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Size effects in energy transport between thermal contacts mediated by nanoparticles
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We investigate size effects in phononic energy transport in a system of two nanoparticles interconnected by a
molecule and attached to thermal contacts also by molecules. In the considered closed system, the nanoparticles
and contacts are described by ensembles of finite numbers of harmonic oscillators within the Drude-Ullersma
model. The macroscopic character of the contacts is simulated by a large value of the ratio A/Ag = n (n > 100)
of mode spacings A and Ag corresponding to the nanoparticles and contacts, respectively. Quasistatic energy
transport on the timescale A~! is investigated. Equations describing the dynamics of the averaged eigenmode
energies that belong to the nanoparticles and contacts are derived and solved. The resulting expressions for the
energy current exiting (entering) the contacts as well as the energy current between the nanoparticles are obtained
and investigated. The latter current accounts for energy accumulation by (depletion from) the nanoparticles.
The finite size effects result in reversibility features and peculiarities at time moments ¢ = 27£A~" for non-
negative integers £. They are qualitatively the same as in a previously studied system of two equal nanoparticles
mediated by a molecule, despite the presence of the macroscopic contacts. The thermal conductance of the whole
nanojunction is derived and explored. The energy currents and thermal conductance of the nanojunction in a case

when its parameters are known from the experiment are computed using the developed model.
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I. INTRODUCTION

Understanding the mechanisms of how energy (heat)
transfers through microscopic systems, such as molecules,
nanoparticles, or nanotubes, is one of the most important re-
search directions in modern physics and technology. However,
because of the necessity to account for quantum properties
and the nonequilibrium character of the problem [1-3], this
research still encounters many problems. In addition, due
to miniaturization of electronic devices and the increasing
density of binary switches in computer systems, development
of a fundamentally new approach to manipulate heat flow
has become increasingly important [4-6]. Indeed, the ultimate
physical limit of integration in integrated circuitry is power
dissipation [4,5]. Research suggests [7—13] that molecular and
nanoscale systems may also be good candidates for many
technological advances, such as thermoelectrics, molecular
diodes, switches, rectifiers, and quantum heat transfer in an-
harmonic junctions.

An important approach to deal with energy transport
through microscopic systems is based on the quantum
Langevin equation [14,15]. It was used, in particular, for
studying the thermalization of a quantum particle coupled
harmonically to a thermal reservoir [16,17] and to explore the
steady-state heat current and temperature profiles in chains
of harmonic oscillators placed between two thermal baths
[18-21]. Closely related to the Langevin dynamics is a “‘quan-
tum thermal bath method” [22,23] that was successfully used
for sampling quantum fluctuations within the framework of
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molecular dynamics (MD) and for reproducing the quan-
tum Wigner distribution of a variety of model potentials. A
similar approach was developed in [24], allowing to avoid
direct MD simulation. Based on classical MD, the method
employs a coarse-graining procedure adopting the statistical-
operator approach [25] and the classical linear response theory
[26]. Another frequently used approach is the nonequilibrium
Green’s function (NEGF) method [27]. It was applied to cal-
culate electron transport and steady-state properties of a finite
system interconnecting reservoirs modeled by noninteracting
Hamiltonians with infinite degrees of freedom [28-30] and to
phonon transport [31-36]. However, for systems represented
by harmonic oscillators, the Langevin approach reproduces
the NEGF results exactly [2,37]. Recently, a new method for
exactly solving the Lindblad and Redfield master equations,
which can be considered as an alternative to the quantum
Langevin equation, was developed [38—40].

In the above-mentioned studies the thermal reservoirs were
considered in the thermodynamic limit, i.e., having an in-
finitely large number of modes. However, due to scaling down
of electronic devices, size effects related to finite numbers of
atoms in nanosize components of such devices have become
increasingly important. For this reason, the study of size ef-
fects in nanostructured materials became an important part of
modern research. While study of the size and quantum effects
in the electromagnetic response of nanoparticles has a rather
long history [41-45], exploration of the role of size effects
in thermal properties of small particles has taken place only
recently. In particular, in [46-48], the static thermodynamic
properties of nanostructures, such as the local structure of
the grain boundary in ultrananocrystals, the phonon density
of states in nanostructures, and the order-disorder transition
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FIG. 1. Diagram representation of the nanojunction under con-
sideration. The macroscopic character of the contacts is expressed
by dense eigenstate levels.

in nanoparticles were investigated. An idea of a possible re-
current behavior in a system with a quantum particle coupled
to a harmonic quantum thermal bath was mentioned in [17]
(however, without any further analysis). In [49], the authors
found a recurrent phenomenon in the time evolution of the
energy current in a finite linear chain showing the critical role
of the on-site pinning potential in establishing quasi-steady-
state conditions. Finally, finite-size effects on energy current
in a system of two nanoparticles interconnected by a molecule
were explored in [50,51].

In this work, we study phononic quasistatic energy trans-
port on the timescale f ~ A~! « A;' between thermal reser-
voirs (contacts) connected by molecules to a system of two
equal nanoparticles interconnected also by a molecule (see
Fig. 1). Here A and Ag are the mode spacing constants for
the nanoparticles and contacts, respectively. Our major goal is
to study finite size effects, related to small but nonzero A (or
a finite number of atoms in the nanoparticles), on the energy
current between the nanoparticles and on the energy current
that exits or enters the contacts. Unlike the nanoparticles,
the contacts are considered as macroscopic bodies and their
macroscopic nature is simulated by a large ratio, A/Ag.
Our previous work [50] revealed finite size effects, such as
peculiarities at time moments ¢t = 2w ¢/A with integers £ >
0 and quasiperiodicity features, in a system of two equal
nanoparticles connected by a molecule. In this regard, this
work is a more realistic generalization of [50], because in
any device any nanostructured feature is connected to the
device’s macroscopic part. Another goal is to derive the ther-
mal conductance of the nanojunction and compute it, together
with the energy currents, for a case when the nanojunction’s
parameters are known from an experiment.

The paper is organized as follows. The model is introduced
in Sec. II, where the eigenstates of the whole system are
found and solutions for the displacement operators of the
molecules are obtained. In Sec. III, equations governing the
dynamics of the eigenmode average energies together with
the expressions for the energy currents and thermal con-
ductance of the chain are derived. In Sec. IV, the derived
equations are approximately solved and the energy currents
together with the thermal conductance of the nanojunction are
computed. Finally, Sec. V provides a summary to our research
and discusses a possible experimental realization for a system
of this kind.

II. MODEL

The total Hamiltonian of the system under considera-
tion, illustrated in Fig. 1, is a generalization of that in

Refs. [21,50,52,53]:
Hiot = HpL + Hpr + Hat + Hnz + Hme
+Hwmr + Hme + Vim + Vam + VL + Ver- (1)
Here
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where u = L, R, describe interaction between the left and
right contacts and the corresponding molecules,
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with Cy; = Cpixc + CjxL, when Vi describes interaction
between the first (left) nanoparticle and the central and left
molecules, and C‘zi = Cyixc + Cy;xr, when Vo describes in-
teraction between the second (right) nanoparticle and the
central and right molecules. Quadratic terms in Egs. (5) and
(6) are added in order to make Hy positively defined. In
Eq. (2), x, and p, are the displacement and momentum
operators and m, and k, are the masses and the spring
constants of the molecules. In Eqs. (3) and (5), x,; and
Dui are the displacement and momentum operators, whereas
my,; and w,; are the masses and frequencies of the contacts’
oscillators in the absence of interaction with the molecules.
In (4) and (6), x,;, pvi, Myi, and w,; are the similar quantities
for the nanoparticles. Finally, C,,,; and C,, are the coupling
coefficients that describe interaction between the contacts or
nanoparticles with the adjacent molecules. In order to make
our description quantitative, we employ the Drude-Ullersma
model [16,17,54,55] that assumes that in the absence of
interaction with the molecules, each contact and nanoparticle
consist of uniformly spaced modes and introduces the follow-
ing frequency dependence for the coupling coefficients:

2y AcD?
we = iA,, Ci= | <€ @)
T TN a(ef+D2)

Whene =pu=LorR,i=1,2,..N, and D, A, and y,
are the Debye cutoff frequencies for the left or right contacts,
the mode spacing constants for the contacts, and the coupling
constant between a given contact and the adjacent molecule,
respectively. When e =v=1or 2,i=1,2,..N, and D,,
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A, are the similar quantities for the nanoparticles, whereas
y, is the coupling constant between a given nanoparticle and
the central molecule. The coupling coefficients C{; and Cj;
describe interaction between the first (second) nanoparticle
and left (right) molecule. They are determined by relation
C,i=Culy = v) = v /vCu.

Despite that the analytical derivation shown below can
be done for any values of the chain parameters, in order
to facilitate numerical study we assume that (i) the left and
right molecules are identical, having the same masses M;, =
Mg = M and fundamental frequencies 2, = Qr = 2; (ii) the
nanoparticles are made of the same material:

Dy =Dy=D, yy/m=yp/m=y/m=7p, ®)

where mc = m and wc = w are the mass and fundamental
frequency of the central molecule, respectively; and (iii) the
contacts are made of the same material:

DL IDREDB, VL/MZVR/MEVB/ME)?B (9)
In addition, we assume that the nanoparticles are equal:
A]ZAZEA, N]:NzEN:CL)m/A, (10)

where o, is the maximum frequency in the nanoparticle
spectrum. In order to simulate the macroscopic nature of the
contacts, we assume that

AL = AR = AB << A; NL ZNR ENB = me/AB» (11)

where Ng > N and wg,, is the maximum frequency in the
contacts’ spectrum. As one can suppose, there is no need to
distinguish between the mode numbers in the contacts, due
to N, Nr — 00, and we introduce only one mode number
Ng for both contacts. Also, due to the dense character of the
undisturbed contacts’ spectrum compared to the undisturbed
nanoparticles’ spectrum, we assume that each frequency in the
nanoparticle spectrum “hits” some frequency in the contact
spectrum: A/Ag = n, where n > 1 is an integer. With these
simplifications, we can drop the indexes w and v in Cy;, Cy;,
C/;, and r,, denoting them as Cg;, C;, Cy, and r = /y'/y,
respectively.

Our major goal is to consider temporal variations of all
variables on the timescale A~!, which is much longer than
the microscopic time

r=max[7, @) o QDT D], (12)
determining transient processes. So, we have
T AT St AR (13)

In the first step, we find the eigenstates (eigenmodes) of
our chain (see Appendix A). As a result, our roots z; (eigen-
frequencies of the chain) can be presented as the unification

ey = (e (Jlzmedis (14)

of two subsets: the first is the roots associated with the con-
tacts and second is the roots associated with the nanoparticles.
In both cases, each root can be presented as

%k =kAg —Ap, k=1,2,..., N =Ng +N, (15)

where |¢| < 1. Thus, the first and second subsets of the
roots are slightly but inhomogeneously shifted from the sets

of the uniformly spaced modes that belong to the contacts
and nanoparticles, respectively, before interconnecting them
by the molecules. It is worth mentioning that none of the
nanoparticles’ roots coincide with any contacts’ root, despite
our assumption written after Eq. (11). This makes it possi-
ble to clearly distinguish between the dynamics of the eigen-
mode average energies of the nanoparticles and contacts and
derive unambiguous expressions for the energy currents that
enter or exit the contacts and between the nanoparticles. In
the second important step, we find temporal solutions for all
operators that encounter (1) (see Appendix A) and are used to
describe the dynamics of our system on the timescale A™!.

III. QUASISTATIC ENERGY BALANCE

Taking into account that our time-dependent variables sat-
isfy the Heisenberg equations, one can find the rate of change
of the averaged energy E, of the uth contact:

f: i Pii +mBiw]23ix/24i
; dt \ 2mg; 2

=

NB C
Bi
= 5 (Puitu + Xuppi) = Poyr 0 =L, R, (16)
i—1 <"Bi

where the angular brackets denote the ensemble averaging
(see below) and Pg,, is the work per unit of time performed
by the left (right) molecule over the left (right) contact (or the
corresponding power dissipated in the left or right contacts
[18]). In a similar way, one finds that the rate of change of the
energy E, of the vth nanoparticle is

ﬁ: d (P MmO\ _pyp a7
dt zmi ) = /7"Cv nw)vs

i=1
where v = 1, 2. Here

N
G
Pev =Y 5 (puixc +xcpui) (18)

— 2my
i=1

is the work per unit of time performed by the central molecule
over the vth nanoparticle, and

N

,P;L(v)v = IXI: ZC_’;; (puixp.(u) + xu(u)pvi) (19)
is the work per unit of time performed by the left (right)
molecule over the first (second) nanoparticle.

As was shown [17], after coupling of a quantum particle
to a thermal reservoir, the whole system comes to equilibrium
after a microscopic time t. Similar to [17] and [50], in our
case of two contacts and nanoparticles having different initial
temperatures, small energy currents, provided by “narrow”
channels of the molecular bridges, will be established during
the time t (12) after connecting of the chain. One can assume
that in each moment of time each nanoparticle and contact
has a quasiequilibrium density matrix with slowly changing
parameters. More accurately, after the diagonalization and
introducing the eigenmode creation and annihilation oper-
ators a, and ae, where e ==L, Ror e=v=1, 2,
one can present the density matrix of the whole system in
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the form pe ~ exp[— Y, Bexzk (@} acr + 1/2)], similar to [50]
with B (1) = 1/kgTer(¢). Here, instead of trying to determine
the eigenmode temperatures 7.(f), we will construct and
solve equations to determine the (slow) dynamics of eigen-
mode average energies E, = E.(¢) and, eventually, energy
currents on the timescale (13) (see Appendix B).

In general, averaged energies E, , of the vth nanoparticle
and the uth contact will consist of contributions from all the
eigenmodes. On the other hand, similar to [51], it is natu-
ral to expect that shortly after interconnecting of the chain,
E, will be presented mostly by contributions E, from the
{znk}|kN=1 subset of the eigenmodes. It will contain also small
contributions EB from the {zp:}|;>, subset. In the same way,
E, will be presented mostly by contributions Elf‘k from the

{ZBk}lkNil subset, also having small contributions £ Ek from the

{znk}|§(\’:] subset. Because neither a nanoparticle nor a contact
temperatures can change noticeably over t, one can assume
that atr =0,

i h
E (0) = ZZ“" coth ZkZ“; and EB(0)=0, (20)
BLv
h )
EB(0) = ZB" ochkZTB]’i and EN(0)=0, (1)
m

and T, , are initial (equilibrium) temperatures of the nanopar-
ticles (v = 1, 2) and contacts (i = L, R), respectively. As
follows from (20), (21), and (B10)—(B13), the only equations
that we need to solve are (see Appendix B)

d
E[Efk (1) — Egy()] = Fae[EL () — ER ()] (22)
if 74 € {zme)p2,, and
d
S [EL® — B3 (0] = (R + FDEL®) - E3 (0] 23)
if zx € {zak }2’:1. The other energy differences vanish,
EPN(t) — Ep(t) =ER(t) — Ex(t) =0, (24)

due to second relations in (20) and (21). These observations
lead us to the following expression for energy current flowing
between the nanoparticles (see Appendix B),

J2 @) = I8 1) + 92 0), (25)
where
R
B0 == Ful B0 - EG@O] =500 26)
k=1

is also the energy current exiting from the left contact or
entering the right contact, and

sy = L Z(FnkJrF,;,;)[Erk(z) Ex®] @D
k 1

is its modification due to energy absorbed by (or depleted
from) the left nanopartlcle Assuming continuity of the eigen-
mode average energies E k as functions of time (otherwise

thf L‘k(t) will diverge at t =2nf/A, when £ =0,1,2,..)

and taking into account initial conditions (20)-(21), Egs. (22)
and (23) can be solved and all currents can be computed.

(b)
_1 1 I 1 I 1

0 1 At/2mr 2 3

FIG. 2. Time dependences of Fg; when /w =0.1, D/w =1,
AJw = 0.001, and k = 10%: (a) accurate result and (b) its approxi-
mation by a sequence of step functions.

Finally, for AT = T, — Tr — 0, one finds the thermal con-
ductance K of the chain:

J(LR)

- - Z s = Pz (28)
51nh2(s) - 2kgTy’

and T,y = (Ty + Tr)/2; we assumed for clarity that T, > Tg.

For just two equal nanoparticles connected by a molecule,
all coefficients F' are zeros except F,, so the energy current
between the nanoparticles in this case is

1 N
) > FL[EN @ — ER ). (29)

k=1

1P @) =

where only the nanoparticle eigenmodes {znk}f{\]=1 must be
taken into account. They are found by solving the equation
h = 0, where h is determined in (A1) with C, = 0.

IV. RESULTS AND DISCUSSION

In the numerical examples considered here, we assume,
in addition to Egs. (8)—(11), that all the molecules in the
chain are identical and the nanoparticles are made of the same
material as the contacts, resulting in 5 =P’ = 9, m =M,
and w = Q. As in [50], we choose wy, = wpy = 1.3D and
N = 1300.

As follows from our numerical analysis, the coefficients
F can be approximated by a sequence of step functions
with the steps occurring at t = ¢P, £ =0, 1, 2,..., and the
value of each coefficient on an interval /P <t < (£ + 1)P is
equal to its time average on the interval (see Fig. 2 for Fgy
coefficient). The accuracy of this approximation was checked
by computing ratios |Dy;| and |Dy;| to their largest values
in the right-hand sides of (B15) and (B16), respectively, for
each k and were found to be about several percent, supporting
this approximation for the F and R coefficients (Appendix
B). It is also in line with our goal to describe the dynamics
on the timescale A~! > 1, i.e., disregarding details of tran-
sient processes. This allows analytical solutions of Egs. (22)
and (23) on each interval ¢P <t < (£ 4+ 1)P. Due to the
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FIG. 3. Time dependences of (a) J](;LR)():) and (b) its approxima-
tion JS&™®(0); (c) energy current J('?(¢) and (d) total energy current
(25) between the nanoparticles; 7. = 300 K.

step-function approximation, some curves in Figs. 3-8 pos-
sess “jumps” (sharp changes).

In Figs. 3-6, A/w = 0.001, Ag/w = 7.8 X 10°%, Ng =
1.7 x 10°, o = (T}, — Tr)/Ti. = 0.01, and we assumed that
T'=T.(1—«a/3) and T, = TL.(1 — 2¢/3). It is important,
however, to notice that our approach is valid even for « ~ 1.
InFigs.3and 4, D/w =1 and /o = 0.1.

Due to the extensity of the contacts (Ng > N), one can ne-
glect temporal variation of their eigenenergies, approximating

Ef (1) ~ Ey(0) and Egy (1) ~ Egy(0), (30)

where E]]j’_ r.(0) are determined by (21). This approximation is
supported in Figs. 3—6, in which curves (b) show approximate
(time independent) J];LR) from (26) using (30).

Figures 5 and 6 predict this kind of time dependence
when all contacts and nanoparticles are made of silicon with
D = Dg = 457 cm~! interconnected by SiO, molecules hav-
ing w =Q =460 cm~! [56], which corresponds to A~! ~
100 ps and P /w ~ 0.16. The latter quantity was estimated
from the FWHM of the corresponding absorption experiment
[56].

T | T | T

g |- (@ -

(b)
R '

L
~ - -
R
gy T RSN

2 1 5--i 1 ] 1 ]

FIG. 4. Same as in Fig. 3 for 7., = 100 K.
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FIG. 5. Same as in Fig. 3 for 7, = 300 K and 7 /w = 0.16.

An important consequence of the presented results is that
the total energy currents J!?(t) between the nanoparticles
essentially repeat the shapes of their partial contributions
JU2(¢), shifting their values by the approximately constant
“background” currents J]gLR)(t) that exit (enter) the contacts.

Figures 7 and 8 show energy currents Jélz)(t) between the
same nanoparticles in the absence of the contacts at the same
parameters wy,, N, ®, and 7 as in the “contact” case. As one
finds, the currents J{!?)(¢) shown in Figs. 3-6 are qualitatively
similar to the corresponding currents in Figs. 7 and 8, demon-
strating the same quasiperiodicity. It is important to note that
as presented in Figs. 3-6, temporal dependencies are valid
only fort < Ag', when one can consider the contacts having
essentially infinite sizes.

Using Eq. (28), one can compute the thermal conductance
K for the total nanojunction chain and compare it to the corre-
sponding thermal conductance K, obtained for a nanojunction
that consists of only two macroscopic contacts interconnected
by a molecule [53] (no nanoparticles). In the experimental
case [56], when 7 /w = 0.16, results are the following: if T =
300K, K/kgpw = 1.1 x 1072 and Ky/kpw = 0.06; if T =
100 K, K/kgw = 1.1 x 1073 and Ky/kpw = 1.4 x 1073; if
T =50K, K/kgow = 8.4 x 107> and Ky/kgow = 1.8 x 1074,

- 1 I 1 I 1 -
(a)
125 -
(b)
= (g) _____ -
s 1 —() """" =
< [ J
~
ﬁ
%075 - —
05 o =
0.25 1 I 1 I 1
0 1 At/2m 3

FIG. 6. Same as in Fig. 5 for 7. = 100 K.
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FIG. 7. Energy currents Jo(m(t) at 7L =300 K: (a) /w0 = 0.1
and (b) y/w = 0.16.

The same calculations with Ng = 1.7 x 10% modify the values
of K by less than 1%, showing convergence of our results.
Thus, for @ = 460 cm~', the total range of K is between
10~"3 and 10~'"! W/K, depending on the temperature. These
very small values for the thermal conductance are expected
due to the narrow channels for thermal transport provided
by the molecules. As one can expect, any K in the current
case is smaller than the corresponding Kj: phonons traveling
across the nanojunction suffer additional reflections from the
nanoparticles.

V. CONCLUSIONS

We investigated energy transport in a chain consisting
of two macroscopic contacts and two equal nanoparticles
interconnected by molecules, shown in Fig. 1. The nanopar-
ticles and contacts are represented by ensembles of harmonic
oscillators, and the interaction in the system is described by
the Drude-Ullersma model. The macroscopic nature of the
contacts in our closed system is simulated by a large ratio
A/Ap = n with an integer n > 1, where A and Ap are the
mode spacing constants for the nanoparticles and contacts.
As is shown, the eigenmode spectrum of our system can be

1 I 1 I 1
5 (a) —
| (b) i
34 _
[l
~
! _
< s b _
= .
2 —
1 1 1 I 1
0 1 At)2m 3

FIG. 8. Same curves as in Fig. 7 for T}, = 100 K.

presented as a unification of two subsets. One subset is associ-
ated with the contacts and the other one with the nanoparticles.
Equations that determine temporal variation of the eigenmode
average energies of the contacts and nanoparticles are derived
and solved. This allows us to compute the energy current Jélz)
that exits (enters) the contacts and the current J'2)(¢) between
the nanoparticles. The latter current takes into account energy
accumulation by (depletion from) the nanoparticles. As our
numerical analysis shows, on the timescale AL <tk AL,

Jém is essentially the same as if the contacts’ temperatures
stay unchanged and equal to their thermal equilibrium values
before interconnecting of the chain. On the other hand, de-
spite the presence of the macroscopic contacts, J!?)(¢) shows
reversibility (or quasiperiodicity) features and peculiarities at
time moments 2w ¢/A, with £ =0, 1, 2,..., representing the
finite size effects similar to those in [50]. This is illustrated
in Figs 3-6, including the case when the model parame-
ters are taken from the experiment [56]. Substitution of the
quasiperiodicity for the true periodicity with period 27 /A is
due to interaction of the nanoparticles with the molecules that
inhomogeneously shift uniformly spaced modes [see (15)]. As
one can expect, all energy currents increase with the increase
of the coupling constants and temperature. An expression for
the thermal conductance of the whole nanojunction is derived
and evaluated for different temperatures with the experimental
parameters [56]. Small values for the thermal conductance
are due to the molecules providing narrow channels for the
currents and additional phonon reflections from the nanopar-
ticles. This is in a qualitative agreement with the experiment
[57], where it was proved that the thermal conductance is
not sensitive to the shape of the nanojunction but only to
its nanojunction-substrate contacts with the smallest cross
section (determined by the molecules in our case), decreasing
with the cross section area. A possible experimental study
of this kind of system is not necessary to conduct in the
nanojunction described here. One can expect that a similar
type of size effects can be found also in a nanojunction with
only one nanoparticle connected to the contacts by molecules,
which is more amenable to experimental study. In this regard,
our approach can be easily extended to explore the energy
currents and thermal conductance in this kind of nanojunction,
as well as for chains of more than two nanoparticles.
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APPENDIX A

The interaction matrix of Hyy can be arranged in such
a way that, except for its diagonal terms, the only nonzero
matrix elements occupy the first three lines and rows. The
resulting dispersion equation is factorized h(z) - H(z) =0,
where

2C,Ca[S(2)22T

_ 2 2 2
h(z) = 0 — 7"+ 2CS(z)z HG)

(AL)
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and H(z) = Q2 — 72 4+ [C,S(z) + CSg(z)]z%. Here

29 D? 29'D? 29sD3 !

C = 4 , Cr = Y , Csz, 7’)/2)/_’

T b T M
(A2)

N
A
S(z) = , A3
S Y e [ M
and Sg(z) can be found from S(z) by substitution,

N, A, w;, D — Ng, Ag, wg;, Dg. (A4)

Thus, we have two separate systems of eigenstates. The first
one comes from solving the equation /(z) = 0, and the other
one comes from solving H(z) = 0. In the h(z) = O case, each
eigenfrequency z; is associated with the eigenvector

= en[l, —di, —dy, Ei(Zk)KV:lv Ei(Zk)|jV=1,
EniCzo|2", Emizo[M ], (A5)

where Ei(z) = (rdp — DA/ (I} — o), Epi(z) =
diApi/ (22 — @}, and dy = /CCpS(z)z2/H(z:). In the
H (z) = 0 case, each z; is associated with the eigenvector

ey =enf0, 1, =1, —E/@[\,, E/@)|.,.

— Eg @l Egio) ], (A6)

where E/(z;) = rAi/(z]% — a)l-z) and Eg;(zx) = ABi/(z,f - wéi).
In Egs. (AS) and (A6),

A CA A CgAp (A7)
i =W [T i = WBi | 75 5
(@2 +02)" 7Y (w3, + D3)

and e, ey are the normalization constants. The first three
components of the eigenvectors ef? and el;,i contribute to the
eigenmode expansion for xc, x., and xg, respectively [see
(B1) in Appendix B]. The next 2N and last 2Ny components
of (A5) and (A6) contribute to x,; (v = 1 or2)and x,; (u =L
or R), respectively. As our study shows, the antisymmetric
structure of the eigenvectors in the H(z) = 0 case can be inter-
preted in a way where the central molecule stays motionless
(xc = 0), whereas symmetrically placed atoms in the nanopar-
ticles and contacts move in opposite directions. In such a case,
a study of the whole system breaks into a study of two separate
identical problems. Each of them consists of energy transport
between the left (right) contact and nanoparticle mediated by
a molecule (left or right). Here, we concentrate our attention
only on the first case corresponding to the eigenvectors (AS).
The roots of 4(z) = 0 can be found numerically. In our study,
N ~ 10° whereas Ng > 10°. In order to make the numerics
feasible we, first of all, present (A3) as

1 YA YA
@ = 2?2+ D? |:Z - +Zw?+D2:| (A8)

i=1 i i=1

and Sg(z) by the same expression (A8) with substitution (A4).
The second sum in (A8) can be calculated accurately (it does

not depend on z). Using an accurate relation [58],

N

A 1
Y o = WiV ) = N/ )

2 — o

i=1

+YIN( +z/zm) + 1]
Zm

—Y[IN(—z/zm)+ 1]} — —,

VIN( —z/2m) + 11} 2N
the following properties of the first derivative ¥ (z) = I''(z) of
the I function [58,59],

(A9)

1
Y+ =9+ 2z Vvl —2) =¥ (2)+metg(rz),

(A10)
and large |z| expansion of ¥ (z) [59], one finds
) mzetg(mNa,) + 2(Py + P) z
7°S(z) ~ , o, =—, (All
(2) 2D 1 2) S, (A11)
N
A b4 14+«
P =) —5——+=1 =
1(2) =1z ;wf+D2+2n(l—az)
A 1 +a?
_ s 2[1 - “~2] (Al2)
2a,  6(Na,) 5(Na,)

witha, = 1 — o, and

RS 28 - S T W B B O
PO 40| 21\Ng T NS ) NS TN |

where N, n = N(1 £ «), for the nanoparticles and the similar
expression for z2Sg(z) with substitution (A4). Formula (A11)
works extremely well for all roots z; except few last roots
closest to zy, (or to zpy). This approximation allows one to
decrease the numerical complexity of the problem of finding
the roots by 4 orders of magnitude. Using the above approx-
imation, one can express 722Sp(z) from the equation h(z) =
0 and, looking for the roots in the form z; = Ag(k — ¢%),
present the resulting equation for finding ¢y, as

b = latan{ T2k } (A14)
KT x 2[Fs(z) + Pzl )’
where
2
Fy() = RO T OI@TSQ) )

Fp1(2)Fp2(2)

F1(2) = Fe(z) + 2C228(2), and Fpo(z) = Cp /(D3 + 22) with
Fo(z) = * — 72, Fo(z) = Q2 — 72, and Pg can be obtained
from P by substitution (A4) and z,, — zpm. Equation (A14)
can be solved iteratively on each interval (i — 1)Ap < z <
iAg, where i =1,2,...,Ng, to find all Ng roots z; = zpx
that can be associated with the contacts. Convergence is
fast and stable. The roots of A(z) = 0 can be also found by
the bisection method on each interval (i — 1)Ag < z < iAgp,
i=1,2,..., Ng. In this way, one can reproduce exactly the
same N roots {sz}lf{Vi1 as above and find additional N roots
{zx} |kN=1, each of them different from any contact root. One can
also try to find these N roots by expressing z2S(z) from h(z) =
0, looking for the roots in the form z; = A(k — ¢ ), and trying
to find ¢y iteratively on each interval (i — 1)A < z < iA,
wherei =1, 2, ..., N. In most cases, indeed, a solution found
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iteratively in this way coincides with the corresponding root
found by the bisection method. In some cases, however, there
is no conversion or an iterative solution converges to a wrong
value. So, we adopted a different way to find the nanoparti-
cle’s roots. We find all roots of i(z) = O using the bisection
method on each interval (i — 1)Ag < z < iAg, where i =
1,2, ..., Ng. For most intervals, there is only one (iterative)
root. If there are two roots, we distinguish the one coinciding
with the iterative root previously found, so the other one is
identified as a root associated with the nanoparticles.

Formal solutions of the Heisenberg equations for the
contacts’ and nanoparticles’ operators are

Pi(0)
mg;wWg;

xui(t) = x,i(0) cos(w;t) + sin(wg;t)

Cs;

/sin[wgi(t—s)]xu(s)ds, (A16)

mep;wg; Jo

and p,,;(t) = mp;x,;(t), where © = L or R;

5ui®) = 110 cos(@in) + 222 sin(en)
G [t

+ —— | sin[w;i(t — $)]xc(s)ds
m;w; Jo

t
+ Cui / sin[w;(t — )xuon(s)ds  (A17)
m;w; Jo
and p,;(t) = m;x,;(t). Here and below v =1, 2, u(1) =L
and (2) = R. Excluding x,,; and x,; from the corresponding
equations for x g c, one obtains three equations that contain
only the displacement operators of the molecules. Solving
them using the Laplace transform and its inverse in a standard
way (see, for example, [17]), one arrives at the following
solution for the displacement operator of the central molecule:

1 t
Xc(t) = xco(®) + - /0 dsgo(t — $)[n1(s) + n2(s)]

1 t
— M/o dsgi(t — s){r[ni1(s) + n2(s)]
+nL(s) + nr(s)}.

Here a function go(¢) (solution kernel) is determined using the
Heaviside expansion theorem:

eikl

1 c+ioco e
got) = -— / YN AV VRN
270 Jo—ioo h(z) Z h(Z)|z—zk

k

(A18)

where % is a root of A(z) = 0 and A(iz) = h(z) from (Al).
Taking into account that all the roots of the even function /(z)
are on the imaginary axis of the z plane, Z; = iz, one finds

No sm(zkt)
) ,

Analogously, one can find

go(t) = where /'(z) = ;—Zh(z). (A19)

Niot

gi(t) = —2ZM

A20
W (zx) (A20)

with f(z) = «/MCC,/mS(z)z*/H (z). In a similar way,

l t
X (t) = xuo() + o /0 dsgs(t — s)[m(s) + n2(s)]

1 t
+ i / dsga(t — s)[nL(s) + nr(s)] (A21)
0
for the left and right molecules, where
& [f (z))Psin(zt)
1) = —2CCgR™2 " Lk k) A22
g (t) B ; e (A22)

= M/m, and g3(¢) = rga(t) — g1(¢). Next,

o (t) = Zc |:xw(0)cos(a),t) 4 Pi® sm(a),t)] and
m;w;

1
i=1 !

Pui(0)
mp;Wg;

um )= Z Cs; |:x;u(0) cos(wpit) + ———

i=1

sin(wg;t )]

are “random forces” or “noises” coming from vth nanoparticle
and pth contact. Finally, xco(f) and x,,0(t) depend linearly
on the solution kernels and their time derivatives and can
be dropped from xc(¢) and x,(t) solutions. Indeed, as our
numerics shows, solution kernels g,(t), where ¢ =0, 1, 2,...,
differ noticeably from zero only on time intervals of the order
of T <« A~! in a vicinity of t = £P, where P = 27 /A and
£ =0, 1, 2,.... This is not unusual, because solution kernels
usually possess short (on the microscopic scale) memories.

APPENDIX B

The dynamics of x.; and p; is determined by [17,50,51]

h
xei(t) =
; 2meiZk

and pe;(t) = meixc,(t), where €ei = € = C, L, or R correspond
to the central, left, or right molecule, respectively; € = v =1
or 2 with i = 1,2, ..., N corresponding to the left or right
nanoparticles; ¢ = u =L or R with i = 1,2, ..., Ng corre-
sponding to the left or right contacts. Corresponding compo-
nents of e ; are determined by (A5).

After the diagonalization, the total system consists of in-
dependent modes, each of them carrying eigenenergy E¢; =
hizgner/2, where ng = (atac + acal,) is the occupation
number of the corresponding state. Our goal is to derive
equations to find all the (unknown) E;. This can be done by
substituting (B1) and p.;(t) = m¢x,,(¢t) into Egs. (16)—(19).
In this derivation, one can drop contributions proportional to
a:rkajkl expli(zi + 71, )t] and acrder, expl—i(zi + zx,)t] yield-
ing zero at time averaging due to their fast time dependences.
In fact, these terms must be also dropped for another reason:
due to the absence of any nonlinear interaction in our system,
the number of the eigenmodes (phonons) cannot be increased
or decreased and is equal to Ng + N [see (14)]. Also, due to
the eigenmode independence, only k; = k terms survive in the

e/;i(a:;(elef + aeke_iZkl), (Bl)
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resulting double sum over k, ki, and

Np pzi
Z < 2’7/;3;

i=1

mpw3.x2,
Mt M> ZkaEuk (B2)

results. The expression for fp; follows from (AS5):

Ng

for =Y (¢h)" = CadPel Zey with (B3)
i=1
Ng 2
ABwB'
Zpp = Z [
it (@8 +Dg) (g — “)123i)2
7.[2

~~ - (B4)
4Ag(z2 + D3) sin*(wzi/ Ap)

(see [58]), where sin?(rrzx/Ag) = sin’(w ). As our numer-

ics shows, the relative error of this approximation is < 107>
for Ng 2> 10°. With the same accuracy,

N
~ 2 2
Z wBieBi ~ Z eBl ~ Zkak~ (B5)
i=1

Using a similar approach, one finds

N

2 mwtx?
Z< iy —> ankEvk with  (B6)
i1 \ <M
al 2
fae=Y_ (k) = Clrdy — 1Y €5, Zu. (B7)

i=1

Here Z,; is determined by (B4) with substitution reverse to
(A4), ie., Ng, Ag, wpi, Dg — N, A, w;, D. Now N ~ 10°
so the relative error of the produced expression for Z; and the
similar to (B5) relation is ~1073. This is still good enough for
our semi-phenomenological model.

Derivation of the right-hand side in (16), as well as en-
semble averages Pc, and P, in (17), follows similar ideas.
Employing (B1), one finds the following for the nanoparticles
and contacts:

<xei(0)xsj 0) + Xe j (0)x¢;(0))

k Lk k k
h Z Nek€e;Ce 2 Ecrege;
fr— fr— 5
N MeilMej 1 Tk MeilMej Zk
(B3)

(Pei(0)pe;(0) + pe(0)pei(0))
— h/\/melmej Znskzkeﬂ Ej - 2«/m€tm€j ZEEkeH ej’

(B9)

and (x¢;(0)pe;(0) + pi(0)x;(0)) = 0. Eventually, the balance
equations (16) and (17) can be presented as > kaEka =
Y i Juk and D, FarEvk = > Juk» respectively, where k =
1,2, ..., Ng + N.In order to satlsfy them, it is enough to solve
Euk = ]Mkak and E,x = ]kank for each k, resulting in the

following independent sets of four equations for each k:
B,
dE;}"
dt
+ Ruk (B + Eyg") + R

E" = = = Paik = o + Reo B
(B10)

and Eg = ’ngnk, with Pg produced from Pg% by
exchange E "o Ep B'". For nanoparticles,

EfR" = Pg;; +Plk and Ey" =Pgi+ Pey,  (BID)
where
7’312 (Fo + R/k)Elk +R, kE;kn + RBk(EB l+ Elgicn)’

(B12)
Prik = (B + RUDER" + RiyE™ + Ry, (ES + Egy),
(B13)

and Pg; and Pg; are produced from Pt and PP by
exchange E|; B.n Efk’“. Here the superscripts B and n mean
that z; € {sz}k yandz; € {an}k |» Tespectively. Finally, con-
sidering E%" — ES" in (B10) and E{;" — E>™ in (B11), one
arrives at (22)—(24).

The coefficients F and R in (B10)—(B13) are not all in-
dependent. Relations between them follow from the energy
conservation law for our closed system applied for each
eigenstate:

B,n B,n B,n B,n B,n B.n __
PBLk + PBRk + PClk + Ple + PCZk + 7)R2k =0. (Bl4)

Using here the right-hand sides of Eqs. (B10)—(B13) and
taking into account that (B14) must be correct for any initial
eigenstate average energy (for any initial temperatures), one
can derive the following relations:

Dy1 = Fe + 2(Rey + Ry, + Rj,) =0 (B15)

and

D =F) +F} +2(Rx+R,+R))=0. (B16)

Equations (B10)—(B13) assume that there is no energy accu-
mulation (depletion) by the molecules on the timescale A~!.
We were able to confirm this explicitly by computing the rate
of energy variation of the molecules as it was done in (16) and
(17) with substituting Hg,, or Hy, by Hme .

As one can notice, Pf]‘;,l( = —731133’& can be considered as the
kth eigenmode energy current flowing from the left contact
towards the left nanoparticle. Thus, the kth contribution to the
energy current flowing between the nanoparticles is

12 B, B, B,
J/f )= Prae — (PLIZ + PCIII:)’
which takes into account that the current exiting from the
left contact is partially absorbed (or augmented) by the left
nanoparticle by the amount indicated inside the brackets be-

fore it reaches the central molecule. Similarly, the kth energy
current that reaches the central molecule from the right is

=i~ (PR P =P @

where ng}( = —ng}{. The last relation in (B18) is due to
(B14). Using (B10)—(B17), one arrives at (25)—(27).

B17)
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The expression for Fp; appears after substitution of the
nonintegral part of p,;(t) = mp;x,;(¢) with x,,;(t) from (A16)
and the integral part of x,, from (A21) into (16). The result is

1 t
Po =5 fo dsg(t — )[Sua — S,pl, where  (B19)

Z BICOS(szt)

mBlf u(s)pui(o) +Pm(0)7m(s)>

and

N )
>\ Cpiwg;sin(wg;t)
Sup =

M for (1 ()i (0) + 2, (0)1 . (5)).

i=1

Using the expression for 7, (end of Appendix A) and
Egs. (B8) and (B9) results in

(nu (S)P;u'(o) + Pm(o)fm (s))

Cgisin(w s)
—2*/_1312 BB ’];le’];] Eu(s) and (B20)

FETERVALL Y i
(N ()% (0) + x,:(0)n . (5))

Np Ng
2 Cgicos(wp ;s
= m Z = Wf ?j ) e]éle]éjzk zEuk(s) (B21)
Bi =1 VIUBI o

Substituting (B20) into S,,, and (B21) into S,,;,, one finds

Sua =2Cs Z Eu(5)Zg, Z b wdcos(wit)
k=1

Ng
ko .
X E bwgsin(wp;s) and
j=1

NB NB
251 k3 o
Sup =2Cs Y Eu(8)2;°Zg) Y basin(wpit)
k=1 i=1
Np
X P cos(wg;s)
i®Bj Bj°> /s
Jj=1

where b¥ = Ag/[(w}; + D3)(z} — w},)]. Defining

Ng
Byi(t) = > Bsin(wpit).

i=1

Agi(t) = Bpy(t), and Ay (1) = G(t) — z2Bp (1) with

(B22)

N A i i it
G) = Z BWB;SIn(wg )’

(B23)
k=1 w]23i + D2B

one can write
Np t
P, = Cy ZZ];kl f dsga(t — $)E i (s)
i1 0

x [Api(t)Bpi(s) — By (t)Api(s) + G(1)Ap(s)].
(B24)

Taking into account that g,(¢) decays fast (see the observation
at the end of Appendix A) whereas Eg;(s) varies on a much
longer timescale, Egy(s) can be taken out from the integral at
s =t and (B24) can be rewritten as

Ng
Pay ~ Y Eu(t)Fy with (B25)
i=1
Fyr(t) = CpZg, [Shp(t) — Spa(t)].  where (B26)
Shp(t) = Api (1) / dsga(t — 5)Bgk(s), (B27)
0

and S, can be produced from S, by interchanging Ap; <

Bgi. Here we also neglected the G(¢) term, because G(t) is

fast oscillating and a quickly decaying function of time: as

our numerics shows, its contribution to Fgy is less than 1%.
A possible way to compute Fp; is to present it as

Np

Fi(t) = CpZg; [f,‘kaif_]kIlij(t)
ij=1

— fikfjl‘(ijIZij(t)]

using the definitions of Ap; and Bgi. Here ff = blwp;,
hij(t) = cos(wg;t)[sin(ws;t)gac; — cos(ws;t)gas;], and
Izij(l) = sin(a)Bit)[cos(ijt)gzcj + Sin(ijt)gzsj]. In accor-
dance to the observation at the end of Appendix A, each time
when ¢ passes ¢P, the integrals

1

t
82¢j E/ dsgr(s)cos(wg;s), &asj E/ dsga(s)sin(ws;s)
0 0

change their values and stay approximately unchanged until

the next time moment (¢ + 1)P, allowing the following ap-
proximation by the step functions 6(¢) on the interval 0 < ¢ <
LP:

(-1
82c,sj (1) X gac,sj(1) + Z 882¢,sj(m)0(t —nP) (B28)

n=1

with P =21 /A, 8g2c sj(n) = gacsj(n+ 1)

/ dt/ dsgr;(s)
(n—1)P

(n—1)P
= / dsgj(s) + / ds(n — s/P)g2;(s)
0 (n—1)P

(B29)

— &ac,sj(n), and

8xj(n) =

are the time averages on the interval (n — 1)P <t < nP.
Here 2;;(s) = g2(s)sin(wg;s), and goc;(n) is determined

by (B29) with substitution sin(wg;s) — cos(wg;s).
Finally, substituting the following products by the
corresponding  time averages, sin(wg;t)cos(wg;jt) — 0

and sin(wsg;?)sin(wg;t), cos(wg;t)cos(ws;t) — §;;/2, our

Fi™™ = Fgi(n) on each periodicity interval is found as
Ny 2.3
_ Agwp;82si(n)
Fyr(n) = —CpZg, B . (B30)
i1 (o3 +D§) (5 — wg))
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Simplifying (B30) using a similar to (B4) approach, one finds

_ G Apzgask(n)

FB]((”) = Z]% +D]23

s &5k (M) = g25i ()| gz, -

(B31)
As follows from comparison with its initial (accurate) value
(B26), illustrated in Fig. 2, the accuracy of (B31) is good.
Similarly, initially F}), (¢) = CZ&I [SE/B @) — ng\ (1)]. Here

Sk (@) =Ank(t)/ dsga(t — $)Bni(s),
0

where g4(¢) = go(t) — rg1(t), By is found from Bg, reversing
(A4), A (1) = By (1), and F;P" = F}, (n), where

n

N
A7 g45i(n)

2
o1 (a)i2 + DZ)Z(Z,% - a)z)

i

F(n)=-CcZ}! (B32)

with g4s(n) is obtained from (B29) by the substitution
82i(s) = 84i(s) = ga(s)sin(w;s).

Finally, initially F,, (t) = C rR’zZn’k1 [S/E’é t) — Sgg(t)] and
SE% is obtained from ¥ with g4 — g3. Thus, F,"™* is

N

QZ_I A3 g3, (n)
RS (@ 40 (@ - o)’

L

Fli(t) = — (B33)

where g35;(n) is obtained from (B29) by the substitution
£2i(s) — &3i(s) = ga(s)sin(w;s).

As one can see, the computational complexities of the
initial forms for Fg(¢) and F,, (¢) or F, () are O(NgN?) and
O(NN?), respectively. For comparison, complexities for the
step-function approximations of Fg(n) and F,, (n) or F, (n)
in (B31) and (B32)—(B33) are only O(NgN;) and O(NN;), re-
spectively. Here N, is the number of mesh points in computing
time integrals and N, < 10° in our case. Expressions for the
R coefficients appear after substitution of the integral part of
Du,vi into the right-hand sides of (16), (18), or (19). Deriva-
tion of these coefficients follows exactly the same ideas and
approximations as those described above. In fact, we do not
need any R coefficients for computing the energy currents or
thermal conductance. Taking into account that N < N; < Ng,
the adopted approximation expedites calculation of all F (or
R) coefficients by a factor »,, making the total computational
complexi6ty just O(NgN,), which is not a problem even for
N ~ 10°.
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