the lower one. Note, however, that by setting i1, ur and 71,, T to appropriate values there
might be a heat current going from the cold reservoir to the hot one. (A similar statement
holds for the electric current.)



A Chain of Quantum Dots with Self-Consistent Reservoirs 17

4.1 Ohm and Fourier Laws

From the relations (4.39)—(4.40) for the electric and heat currents, one can find explicit
expressions for the electric and heat conductances. If 71, = Ty, then setting y = eV,
where V' denotes the electric potential, one obtains

Iy =-Ge (VR = V1) , (4.48)

where the electric conductance G, is given by

Go = —o0yp . (4.49)
If I;, = 0, one deduces
J=-Gy (Tk — T1) , (4.50)
where the heat conductance GG}, is given by
0% — 0903 (Qz Q?) KXT C(0)C(2) — C(1)?
Gp=—+—""== = . 4.51
b T T 0T e C(0)? 70 D)

Recalling that 0 < R < 1, one sees that Q; > Q2. Consequently, since oy < 0, one
deduces that the electric and heat conductances are positive:

Ge>0 and Gy, >0. (4.52)

Assume now that the system has the linear geometry represented in Figure 3 and let a
denote the length of the quantum dots and X denote the width of the openings connecting
any two dots (i.e. the effective cross section of the system). Since L = Na corresponds to
the length of the system made of /N quantum dots, one may introduce the global gradients:
Tr — 11,

Vi ; LATR— VT = . (4.53)

VV =

Then, under the same conditions as in (4.48) and (4.50), the current densities, Zy, = I, /%
and Jp, = Jp, /%, are given by the global Ohm and Fourier laws:

I, = —kVV and J,=—k,VT, (4.54)

where the electric and heat conductivities, . and xy,, are given by

LG, LG
- and mh:Th. (4.55)

Re =

Remark 4.9. In the Fermi-Dirac situation, one has

hm Q1 =0 and hm Qy = ) (k_B) T —  lim K :%<k_g)
e

z0—0 20—0 z0—0 K1 e

The last relation is the Wiedemann-Franz law giving the Lorentz number.
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Remark 4.10. Setting J;, = 0, one deduces the thermoelectric field £ = —VV = SVT,
where S = Q/T = kg/e- C(1)/C(0) > 0 is the thermopower or Seebeck coefficient.
Note that S does not depend on V. For further discussions on the thermopower of quantum
dots, see e.g. [37-43].

In a similar manner, one may introduce the following local quantities:

Tiyn —T1;

- )
Then, using the equations (4.36)—(4.37) and (4.54), one obtains the local Ohm and Fourier
laws:

VV (i) = and VT(i) =

Vien = Vi (4.56)
a

Z(i) = —ke(1)VV (i) and J(i) = —rn(i)VT(3), (4.57)
where the /ocal electric and heat conductivities are given by
. Re . Kh
ke(l) = —————= and ky(i) = ————. 4.58
D= N —4) "= N - A) +39

Here, Z(i) = 7, and J (i) = J, fori = 1,..., N — 1. Since the system has the linear
geometry represented in Figure 3, one may interpret Z(:) and 7(¢) as the net density of
currents flowing from the i-th quantum dot into the (i + 1)-th quantum dot.

Remark 4.11. Although the global conductivities, . and ky,, are always positive, we will
see, in Section 5, that the local conductivities, k.(7) and (), may take negative values.

The coefficients o, o1 and o5, the conductances GG, and Gy, and the conductivities «,
and x;, depend on the distribution function f describing the reservoirs. Nevertheless, they
are all proportional to o, with some multiplicative factor independent of N. The important
observation is that the dependence on the nature of the particles is entirely contained in
these multiplicative factors. This permits to introduce the following universal quantity.

Definition 4.12. We define the universal conductivity as

h N N -
K(N) = _W(O)NUO =N |tir+ > > t; (TgY)jitin] - (4.59)

i=1 j=1

Remark 4.13. As an illustration, let us consider the case N = 1. One has
l11 tir

b + hir

As expected, the universal conductivity is the sum of two contributions: a direct coherent

transmission and an indirect incoherent transmission through the intermediate terminal.

This result is well known in mesoscopic physics [32], and one sees that the relation (4.59)
is the generalization to N self-consistent reservoirs.

k(1) = tig + (4.60)

Looking at the expression (4.59) for the universal conductivity, one sees that (V) > 0,
since oy < 0 and C(0) > 0. Using moreover the relations (2.7) and ¢ty g < min{Mp,, Mg},
one finds the following optimal bounds:
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5 Numerical Simulations

5.1 The Chain of Quantum Dots

To prove the validity of Ohm and Fourier laws in our model, it remains to show that the
transport is normal, that is, the electric and heat conductivities, k. and ky, are intrinsic
properties of the system and therefore are independent of the size L = Na of the system.
More precisely, one has to prove that the electric and heat conductivities converge to finite
limits as . — oo. Looking at the relations (4.55) and (4.59), one sees that s, and ky,
are both proportional to x(/N), with some multiplicative factor independent of N, and
consequently it is sufficient to investigate the limit of k() as N — cc.

As explained previously, the multi-terminal system considered so far has no specific
geometry (Figure 4), and therefore x(/N) will not converge as N — oo in general. In
order obtain a finite limit for K(N) as N — oo we shall proceed as follows.

Let (S (’“)) ZO:1 be an infinite sequence of scattering matrices, each one being associated
to a quantum dot, and let S,y denote the composite global scattering matrix associated to
(SM, ..., S™). The details concerning the construction of Sy are given in Appendix H.
Having set-up the linear geometry represented in Figure 3, one may expect that x(/V) will
converge to a finite value, k>, as N — oo, and this is what we found in fypical numerical
experiments (see below). Unfortunately, the composite scattering matrix, Sy, is given in
a rather cumbersome form in terms of SV, ... S) which prevents us from proving the
existence of limy_,, £(N).

Nevertheless, we will see by using numerical simulations under random matrix theory,
that the universal conductivity « (V) typically admits a finite limit, (x>°), as N — oo. This
shows that Ohm and Fourier laws hold on statistical average, and we may write

2
() = 2 00 ooy (5.1)
and T C0)C(2) — C(1)?
a ki —
oo\ 7 N 2
Moreover, we will see that typically the profile, Ay, ..., Ay, becomes linear as the

number of dots N — oo. Introducing the variable © = i/(N + 1) € [0, 1], this means that
in the thermodynamic limit N — oo, one has

(A(z)) ==, (5.3)
and consequently

Remark 5.1. Here we compare the values of the average electric and heat conductivities for
the three considered situations. Indeed, looking at the expressions (5.1)—(5.2), one sees that
they only differ from a multiplicative factor, which depends on the nature of the particles.
In the electric and heat cases, we found the following order: BE > MB > FD, for all zy > 0
(the common admissible region).
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5.2 Random Matrix Theory

As said in the introduction, the classical EY-model describing particle and energy transport
(Figure 1) has the following important property: it is chaotic. More precisely, the cells,
without the discs, which are making up the system are ergodic. In analogy, we assume the
following.

Assumption A7. The quantum dots are classically chaotic.

Under this assumption, it is natural to describe the transport properties of the quantum
dots with random matrix theory (RMT) [44]. More precisely, we will consider that the
quantum dots are described by the Wigner-Dyson circular ensembles (with 5 = 1, 2).

Here, we restrict our attention to the one channel situation, i.e. we assume that M; =1
for i € {L,R,1,...,N}. Now we consider that the 3 x 3 complex random matrices,
SM .., SW) are independent and identically distributed over U (3) with some measure.
More specifically, we consider the following well-known cases:

(1) The Circular Orthogonal Ensemble (COE, 3 = 1) describes the case of time-reversible
systems.

(2) The Circular Unitary Ensemble (CUE, § = 2) corresponds to the case in which the
time-reversal symmetry is broken. Such a situation appears, for example, when the
system is submitted to some external magnetic field.

In the sequel, we shall be interested mainly in the following quantities:

(1) The universal profile Aq,..., Ay, which gives the shape of the temperature and
chemical potential profiles. In the subsequent plots, we naturally set Ay = A, = 0
and AN+1 = AR =1.

(ii) The universal conductivity x(/N'), which gives the electric and heat currents through
the chain of N quantum dots.

As explained previously, we shall compare the classical and quantum situations by working
in terms of the probability matrices, PO .. P and scattering matrices, S @ ., 8W),
respectively (see Remark 4.5).

For a review on RMT we refer to [44]. To implement the numerical simulations, we
have followed [45]. In the sequel, the averages are made over an ensemble of 10%-10°
realizations, depending on the size N of the system.

5.3 The Global Transmission Probabilities

We denote by <t§?)>1 and <t§f)>2 the average of the transmission probabilities in COE
(8 = 1) and CUE (B = 2), respectively. It turns out that one can determine their exact
values [44]:

2

1/4 if i#j Ly
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Now we use the construction explained in Appendix H to build the scattering matrix S
associated to N quantum dots. As the reader may guess, it is then very difficult to make any
analytical statement concerning the averages (¢;;); and (;;)>. We thus turned to numerical
simulations, and made the following observations for large system sizes /V:

(1) The classical and quantum global transmission probabilities, tfjl- and t?}l, are differ-
ent, but their averages, (t{})3 and (1;') g, are the same, showing that on average the

interferences are negligible when N is large.
(2) The averages (t;;)g do not depend on the system size V.
(3) They are symmetric: (t;;)3 = (t;i) .
(4) The average couplings between the terminals, (t;;) 3, depend on |¢ — j| and are short

ranged, i.e. (t;;)g ~ 01if |i — j| > 2. In particular, the average probability matrix has
essentially the following form:

* k%
* k% O
* ok
* *
(Pg= .
* ok ok
O * ok %
* % ok

The values of the matrix elements represented by 0 are smaller than 0.05.

A typical example illustrating the above observations is given in Figure 5, where N =
20. In this figure, five terminals are considered: ¢ € {L,5,10,15, R} (with L = 0 and
R = 21). The different curves correspond to (t;)s for some ¢ € {¢ —4,...,{ + 4}. For
example, the middle curves give the following values: (t7.10)3. - - -, (t10,10)8 - - - » (t13,10) 8-

5.4 The Profiles and Currents
Let us recall the expressions for the coefficient A; and for the universal conductivity x(V):

N

N N
Ai = — Z(Pél)w th and /i(N) =N tLR + Z ZtLj (1—‘61)]2 tiR

j=1 =1 j=1

In Figure 6, we show the average profiles (A(x))g for N = 5. If 71, < Tk, these profiles
correspond essentially to the temperature profiles along the system. (The same holds for
the chemical potential profiles if pu;, < pug). We see that all these profiles are not linear,
the non-linearity being more stressed in the quantum situation, showing the effect of the
interferences.
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Figure 5: The (classical and quantum) average transmission probabilities, (t;,) s, for { €
{L,5,10,15,R} (with L =0 and R = 21) and some i € {¢ — 4,...,¢ + 4}. For example,
the middle curves give: (t710)g, ---» (t10.10)8s - - -» (t13.10)p. Left: COE (3 = 1). Right:
CUE (8 = 2).

— ‘ ‘ —9  [— o
05 O : 0s Y :
A A
E 0.6r B 8 0.6+ -
Vol Vol
0.4- . 0.4F -
coClassical | . P oo Classical
021 soQuantum| | 02l seQuantum| |
‘ ! ‘ ! ‘ ! ‘ ! ‘ - ! ‘ ! ‘ ! ‘ ! ‘
Ob 0.2 0.4 0.6 0.8 1 06 0.2 0.4 0.6 0.8 1
Cell x = i/(N+1) Cell x = i/(N+1)

Figure 6: The classical and quantum average profiles (A(z))s for N = 5. The diagonal
lines are added to guide the eye. Left: COE (5 = 1). Right: CUE (5 = 2).
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Remark 5.2. In order to emphasise the role of interferences, let us consider the following
simple toy models. We consider that the classical probability matrices are identical and
given by Pl-(jk) = 1/3, for all 7, j. In such a situation, the profile A(x) is linear (for all N).
On the other hand, the following unitary scattering matrices

1 1 e3 e%”
Sk — 7 et 1 e3i| (5.6)
P A |

which satisty the equiprobability property, |Sij |2 = 3» do not lead to a linear profile,

showing the interference effects (see Figure 7).

1 )

0.8F -

_ 0.6 -

x| |
<

0.4 f

I c-oClassical 1

0.2 eoQuantum| |

|

02 04 06 08 1
Cell x = i/(N+1)

Figure 7: The profiles of the toy models in Remark 5.2 (N = 5).

Remark 5.3. One may have noticed that the average temperature profiles differ from those
in the EY-model. Indeed, in the EY-model the temperature profiles were either linear,
convex or concave functions of the cell position, depending on the values of the injection
rates v, and yg. Basically, the reason was that, in the presence of a particle current, for
example, going from right to left, the disc ¢ hears more often from cell 7 + 1 than from
cell  — 1. It has therefore a greater tendency to equilibrate with the right than with the
left, causing a curvature in the temperature profile. In particular, the temperature profile
depends on all the boundary values 771, Tk, 1, and yg. In the present model, the coupling
among the terminals is governed by the scattering matrix S and we have assumed it is
energy-independent leading to a self-consistent temperature profile dependent only on S
and on the boundary values 77, and 7r. However, we expect that in the general energy-
dependent S-matrix situation, the temperature profile will also depend on py, and pr. To
see whether in this case the EY-model and our model agree needs further investigations.
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We have shown in the preceding section that, if p;, = pr and 71, < Ty, then the heat
current J;, goes from the hot reservoir (Right) to the cold one (Left), as one expects from
the second law of thermodynamics. In Figure 6, one sees that the profiles are monotically
increasing from left to right. This means that, on average, heat also flows locally from hot
to cold, i.e. on statistical average, the second law of thermodynamics also holds locally.

All the preceding results concern statistical average values. In Figure 8, we present
different realizations and one sees that very different profiles may occur. Roughly speak-
ing, by choosing an appropriate combination of the S-matrices, S™, ... S, one may
generate almost any profile.

0.8 a

0.6 .

AX)

0.4} |

0.2r a

02 04 06 08 1
Cell x = i/(N+1)

Figure 8: The quantum profiles for some realizations (/N = 5).

In particular, one sees in Figure 8 that there exist particular realizations for which the
heat current flows locally from cold to hot. In other words, the profiles are not monotone
increasing for every realization, but only on statistical average. Such phenomena are well
known in mesoscopic systems (see e.g. [32,46,47]).

We observed that the quantum dots about which such phenomena occur (i.e. such that
A; < A;_1 and consequently k(i — 1) < 0 and ky,(i — 1) < 0) have typically a very high
reflection probability ¢;;. As the system size N grows, we see that such phenomena dimin-
ish in intensity and frequency. Basically, we expect that, when the system is macroscopic,
the second law of thermodynamics also holds locally in every realization.

Moreover, in the thermodynamic limit N — oo, we see that the average profiles be-
come linear in all situations (COE, CUE, classical and quantum):

(A(x))g=x, Vrel01]. (5.7)
Consequently,
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We next present some results concerning the universal conductivity «(/N). In Figure 9,
we plot (k(V)) g as a function of N and one sees that it seems to admit a finite limit (k>) g
as N — oo. To support this observation and obtain a numerical value for (k) 3, we have
proceeded as follows. We found that the curves in Figure 9 are very well fitted (the largest
chi-square being 0.035) by functions (not shown in the figures) of the following form:
(k>)g + c3/N®. Here, cg is some positive constant and « is an exponent found to be the
same in COE and CUE, and given by o = 1/2 and o = 1. Moreover,

Classical: (k)1 =0.057 and (k™) =0.531.
Quantum: (k)1 =0.005 and (k™) =0.164.

05 COE |

0.4} oo Classical | 04 e Classical | -
== Quantum == Quantum

. . 0.2+
0 \ ‘ & & 0 L 1 L 1 L 1 L 1 L
0 100200 300 400 500 0 100200 300 400 500

Figure 9: The average universal conductivity (x(V)) s as a function of N.

Let us denote by (k2°) 5 and (k;°) s the corresponding limits:

20(0
()0 = = SO0 (), 59

and
a KAT C(0)C(2) — C(1)2

KrYg = k)5 .
These numerical results show that Ohm and Fourier laws hold on statistical average in our
chain of quantum dots with self-consistent reservoirs.

(5.10)

Remark 5.4. In the single channel case (M; = 1, for all ¢), the optimal bounds (4.61)
become 0 < x(N) < N. Let us consider the two extreme situations in which all the
quantum dots are identical.

(1) Total back-reflection:
1 00
S® =10 10
0 01

In this case, we found x(NN) = 0 for all N.
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(2) Optimal transmission:

This corresponds to the case in which all the intermediate terminals are disconnected
from the system and the transmission through the system is optimal (i.e. t;g = try, =
t11 = -+ =tyy = 1 and all other ¢;; = 0). We found x(IN) = N, for all N. Hence,
a perfect conductor has infinite electric and heat conductivites in the limit N — oo.

Although we have shown that typically (in the sense of RMT) (V) converges to a
finite limit as N — oo, one deduces from the example (2) in Remark 5.4 that the linear
geometry, represented in Figure 3, is not sufficient to ensure the existence of such a limit.
The characterization of the sequences of scattering matrices, (S (k))zozl, for which the limit,
limy o0 £(IN), exists and is finite remains an open problem.

In Figure 9, one sees two manifestations of weak localization:

(1) The classical conductivity is larger than the quantum conductivity. Hence, the effect
of the interferences is to decrease the intensity of the electric and heat currents. Note
that this effect is rather subtle. Indeed, one has

(R(N))g = N [(tr)s + Y (ty; (TYjitin) s | - (5.11)

ij=1

Since the average global transmission probabilities are the same in the classical and
quantum situations, the effect of the interferences on the conductivity must be due to
correlations among the random variables ¢;;.

(2) The application of an external field (CUE) increases the values of the conductivities
and consequently increases the intensity of the electric and heat currents. This can be
understood as follows: In equation (5.5) and in Figure 5, one sees that the presence
of a magnetic field will (on average) increase the transmissions probabilities.

Remark 5.5. The case of electronic transport at low temperature was already considered by
D’ Amato and Pastawski [24]. Modelling the system as a nearest-neighbour tight-binding
Hamiltonian they found approximate expressions for the global transmission probabilities
ti;, which turn out to satisfy the properties (2)—(4) presented in Subsection 5.3. Then they
deduced that, in the limit the system size N — oo, the self-consistent chemical potential
profile is linear and the universal conductivity is finite, in agreement with our results.

6 Concluding Remarks

We have presented a model for charge and heat transport using the Landauer-Biittiker scat-
tering approach. In the linear response regime, we have seen that the Onsager relations
hold. Then, assuming that the scattering matrix S does not depend on the energy, we have
shown that the transport matrix L is real positive semi-definite and we have characterized
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the equilibrium and non-equilibrium states of the system in terms of the currents and in
terms of the entropy production. In particular, we have shown that our multi-terminal sys-
tem satisfies the first and second laws of thermodynamics.

In order to obtain an effective quantum version of the Eckmann-Young model with
rotating discs, we have imposed the self-consistency condition: I; = J; = 0 for ¢ =
1,..., N. This condition led to expressions for the temperature and chemical potential
profiles, which turn out to be independent of the nature of the particles, as well as to
expressions for the electric and heat currents going through the system. Finally, we have
presented some numerical results, using random matrix theory, supporting the validity of
Ohm and Fourier laws in our model.

Let us point out that we could handle the three physical cases, Maxwell-Boltzmann,
Fermi-Dirac and Bose-Einstein, on the same footing because they share the following two
features: (i) the specific form (3.4) of f and (ii) the ratio R, defined in (3.22), satisfies
0 < R < 1. Basically, we expect that any distribution function f satisfying (i)-(ii) will
lead to the same results.

For further investigations, it would be interesting to study the general energy-dependent
S-matrix situation and to compare the corresponding predictions under RMT with those of
the EY-model. One may also analyse the nonlinear transport properties through the full
counting statistics (FCS) [28,48-54]. More mathematically oriented investigations would
be to obtain some rigorous results concerning the global composite scattering matrix S and
consequently to prove the existence of the finite limit, limy_,, x(N), which ensures the
validity of Ohm and Fourier laws in our model.
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Appendix A. The Coefficients C(n)

Here we derive some properties of the coefficients C'(0), C'(1) and C'(2). For this, let
n =0, 1 or 2. Then

() If 7y € (=1, 00), then CMB(n) > 0. Indeed, this follows from
CMBO) =e™ , CMB(1) = (1 +x0)e ™, CMB(2) = (24 2m0 + 22 )e ™ . (A.D)

(ii) If zg € (—00, ), one has C*P(n) > 0, and if 2y € (0, 0), one has CBE(n) > 0.
Indeed, if zyp > 0, then clearly C*P(n) > 0 and C®E(n) > 0. For the Fermi-Dirac case,
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assume that o < 0, then

oo e®
o] :L,Qex
Now,
< e

Observe that C*P(1) > 0 if 2y = 0 and C*P(1) — 0 as zy — —oo. Therefore, the
property C*P(1) > 0, for all 2y < 0, follows from

d _rp xoe™
— )=——————=>0. A.
dazoc (1) (em0 4+ 1)2 — 0 (A3)
Appendix B. The Ratio R
Here, we show that for all zg:
Q1 C(1)

R =

€ (0,1). (B.1)

V@2  /C0)-C2)

Since (); > 0 and Q)5 > 0, one has R > 0, so it only remains to show that R < 1.

(i) Let us first consider the Maxwell-Boltzmann case. Recalling the explicit expressions
(A.1), one obtains (zg € (—1,00))

1+ 220 + 22
R¥f=_—— "~ 0 1. B.2
2+ 2z + a3 (B-2)
To show that R < 1 in the other two cases, it is convenient to introduce the real functional
space L?([a, 00), dx) with scalar product (-, -), and norm || - ||,:
(hofda= [ fie) @) do, I = (. B3)
(i1) For the Bose-Einstein case, one has (zg > 0)
T 2 /2
rRe Vool gla) = —— . (B.4)
190 - |7 gl e* —1
Hence, it is sufficient to show that
VT 9112, < lgllao - 112 gl - (B.5)
We have
IV gll2, = (VT 9,V 9)ag = (9,2 9o < N19llzo - 112 gl (B.6)

where we have used the Cauchy-Schwarz inequality.
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(ii1) Finally, let us consider the Fermi-Dirac case. If x, > 0, then we proceed as in (i1). If
o < 0, then we observe that

IV gll3 e?/?

= lgllo- 1= gllo

and again proceed as in point (ii).

B.7)

Appendix C. The Entropy Production

In this appendix, we derive the expression (3.26) for the entropy production rate os. For
this, let us first recall how a real positive semi-definite matrix is defined. Let {¢;} C R*N*4
denote the canonical basis in which (e;, Le;) = L;;, where (-, -) denotes the usual scalar
product in R?V*4, Then the matrix L is said to be real positive semi-definite if for any
vector V' € R?M*4 one has

oo =(V,LV) =) > Li;ViV; >0. (C.1)

? J

Let us decompose the matrix elements L;; into a symmetric and antisymmetric part:
Lij = Li; + Li; , (C2)
where

s 1 s L1 .

oo= Y Y LyViv;. (C.4)
(2N

This shows that only the symmetric part of the transport matrix L may contribute to the
entropy production. Observe that the symmetric transport coefficients, L;;, also satisfy the
relations (3.20) and (3.21). Since we shall only make use of these properties, we see that
we can assume that the matrix L is symmetric.

The first idea is to decompose the sum (C.4) into four sums, one associated to each
block appearing in the matrix L. To simplify the notation, let us consider that the chain
contains N — 2 quantum dots and then number as 1 and /V the left and right reservoirs, re-
spectively. We shall then write X7, ..., Xy for the first N components of V and Y7, ..., Yy
for its last N components. One may interpret this decomposition as follows: X; = du;/e

and Y; = 07;/T. Recalling that L;; = L ;, one has

N N N N N N
0 =D Y LYXX;+2) Y LPXY 4y Y LYY (C.5)

i=1 j=1 i=1 j=1 i=1 j=1

Then

Now, using the relations LS) = QlLE?) and Lg) = QQLZ(]Q), one obtains

N N
=y LY [XiX; +2Q: XY + Q.Y3Y)] . (C.6)

i=1 j=1
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Let Z; = \/Q)2Y; and R = ()1 /+/()2. Then
N N
:ZZL(O X, X; +2RX, Z; + Z:Z}] . (C.7)

Let us first consider the term:

N N
=) > LYXX;. (C8)
i=1 j=1
We write
Z—ZL<°X2+Z L(OXX — &) - (C.9)
i=1 j=1
Since Lz(‘ = 0, one has L - L ( — 0;;) and therefore
N N N N
Ti=- Z Z LZ(JO‘)XiQ(l —0i) + Z Z LZ(JO‘)Xin(l — i) - (C.10)
i=1 j=1 i=1 j=1
Now comes a trick:
N N N N
DD L XEU =6y =) D LPXF(1-4y). €11
i=1 j=1 i=1 j=1
Hence
N
Ti=— Y Ly X -2XX+X)). (C.12)
Z"Aj :,1 (XZ':er)Q
1<

This relation is well known (see e.g. [32]). Next we consider the second term:

z_QRZZL X.Z; _QRZL X.Z; +2RZZL(OXZ 1—d;). (C.13)

i=1 j=1 =1 j=1
Using the relation L =-2; L ( — ¢;;) and the identities
N N
SN LY xzi(1 - ZZL(OXZ (1—6;), (C.14)
i=1 j=1 i=1 j=1
and
N N

N N
SN LYXZ(1-6) =) ZL(O X;Z:(1 = 6;5) (C.15)
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one can write
N N
L= Y LYR(XiZ+X;Z — XiZi — X;Z;) (1 — 0y;) . (C.16)
i=1 j=1
Writing the term in Z;Z; in a similar manner as 77, one finally obtains
os= Y (L)1, (C.17)
ij=1
i<j
where
]ij - (Xz - Xj)2 + (ZZ - Zj)2 - 2RCZ']' y Cij - XZ'ZJ‘ + XjZi - XzZz - Xij .

This is the relation (3.26) used in Subsection 3.3 to prove that o, > 0.

Appendix D. Equilibrium and Non-Equilibrium States

In this appendix, we prove the equivalent relations presented in Subsection 3.4.
To obtain the first one,

{System is at equilibrium} <= {[; =0 and J; =0, Vi},

let us write the no-current condition (i € {I,,R, 1,..., N}):
I, = LY 4 L) =1 =0 D.1
Z + Ly = =0, (D.1)
5u 2 (ST
J, = LY 4 1P 1 =9, D.2
Z + Ly (D.2)

It is convenient to define X, Y € RN+2 by

: T
X, =% ana vy =20

= = (D.3)

Then, using the relations L = (1 L(0 and L(2 Q2 U , and setting QQ = (Q2/Q)1, one
sees that the conditions (D.l) (D.2) can be rewrltten as follows:

LOX +QY) = 0, (D.4)
LOX +QY) = 0. (D.5)

Since R # 1, it follows that (); # (). Assume now that all the currents vanish. Then the
equations (D.4)—(D.5) imply that

LOX =0 and LOY =0. (D.6)
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Since Zj Lg?) = 0, the equilibrium situation, X; = du/e and Y; = 6T/T, is a solution.
Observe now that L) can be considered as the generator of a Markov process and, con-
sequently, the equation LY’V = 0 has a unique solution (up to a multiplicative constant).
Therefore the system is at equilibrium. Finally, the reverse implication is immediate since
the equilibrium situation satisfies the equations (D.4)—(D.5).

We next turn to the equivalence in terms of the entropy production:

System is at System is
e <— o0,=0 and e << 0,>0.
equilibrium out of equilibrium

Observe that, since o, > 0, the two above statements are contrapositive equivalences.
Therefore, it is sufficient to prove the first. For this we use the expression (C.17) for 0.

[=] Assume the system is at equilibrium. Then, X; =--- = Xy and Z; =--- = Zy, and
therefore I;; = 0 for all ¢, j, from which it follows that oy = 0.

[«] Conversely, assume that o0, = 0. Then, since (—LEJO.)) < 0Oand I;; > Oforall s < j,
one has [;; = 0 for all 7 < j. Therefore, by (3.27), one deduces that X; = --- = Xy and
Zy = --- = Zn,i.e. the system is at equilibrium.

Appendix E. The Matrix L((? )

(0) )

Here we prove that the matrix L" is real positive definite and consequently that L(g has
positive determinant and is therefore invertible.
Let W € RN, W # 0, and
N N
T=W,LEW) =3 LYww;. (E.1)
=1 j=1
The idea is to proceed as in the proof of o, > 0, but with the identity
N
LY =LY - LY - > LY (E.2)
7=1
We obtain
N N
T=— Y LYWi—=W;)>=> (LY + L)W >0, (E.3)
i,j=1 i=1
i< j

This shows that Lg] ) is real positive definite.
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0) (0)

Now, let A, ..., Ay denote the eigenvalues of LY, which might be complex since L

is not symmetric in general.

(1) Assume that ) is a real eigenvalue of L(C0 ) and let v € RY be a normalized associated
eigenvector. Then

A= Av| = (v, ) = (v, LY) >0, (E.4)

0)

where we have used that Lg is real positive definite.

(2) Assume next that \ is a complex eigenvalue: A\ = a + b, with a,b € R and b # 0.

Then, since Lg) )

of LY.

is a real matrix, both \ and its complex conjugate \ are eigenvalues

In summary, we have shown that the eigenvalues of Léo ) are either positives or come in

pairs (A, \) with A # 0. Therefore

det(LY)) H)\ >0. (E.5)

Appendix F. The Profiles

Here we explain the details in the derivation of the profiles (4.36)—(4.38). From (4.35), one
sees that the profiles are obtained by solving the generic equation:

LVXx = Z DiX, . (F.1)

0)

From Appendix E, the matrix Lé can be inverted to give

X ==Y [LOI'DX, . (F2)
(=L,R
Recalling that (Dy); = Lg z)’ one has in components:
N
Xy = = 3L [29 X0 + LY Xx] (F.3)
j=1
Now comes a trick: v
Lf) = ~Lig = > Ly (F4)
k=1
With this identity, one has
N
Xi = Z (LT LY Xy = > (LT L (X — X1)
k=1 j=1 j=1
N
= Xp— ) (LI LR (Xr — X1) - (F5)
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Observe that (L(c?))l-j = Lg?) = €2C(0)/h I';; and Lg = —e*C(0)/h t;r. Hence, the
constant ¢2C(0)/h involved in ([Lg] )]*1)% and in Lﬁg simplifies, and we are left with
profiles independent of the distribution f describing the reservoirs. The temperature and
chemical potential profiles are obtained by setting X; = §7;/7, with T; = T + 0T}, and
X; = dpqi/e, with p; = p + dp;, respectively.

Appendix G. An Expression for A;

In this appendix, we derive the alternative expression (4.44) for the coefficient A;. From

(4.38), one has
N
A=) (Yt (G.1)

J=1

Now, we write
1

(F(_Jl)lj = det (Fc) (_1)Z+j det (Fc(j’ 2)) , (GZ)
so that
R »
= _1)it+s .. .
A= det (Tc) ]Z1< 1) det (Pc(j, 1)) tym - (G.3)

It remains to expand det (I'c). One has

Mz

det (I'¢) = 1) det (D (f,4)) Tys - (G4)
]:1
Using the relation
N
Tji=-Tp—Tjr— > T, (G.5)
k=1
k#i
one obtains
N
det (D) = ) (=1)" det (Dc(j,4)) [t + tr] — Bi | (G.6)
j=1
where
N N
Ri=3) Z 1) det (Tc(3,4)) D (G.7)
j=1 k=
7£ 7
Finally, using (G.2), one obtains
N N
=det () » Y (Tg'), Tj = det (Ic) Z ok = 0. (G.8)
k=1 j=1 k=1

k#i k#i
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Appendix H. The Global Scattering Matrix Sy

In this appendix, we explain how to build the scattering matrix S of the system made of
N quantum dots from the NN individual scattering matrices SV, ..., S™) where S*) is
the (M + My, + M) x (M + My, + M) unitary scattering matrix associated with the k-th
quantum dot. Here, we have set My, = Mg = M.

Let us start with the case N = 2. Let S™) and S® denote the scattering matrices of the
first and second quantum dot, respectively, and let S5 denote the corresponding scattering
matrix for the system made of two quantum dots (see Figure 10).

r-r—-r———>—~>">=>">"7>"7"77 A r-—-——=—=—"=>"==7"=7=777= A
| | | |
! ! ! !
€T | | / | |
L > | | < = | | = yR
| | | |
| S | | S |
YL | | z | | IR
| | | |
| | | |
R R
1 Y1 T2 Y2
Figure 10: Combination of S and S into the composite S-matrix S.
From Figure 10, one easily sees that these matrices are related as follows:
1, yI, z z iL L
S i) = 1Y > S® Tl =1y, S = [ . (H.T)
> o TR Ur I Y2
IR YR,

Introducing

o) o) Sy
PO (SH) Sg) 770/(1) — S?g) ,t(l) — (S?(&) Sé?) ,t/(l) — SH’) (H.2)
2 22 23

1
L YL

pr— 5 pr— H'3

L1 <x1> YL <y1) (H.3)

one can rewrite the first relation in (H.1) as follows:

n  p@)
r t T\ (ym
Similarly, setting

@ @ 2)

@ _[%n S _ (5 — (5@ g0

r® =57 = (S%%) 5%5) e (5%%)> 0 = <S§2) 553)) (H.5)
32 33 31

and
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T2 Y2
Tor = , = H.6
2R ($R) Yor (yR) (H.6)
one has for the second relation in (H.1):
@ ¢ /
T t Z z
(t(z) r/(z)) (IEQR) = <y2R) . (H.7)
Finally, we write the third relation in (H.1) as follows:
Ty ty\ [T Y1
- i H.8
<t2 Té) (41721%) <y2R (H.8)

Solving the equations (H.4) and (H.7) for y1,; and y,g, and recalling the relation (H.8), one
obtains

and

e = U 4 O[] @] 1000 (H.9)
o= O O] @] ) (H.10)
ty = D[ — D10 (H.11)
£, = O = p@p0]1p0) (H.12)

Let us now generalize these relations to the N > 2 quantum dots situation. For this we
denote by SM), ... SN the N individual scattering matrices and by Sy the composite
S-matrix associated to N quantum dots. We write

L YL
x1 Y1 /
r t
sl :1=1:1, Sy = (& T},V> . (H.13)
TN YN N
TR Yr
Then
ry = (12N 1) +t/(12...N71)[1 . T(N),,,/(12...N71)]71T(N)t(12...N71) 7 (H.14)
= ) +t(N)[l _r’(12---N_1)r(N)]_17“'(12‘”N_1)t/(N) ’ (H.15)
ty = t(N)[l B T/(12...N71)T(N)]flt(12...N71) 7 (H.16)
th _ tl(lQ...N*l)[l _ T(N)TI(IQ"'Nil)]ilt/(N) , H.17)
where
(V) (V) (N)
N) _ o) N) _ S S. N) _ S N) _ N N
s o= (8 5) o= () oo )
32 33 31
(H.18)
and
(Sv-u - (Sv-1)wv
p(12..N=1) _ . : ;02N — (S v v, (HL19)

(Sv-)wi . (Sw_t)wn
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(SNfl)l N+1

12N — ((Sv—1)n411 - (Sv-1)niin) g2 N1 =
(SN—1)N N1
(H.20)
Therefore, by working recursively, one can build the global scattering matrix S = Sy from
the local scattering matrices S, ..., S, Note that, by construction, if S, ... S®)

are unitary, then S will also be unitary.

Remark. If one considers that the terminals have only one channel: M; = 1 for all 4,
then 7™ and 7/(!>-N) become complex numbers and we can introduce the following com-
plex number:

ey = [1 — rWp/A2N=D1=1 (H.21)

Then one can rewrite the equations (H.14)—(H.17) as follows:

P p(12.N=1) N p(N) p(12..N=1),4(12..N-1) 7 (H.22)
= ) ooy p(12NZD (NN (H.23)
ty = cy tWMa2zN=1) (H.24)
thy = ey t'WEN-Dp®) (H.25)

These are the equations that are used in the numerical simulations in Section 5.
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