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Increasing thermal rectification: Effects of long-range interactions
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In this paper, we study the effects of the interparticle interaction range on heat flow. We show that, by increasing
the interaction range, we may amplify the thermal conductivity and even change the regime of heat transport.
More importantly, considering a crucial problem of phononics, namely, the search of a suitable thermal diode, we
investigate the range effects in some graded systems in which thermal rectification is a ubiquitous phenomenon.
In such graded models, we show that long-range interactions may significatively increase the rectification power
and may avoid its decay with the system size, thus solving relevant problems of the usual proposals of rectifiers.
Our results indicate that graded materials are genuine candidates for the actual fabrication of thermal diodes.
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The invention of transistor used to control the electric
charge flow has led to the incredible development of modern
electronics. Now we observe the progress of phononics [1], the
counterpart of electronics dedicated to the manipulation and
control of heat current. However, a very promising advance
is still dependent on the development of one of its basic
components: a realizable thermal diode with a significative
rectification. A thermal diode, or rectifier, is a device in which
heat flows preferably in one direction; i.e., the magnitude of
the heat current changes if we invert the device between two
thermal baths.

A model of thermal rectifier has been proposed some time
ago [2], and since then, thermal rectification has been inten-
sively investigated [3—10], including experimental realizations
[6]. Unfortunately, the most recurrent proposals of thermal
diode, which are based on the sequential coupling of two or
three segments with different anharmonic potentials, are diffi-
cult to be experimentally implemented and their rectification
power typically decays to zero when we increase the system
size [4]. For these reasons, more and more efforts have been
devoted to the investigation of rectification in different models
[5-8]: for example, in graded systems (in which rectification is
a ubiquitous phenomenon [9,10]), in carbon nano-structures,
in systems composed of crystal and amorphous polymer,
etc. Graded materials are inhomogeneous systems whose
composition and/or structure change gradually in space. It is
worth to stress that such materials are abundant in nature, can
also be manufactured, and have attracted great interest in many
areas [11], with works devoted to the study of their electric,
optical, mechanical, and heat conduction properties.

In the search for mechanisms that may increase the rectifi-
cation power, and/or avoid its rapid decay with the system size,
the present work is devoted to a basic, but somehow neglected
problem: the effects of the interparticle interaction range on
the heat flow properties. Given the enormous mathematical
difficulty of the usual models considered in the study of heat
conduction in solids, models which are described by systems
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difficult task, but we will show that such an investigation
is feasible and provides useful results. We still recall that
the study of the role played by the range of the interaction
is a fundamental and ubiquitous problem in physics: it
is responsible for different effects in classic and quantum
systems, in microscopic and macroscopic phenomena, in
electronic transport, in equilibrium and nonequilibrium phase
transitions, etc. [12].

We start the investigation by analyzing homogeneous
systems. We show that, by increasing the interaction range,
we can increase the thermal conductivity of a system with
normal heat transport, and we can even change the regime to
anomalous transport. For the case of asymmetric models—
precisely, graded materials—we show that the introduction
of interparticle interaction beyond nearest-neighbor sites may
increase the rectification factor and still avoid its decay
with the system size. That is, in a system with long-range
interactions, the rectification power becomes larger (thousand
times larger) than that observed in a similar system with
nearest-neighbor interactions only. By long-range we mean
interactions with polynomial decay; and short-range denotes
those with exponential decay or compact support. In other
words, we show that the interaction range, due to these
interesting effects, may be a key issue in the search of materials
with considerable thermal rectification, materials which are, as
said, the basic ingredient for the building of thermal devices
of phononics, such as thermal diodes and transistors.

We analyze recurrent microscopic models for heat con-
duction in solids, used since the pioneering work of Debye,
namely, chains of oscillators. And so, we believe that our
results will be valid for real materials. Our formalism includes
harmonic and anharmonic chains with self-consistent stochas-
tic reservoirs at each site, as well as anharmonic chains with
baths at the boundaries only. These models, for the specific
case of nearest-neighbor interparticle interactions, obey the
Fourier’s law of heat conduction (see, e.g., Refs. [5,13,14]).

Let us introduce the models. For simplicity, we consider

. - . . . one-dimensional chains. We take N oscillators with
with anharmonic on-site potentials and harmonic nearest- o

. . L . . . Hamiltonian
neighbor interparticle interactions, the investigation of systems
with long-range interactions seems to be an exceedingly
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where M; >0, J;; = Jj,, P is the anharmonic on-site
potential (and so, A = 0 for the specific harmonic case). The
dynamics is given by

oH 172
qu' = (pj/l’l’lj)dt,dpj = —gdl — §jpjdt+)/j dBj,
J
(2)

where B; are independent Wiener processes; ¢ is the coupling
between site j and its reservoir (for the models with baths
only at the boundaries, {; =0 if j is an inner site); and
v; = 2¢;m;T;, where T} is the temperature of the jth bath.
To study the energy current inside the system, we define, as
usual, the energy of the jth oscillator as
f 1
LU+ 5 ) U - a0 G)

J
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where the expressions for UV and U®, the local and
the interparticle potentials, follow from Eq. (1) and from
Z;‘V=1 H; = H.From the stochastic dynamics, we get
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and a similar formula follows for §_,; (with the change
between j and ¢, and with the condition ¢ < j). In the
equations above, (-) denotes the expectation with respect to
the noise distribution, and (R ;) = ¢ J(T 5) /m ) gives the
energy flow between the jth reservoir and the jth site. In the
steady state (as t — o0), (R ;) always vanishes for the inner
sites. Precisely, for an inner site j, we have ¢; = 0 for the
case of a model with baths only at the ends; otherwise, the
self-consistent condition is given by the choice of 7 such that
(R;) = 0.Suchacondition, i.e., the absence of mean heat flow
between an inner site and its reservoir in the steady state, means
that inner reservoirs do not describe real thermal baths such as
those reservoirs at the boundaries; they represent only some
residual interaction, some mechanism of phonon scattering
not present in the deterministic potential. These systems with
self-consistent inner stochastic reservoirs are old models [15],
recurrently studied [13,16].

In the steady state we have (d H;(t)/dt) = 0, and so, the
mean heat flow from site j to site £, with £ > j, is given by
}—Jﬁ = 31% ij %M ij fj,f'

From Eq. (5), it follows that the heat flow in the system
is given in terms of two-point functions (g; p.). However, as
is well known, the analysis of such two-point functions may
require very hard work. For the particular case of a chain
with nearest-neighbor interparticle interaction, several works
have been devoted to the problem. For systems with harmonic
potentials and self-consistent reservoirs, it is proved [13,17]
that

Fijr =k i1 (T; —Tip), (6)
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where F; ;1 is the flow from site j to j + 1; «; ;41 does not
depend on T': it is a function of J; ;. i, of the particle mass, of
the on-site harmonic potential strength M ;, and of the coupling
constant with the reservoirs. The approach and the integral
formalism used to derive such results [17,18] allow us to write
a similar expression for F;, in the case of an interparticle
potential with interaction beyond next-neighbor sites, and so,
we also have

Fie=kjo(T; —Tp). @)

In the case of a system with nearest-neighbor interparticle
interactions, anharmonic on-site potential, and self-consistent
reservoirs, the approach involving an integral representation
for the heat flow [5,19] allows us to write F; ;. as Eq. (6), but
with «; ;4 depending on temperature. The same follows for
the anharmonic, self-consistent chain with interactions beyond
nearest neighbors; i.e., the heat flow is given by terms such as
Eq. (7); see Ref. [5]. For the anharmonic chain with baths
only at the boundaries, the studies presented, e.g., in Ref. [14],
lead to similar expressions for F; ;1. To infer the behavior of
Fj.¢, we turn to Ref. [19], where a huge similarity between the
anharmonic self-consistent chain and the anharmonic chain
with baths only at the ends is pointed out, at least for large
anharmonicity.

We remark that expressions for x have been already
precisely derived for some models. For example, for the
homogeneous harmonic chain with self-consistent reservoirs
and weak nearest-neighbor interaction (|J; ;41| small), it is
proved in Refs. [17,18] that

‘112 Jj+1
UM’

For the self-consistent chain, with nearest-neighbor interaction
and anharmonic on-site potential given by Ag*, we also
have «; ;1 proportional to 112 j+1 (see Ref. [5] for details).
The relation «;, o Jj% . also follows for the anharmonic
self-consistent chain with interaction beyond nearest-neighbor
sites; to see it, note that Eq. (30) in the second work of
Ref. [5] shows that the two-point function is proportional to the
interparticle interaction, and recall that the heat flow is given
by the product of the two-point function and the interparticle
interaction J; , as described above in Eq. (5). We remark that
the decay of the two-point function given by the decay of the
interparticle interaction is also observed in other stochastic
dynamics [20]. And, again, recalling Ref. [19], at least for
highly anharmonic systems (large 1), we expect a behavior
for the heat flow in the chain with reservoirs at the boundaries
similar to that observed in the self-consistent chain. In short,
for many harmonic and anharmonic chains (including those
treated here), we have «; o o J

Thus, the models to be treated here, given by chains of N
oscillators, are such that, in the steady state, the energy current
obeys the following equations:

F=xi2T1 —To) +x13(Ty — T3) + - - + i n(T1 — Ty),
ki j (T =Tj) + ko (T = Tj) + -+ ko, j(Tj—1 — T))
=k jr1(Tj = Tiz) + - + i N(T; — Ty). ®)

The first equation means that all the energy that flows into
the system comes from the first reservoir to the first site,

~

Kjj+1 =
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and it is equal to the energy that flows from the first site
to the other ones. The second equation, which holds for
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the previous sites to site j is equal to the energy that leaves site
Jj to the following sites. For clearness, we rewrite the system

Jj =2,3,...,N — 1, means that all the energy that comes from of equations above as
|
-F  —ki2h —Kk137T3 —kiN—2Tn—2  —kin-1Ty-1= —oTi + ki 8Ty,
0 +ar 1) —k2313 —koN2Tn—2  —ton—1Tn-1 = 21 T1 + o nTy,
. . &)
0 —Kkj2Th +o;T; —kjN-1Tn—1 = «j1T1 +K;nTN,
0 —kn-12T2  —Kkn_13T3 —kn_iNn—2Tn—2 +ay_1Ty_1 =kn_11T1 +ky_1,8Tn,

where o) =k + K13+ -+ KN, o =Kj1+Kjpp+ ...+
kjn (recall thatkj; = 0 and k¢; = «j¢). For the simpler case of
a thermal conductivity that does not depend on temperature,
given 77 and Ty we have N — 1 linear equations with
N — 1 variables: F,T>,T5, ...,Ty_;. It is also valid, in a first
approximation, for a system submitted to a very small gradient
of temperature (where we may write the thermal conductivity
as a function of the average temperature instead of function
of T;, T;). For the case of « given by a function of the inner
temperatures 7;, we do not have a simple linear system, and
the solution is much more intricate.

A first scenario for the effects of the interaction range
may be depicted by considering two extreme (opposite)
cases in homogeneous models: first, a chain with nearest-
neighbor interaction; and, second, a chain with a nondecaying
Kjg,1.e., with k1 = -+ = K1y = kj; = k. Some comment is
appropriate for the constant «: it is certainly unphysical and
shall be considered only as an “upper bound” for the acceptable
K’s.

We describe below the mathematical solutions of Egs. (9)
for the two extreme cases, but it is worth noting that such
solutions, and the underlying physics, can also be derived by
noting the connection between Eqgs. (9) and circuits. Thus, we
may also derive the solutions by using the Kirchhoff’s theorem
for circuits [21].

For nearest-neighbor interactions and constant « (or «
depending on the average temperature), our linear system
becomes

F X» X3 X Xy

-1 -1 0 0 0 |—X,
0 2 -1 0 0 X,
0o -1 2 -1 0 0
o 0 ... -1 2 -1 0
0 0 ... 0 -1 2 Xn,

where X; =«T;, j =1,2,...,N. The last column, of the
independent terms, involves X; and X . By using Cramer’s
rule, we have 7 = A /A, where A is the determinant of the
coefficient matrix, and A is the determinant of the matrix
obtained from the coefficient matrix with the replacement of
the first column by the column of the independent terms. We

have Ay = —-XD,_» + X1D,_3 + Xy, where D,_; is the
determinant of the Laplacian matrix with n — j lines and
columns (the Laplacian matrix is given by the coefficient
matrix above without the first line and the first column). It
is easy to prove (e.g., by induction) that D, = n + 1. Then,
we have

_Ar _ Xn—Xi

Fo _K(TI_TN).

A —(N—-1)  N-1

(10)

That is a very well known result: for the anharmonic chain or
harmonic chain with self-consistent reservoirs, Fourier’s law
holds, i.e., the heat flow decreases with N. The underlying
physics is clear: the chain with nearest couplings may be
understood as segments in series, in which each segment obeys
alocal Fourier’s law [Eq. (6)]. Hence, Fourier’s law also holds
in the whole chain, and so, the heat flow decays with the system
size.

Let us turn to the other extreme case: kj, =k, with «
constant or depending on the average temperature. The linear
system for the heat flow and inner temperatures becomes

F X, X, Xs ... Xwoi

-1 -1 1 -1 ... =1 | Xy—(N-DX,
0 N—-1) -1 -1 ... -1 Xy + X

0 -1 (N-1) -1 ... -1 Xy + X,

0 —1 -1 -1 (N -1 Xy + X1,

where X; =«T;, j=1,...,N. First, let us compute the
determinant D of the matrix, where the elements are 1 outside
the main diagonal and are « in the diagonal. For a matrix with
two lines and two columns, we have D, = o> — 1 = (@ — 1)
(¢ + 1), and D3 = (¢ — 1)(@ — 1)( + 2). By induction we
prove that D, = (o — 1)" '(a +n — 1).

Turning to the heat flow, as before, we have F = Ar/A,,
where the determinant of the coefficient matrix is A, =
—1(=1)N2Dy_,, with Dy_, computed with @ = —(N — 1).
With some algebra, we get A, = —2NV3. Az is the
determinant of the coefficient matrix with the first column
replaced by the column of independent terms. By developing
the determinant in terms of the new first column, we obtain
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for A r
Ar =Xy — (N — DX{1(=D"*Dy_,

v |[@Dn—2 — Dy_y
—(Xn + XN = 2)(=1) [T] . (1)

With some algebraic manipulation, we get Ax = NV 2(Xy —
X1), and so

N
F= T’C(T1 —Ty). (12)

That is, now the heat flow increases with N. To understand the
physics behind such a result, note that, for the fully coupled
system, the number of sites gives the possible channels (ways)
for the heat current; hence, the flow is expected to enlarge as
we increase the number of channels, i.e., the system size.

From the study of these previous limiting cases, the effects
of changes in the interparticle interaction range on heat flow
are already quite clear: by increasing the interaction range we
expect to increase the thermal conductivity and, for long range,
we even expect to change the regime to anomalous transport.

The detailed analytical investigation of the system of
Eqgs. (9) for the case of «;, decaying as a function of |j — £
and/or k j; as a function of the temperatures 7; and T requires
a very difficult work. Hence, to analyze such cases we make
use of numerical techniques [22].

First, we study systems submitted to a very small gradient
of temperature, i.e., cases in which x may be considered as a
function of the average temperature. For an exponential decay
kj¢ = 1/2V=% numerical computations show that the system
still obeys Fourier’s law and the thermal conductivity increases
as compared to system with nearest-neighbor interaction. See
Fig. 1(a). Considering a nonintegrable polynomial decay, such
as 1/]j — €]” with y < 1, the computation gives a behavior
that is similar to the extreme case with equal «’s, that is, the
heat flow grows up as we increase N: as checked out for
several y, it seems that it grows like le(l/xV)dx, ie.,asln N
for kj, ~ 1/1j — £|, etc.; see Fig. 1(b).

Now, we turn to the main problem: we consider asymmetric
chains and investigate the effects of long-range interactions on
thermal rectification.

As is well known [5,9,10,23], the dependence of thermal
conductivity on local temperatures plays a crucial role in
thermal rectification. Hence, we investigate systems in which
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FIG. 1. Heat flow F versus number of sites for a homogeneous
chain, where T} =2, Ty = 1, and (a) «;, decays as 1/2/7Y; note
that Fourier’s law still holds with thermal conductivity x >~ 6, which
is bigger than the thermal conductivity x = 1/2 of the chain with
nearest-neighbor interaction. (b) «;, decays as 1/|j — £|; here, the
heat flow grows with In V.
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k involves functions of temperature. Mimicking the behavior
observed in graded chains of oscillators with anharmonic

on-site potentials [5], now we take k¢ as g(|j — £])/(c; Tf +

csz’g ), where the exponent 8 gives the intricate nonlinear
dependence of ¥ on T; g gives the distance decay, e.g.,
g(lj — <€)~ 1/]j — £|”;and c; is a term that depends on local
graded parameters, e.g., on the particle mass (the asymmetry
in the chain will be given by different terms c;).

For such «, even a numerical study becomes intricate. Thus,
to follow with the computations on the heat flow, we restrict the
analysis to a system submitted to a small temperature gradient:
we take a chain in which T; =T +aje and Ty = T + ays,
for some small e. Consequently, the inner temperatures will
be given in terms of T and ¢: up to second order in ¢, we will
have T; =T +aje —i—bjsz [a; and b; to be determined by
solving Eqgs. (9)]. Then, by expanding « , up to second order
in &, and solving the system of Eqgs. (9), we can determine
all inner temperatures 7; and F = Fj¢ + F»e? in terms of the
temperatures at the boundaries. Note that such procedure gives
us two systems of equations: one for & and another for 2. To
search for rectification, besides F, we still have to study the
heat flow in the system as we invert the temperatures at the
boundaries. That is, we also need to obtain the heat flow F’
in the system with temperatures 7/ = T + aje + b_//-e2, where
T/ =Tyand Ty, = T.

To start the investigation, we take a graded chain in which
c; (related, e.g., to the particle mass) grows linearly with j,
and kj; decays as 1/|j — €|"!. We take this exaggerated slow
decay in order to make the effects more transparent. Then,
we compute the rectification factor for the systems, which
is defined as the difference between the magnitude of the
direct and reverse heat flow divided by the smaller one (the
reverse flow is that obtained by inverting the temperatures
at the boundaries). The rectification factor for a chain with
linear graded mass distribution and « with polynomial decay
is depicted in Fig. 2(a). The ratio between the rectification
factor of the case in which « has a polynomial decay and the
case in which « is nearest neighbor is depicted in Fig. 2(b).
These results make transparent the considerable effect of the
range interaction on the rectification power.

Trying to fix the other recurrent problem of diodes, namely,
the decay of rectification with the system size, we turn now to
more asymmetric systems. We take chains with exponential
mass distribution and compare the cases with long-range
polynomial decay and nearest-neighbor interactions. Again,
the effect is clear: the system with long-range interaction has
a much bigger rectification power; see Fig. 2(d). Moreover, in
contrast to the nearest-neighbor interaction, the rectification
power does not decay with the system size; see Fig. 2(c).

We remark that the rectification factors computed above are
multiplies of ¢, i.e., of the temperature difference |7} — Ty,
which is here, due to technical difficulties, a small amount.
However, as shown by theoretical analysis [23] and simulations
[10] in previous works with nearest-neighbor interactions,
the dependence of the rectification factor on |7} — Ty| as
described here is certainly valid beyond the regime of small
differences. In other words, for larger differences of tempera-
ture we certainly obtain bigger (and significative) rectification
factors.
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FIG. 2. Rectification factor fj, in multiples of & >~ |T} — Ty]|,
versus number of sites. Here, T =1,a, =2,ay =1, =1.5. In
(a), index i = L denotes a linear graded mass distribution, ¢; = j.
In (c), i = E denotes an exponential graded mass distribution,
¢; = exp(—38j), with § = 0.05. For both cases, k;, = c/|j — €|,
¢ = 100. The ratio R between the rectification factors for long-range
and nearest-neighbor cases versus number of sites is depicted, in
(b) and (d), for linear and exponential graded mass distribution,
respectively.

In all the cases considered in the study of rectification above,
the heat flow is given by, up to O(e?), F = F,e + Fre>. For
small gradients of temperature, the rectification appears only
in >, leading to a O(¢) rectification factor, which is defined,
as already said, as the difference between the direct and the
reversed flows divided by the smaller one. In Fig. 3, the heat
flow term J, and the reversed one F} are depicted for the cases
treated in Fig. 2. The total direct and reversed heat flows F
and F’, not plotted in the graphics, increase with the system
size N for the exponential mass distribution, and decay for the
linear case.

Further investigation with more detailed results by means
of computer simulations are highly desirable, but we leave
such a task for the experts.

We still need to make some comments regarding the
connection between our results and real materials. First of all,
we recall, as repeatedly said throughout the paper, that graded
systems are found in nature and can also be manufactured.
Moreover, nowadays several materials, such as nanomagnets,
can be fabricated and even manipulated with the lithographical
insertion of different types of pointlike magnetic impurities
in order to present certain properties. A good example is
given by magnets of nanodisks of Permalloy [24], material
in which the interparticle interaction presents a polynomial
decay: 1/ rfj In short, graded chains and systems with
interactions polynomially decaying are not only theoretical

PHYSICAL REVIEW E 88, 032139 (2013)
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FIG. 3. (Color online) Modulus of direct heat flow | F,| (triangles)
and reversed one || (circles) versus number of sites for inhomoge-
neous chains. Here, T = 1,a; = 2,ay = 1, B = 1.5. Alinear graded
mass distribution, ¢; = j, and an exponential one, ¢; = exp(—d;),
with § = 0.05, are assumed in (a) and (b), respectively. For both
cases, kj ¢ = c/|j — €', ¢ = 100.

models. However, some conditions assumed in our analysis,
e.g., the exponential graded mass distribution and the slow
polynomial decay of the interaction, may be extremely difficult
to be approached in real materials. We have used such mass
distribution in order to obtain a very asymmetric chain. A
more realistic description, still giving a very asymmetric chain,
may be obtained by taking a more acceptable graded mass
distribution together with graded interparticle potentials, with
graded on-site anharmonic potentials, etc., i.e., with other
asymmetric characteristics. Anyway, we understand that a
study with exaggerated conditions is still useful to make
transparent, to amplify effects which will survive, without such
intensity, in a more realistic situation.

In summary, in the present work, we investigate the
effects of range interaction on the heat flow. We show that
interactions beyond nearest-neighbor sites may increase the
thermal conductivity and even change the transport regime,
properties of practical interest. More importantly, addressing
a crucial problem of phononics, we show that long-range
interactions may considerably increase the rectification power
and may avoid its decay with the system size, problems of the
usual proposals of rectifiers. In particular, we show that such
phenomenon occurs in graded systems, realizable materials in
which thermal rectification ubiquitously holds. In short, our
results indicate that graded materials are genuine candidates
for the actual fabrication of thermal diodes.

We are in debt to an anonymous referee, who called our
attention to the connection between some of our results and the
Kirchhoff’s theorem for circuits [21]. We thank R. Sardenberg,
M. Matos, M. C. Aguiar, and B. V. Costa for help with
numerical programs. This work was partially supported by
CNPq (Brazil).

[1] N. Li, J. Ren, L. Wang, G. Zhang, P. Hanggi, and B. Li,
Rev. Mod. Phys. 84, 1045 (2012); G. Casati, Nat. Nanotech. 2,
23 (2007); B. Hu, in Advanced Workshop on Energy Transport
in Low-Dimensional System: Achievements and Mysteries,
ICTP (2012); http://cdsagendas.ictp.trieste.it/full_display.php
?ida=a11200.

[2] M. Terraneo, M. Peyrard, and G. Casati, Phys. Rev. Lett. 88,
094302 (2002).

[3] B. Li, L. Wang, and G. Casati, Phys. Rev. Lett. 93, 184301
(2004); L. Wang and B. Li, ibid. 99, 177208 (2007); 101,
267203 (2008); B. Li et al., Appl. Phys. Lett. 88, 143501
(2006).

032139-5


http://dx.doi.org/10.1103/RevModPhys.84.1045
http://dx.doi.org/10.1038/nnano.2006.191
http://dx.doi.org/10.1038/nnano.2006.191
http://cdsagenda5.ictp.trieste.it/full_display.php?ida=a11200
http://cdsagenda5.ictp.trieste.it/full_display.php?ida=a11200
http://dx.doi.org/10.1103/PhysRevLett.88.094302
http://dx.doi.org/10.1103/PhysRevLett.88.094302
http://dx.doi.org/10.1103/PhysRevLett.93.184301
http://dx.doi.org/10.1103/PhysRevLett.93.184301
http://dx.doi.org/10.1103/PhysRevLett.99.177208
http://dx.doi.org/10.1103/PhysRevLett.101.267203
http://dx.doi.org/10.1103/PhysRevLett.101.267203
http://dx.doi.org/10.1063/1.2191730
http://dx.doi.org/10.1063/1.2191730

EMMANUEL PEREIRA AND RICARDO R. AVILA

[4] B. Hu, L. Yang, and Y. Zhang, Phys. Rev. Lett. 97, 124302
(2006).

[5] E. Pereira, Phys. Rev. E 82, 040101(R) (2010); Physica A 390,
4131 (2011).

[6] C. W. Chang, D. Okawa, A. Majumdar, and A. Zettl, Science
314, 1121 (2006).

[7] N. Yang, N. Li, L. Wang, and B. Li, Phys. Rev. B 76, 020301(R)
(2007).

[8] N. Yang, G. Zhang, and B. Li, Appl. Phys. Lett. 93, 243111
(2008); M. Hu, P. Keblinski, and B. Li, ibid. 92, 211908 (2008).

[9] E. Pereira, Phys. Rev. E 83, 031106 (2011).

[10] J. Wang, E. Pereira, and G. Casati, Phys. Rev. E 86, 010101(R)
(2012).

[11] J. P. Huang and K. W. Yu, Phys. Rep. 431, 87 (2006).

[12] H. Suzuura and T. Ando, Phys. Rev. Lett. 89, 266603 (2002);
T. N. Teles, Fernanda P. da C. Benetti, R. Pakter, and Y. Levin,
ibid. 109, 230601 (2012); I. Duchemin, T. Deutsch, and X. Blase,
ibid. 109, 167801 (2012); M. Kastner, Rev. Mod. Phys. 80, 167
(2008).

[13] F. Bonetto, J. L. Lebowitz, and J. Lukkarinen, J. Stat. Phys. 116,
783 (2004).

[14] J. Bricmont and A. Kupiainen, Phys. Rev. Lett. 98, 214301
(2007); Commun. Math. Phys. 274, 555 (2007).

[15] M. Bosterli, M. Rich, and W. M. Visscher, Phys. Rev. A 1, 1086
(1970).

[16] F. Bonetto, J. L. Lebowitz, J. Lukkarinen, and S. Olla, J. Stat.
Phys. 134, 1097 (2009).

PHYSICAL REVIEW E 88, 032139 (2013)

[17] R. Falcao, A. Francisco Neto, and E. Pereira, Theor. Math. Phys.
156, 1081 (2008).

[18] E. Pereira and R. Falcao, Phys. Rev. E 70, 046105 (2004);
Phys. Rev. Lett. 96, 100601 (2006).

[19] E. Pereira, R. Falcao, and H. C. F. Lemos, Phys. Rev. E 87,
032158 (2013).

[20] R. S. Thebaldi, E. Pereira, and A. Procacci, J. Math. Phys. 46,
053302 (2005).

[21] An anonymous referee called our attention to the fact that
Egs. (9), describing the heat flow in the system, correspond
to an effective electric (or heat) circuit. Hence, our results
given by Egs. (10) and (12) can be directly derived from
Kirchhoff’s theorem for circuits. Precisely, the case of nearest-
neighbor coupling corresponds to the circuit in series, and so, its
conductivity is k /(N — 1), decreasing with size. The case of full
connections corresponds to the circuit in parallel (that is not so
easy to see), so thatits conductance is k + (N — 2)x/2 = Nk /2,
increasing with size. By considering such a relation with circuits,
the underlying physics is obvious: in the circuit in series, the
resistance increases with N, and so, the conductance decays; the
opposite behavior follows for the circuit in parallel.

[22] Concerning the numerical analysis, we repeat the computation
three times by using Mathematica, Mathcad, and a program in
Fortran.

[23] R. R. Avila and E. Pereira, J. Phys. A: Math. Theor. 46, 055002
(2013).

[24] D. Toscano et al., Appl. Phys. Lett. 101, 252402 (2012).

032139-6


http://dx.doi.org/10.1103/PhysRevLett.97.124302
http://dx.doi.org/10.1103/PhysRevLett.97.124302
http://dx.doi.org/10.1103/PhysRevE.82.040101
http://dx.doi.org/10.1016/j.physa.2011.07.014
http://dx.doi.org/10.1016/j.physa.2011.07.014
http://dx.doi.org/10.1126/science.1132898
http://dx.doi.org/10.1126/science.1132898
http://dx.doi.org/10.1103/PhysRevB.76.020301
http://dx.doi.org/10.1103/PhysRevB.76.020301
http://dx.doi.org/10.1063/1.3049603
http://dx.doi.org/10.1063/1.3049603
http://dx.doi.org/10.1063/1.2937834
http://dx.doi.org/10.1103/PhysRevE.83.031106
http://dx.doi.org/10.1103/PhysRevE.86.010101
http://dx.doi.org/10.1103/PhysRevE.86.010101
http://dx.doi.org/10.1016/j.physrep.2006.05.004
http://dx.doi.org/10.1103/PhysRevLett.89.266603
http://dx.doi.org/10.1103/PhysRevLett.109.230601
http://dx.doi.org/10.1103/PhysRevLett.109.167801
http://dx.doi.org/10.1103/RevModPhys.80.167
http://dx.doi.org/10.1103/RevModPhys.80.167
http://dx.doi.org/10.1023/B:JOSS.0000037232.14365.10
http://dx.doi.org/10.1023/B:JOSS.0000037232.14365.10
http://dx.doi.org/10.1103/PhysRevLett.98.214301
http://dx.doi.org/10.1103/PhysRevLett.98.214301
http://dx.doi.org/10.1007/s00220-007-0284-5
http://dx.doi.org/10.1103/PhysRevA.1.1086
http://dx.doi.org/10.1103/PhysRevA.1.1086
http://dx.doi.org/10.1007/s10955-008-9657-1
http://dx.doi.org/10.1007/s10955-008-9657-1
http://dx.doi.org/10.1007/s11232-008-0100-1
http://dx.doi.org/10.1007/s11232-008-0100-1
http://dx.doi.org/10.1103/PhysRevE.70.046105
http://dx.doi.org/10.1103/PhysRevLett.96.100601
http://dx.doi.org/10.1103/PhysRevE.87.032158
http://dx.doi.org/10.1103/PhysRevE.87.032158
http://dx.doi.org/10.1063/1.1895845
http://dx.doi.org/10.1063/1.1895845
http://dx.doi.org/10.1088/1751-8113/46/5/055002
http://dx.doi.org/10.1088/1751-8113/46/5/055002
http://dx.doi.org/10.1063/1.4772071



