A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

OFFPRINT

Tunable phonon resonances and thermal
conductance in weakly nonlinear disordered
systems with short-range correlation

L. S. Cao, R. W. PENG, DE L1, XiN Wu, D. X. QI1, FENG GAO
and Mu WANG

EPL, 83 (2008) 66001

Please visit the new website
www.epljournal.org



TAKE A LOOK AT
THE EPL

Europhysics Letters (EPL) has a new online home at
www.epljournal.org

http://www.epljournal.org

A LETTERS JOURNAL EXPLORING Athens login
THE FRONTIERS OF PHYSICS Switch to test

107 o, [N osovers: I

Croate account | Alerts | Contact us
Journals List [ETTIPENI Search  Authors  Referses  Librarians _ User Options _ Help

P This Journal
Welcome to the new EPL website

www.epljournal.org is the new online home for Europhysics Letters (EPL). This new website features the
latest published issues, all articles published since 1996 and journal news, and will be the main contact point
for authors, referees and readers of the joumal. We are keen to hear your views on the new site, so if you
have questions or comments do not hesitate to e-mail us at info@epljoumal.org.

Latest issue (complete) No 1, January 2007 (10000-19002)
Open issue No 2, January 2007 (20001-28003)

Current volume > recommend this journal

Number 2, 2007 | G A
[ b2,y 2007 | K] e,

Journal archive il al
Vol 77,2007 ¥| _Go e-mail alerts

I~

Forthcoming articles
An advance list of articles that have been accepted for publication.
This Month's P 2005 INPACT FAGTOR
As a service to authors, all papers published in our joumals are free for 30 days from the date of online 2.237
publication. To make the most of this service sign up for free e-alerts to find out when the latest papers are
published in your field. [RSS |

[RSETeed: iatest adicles
Aboul RSS

A truly international journal

Owned by a partnership of 17 European physical societies, EPL is published under the scientific

responsibility of the European Physical Society by EDP Sciences, IOP Publishing and Societa Italiana di

Fisica. We have brought together our expertise to create a high-quality joumal for the intemational scientific

community.

Exploring the frontiers of physics

Ourvision is for EPL to become a leading home for global physics letters, to offer rapid publication of
ground-breaking physics results from the intemational community, and to provide the broadest coverage of
physics research.

Take a look for the latest journal news and information on:
reading the latest articles, free!
receiving free e-mail alerts
submitting your work to EPL

www.epljournal.org




A LETTERS JOURNAL EXPLORING
THE FRONTIERS OF PHYSICS

September 2008

EPL, 83 (2008) 66001
doi: 10.1209/0295-5075/83/66001

www.epljournal.org

Tunable phonon resonances and thermal conductance in weakly
nonlinear disordered systems with short-range correlation

L. S. Cao, R. W. PENG®, DE L1, XIN Wu, D. X. QI1, FENG GAO and MU WANG

National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University

Nanjing 210093, China

received 11 April 2008; accepted in final form 30 July 2008

published online 8 September 2008

PACS 63.50.-x — Vibrational states in disordered systems

PACS 43.40.+s — Structural acoustics and vibration

PACS 61.43.-j — Disordered solids

Abstract —

We theoretically investigate the resonant transmission of phonons and step-like

thermal conductance in a weakly nonlinear generalized random n-mer (NGRN) system, where
the impurity cluster with short-range correlation is randomly distributed in the host monatomic
chain, and the atoms are connected by anharmonic potentials. The weakly anharmonic potential
can be reduced to the quasi-harmonic form, which is tuned by external stretching. Due to the
delocalization of phonons, resonant transmission is observed and thermal conductance presents a
“quantized” feature. By applying external stretching on the NGRN system, the number of resonant
modes and their locations are tuned. As a consequence, the “quantized” thermal conductance
becomes tunable in this system. This finding may achieve potential applications in designing

novel thermal-conducting materials.

Copyright © EPLA, 2008

Nowadays much attention has been paid to thermal
conductance and thermal-conducting materials [1-3]. On
the one hand, in the integrated circuits (IC), power dissi-
pation becomes one of the limits to the miniaturization of
electronic devices [4]. It is necessary to develop some mate-
rials with high thermal conductance in order to cool the
working devices on IC. On the other hand, minimum ther-
mal conductivity is pursued in thermo-electric systems in
order to improve the efficiency of energy conversion [5,6].
Therefore, high or low thermal-conducting materials
are achieving much attracting applications. One may
naturally try to develop a tunable thermal conductance
system. Tunable nanoscale thermal links have immediate
implications for nano- to macroscale thermal management,
biosystems, and phononic information processing [7]. In
this letter, we demonstrate theoretically a tunable phonon
resonance and thermal conductance in the weakly non-
linear generalized random n-mer systems (NGRN). Based
on the elastic wave equation, we study phononic trans-
mission and thermal conductivity in the NGRN system,
where the impurity cluster with short-range correlation
is randomly distributed in the host monatomic chain,
and the atoms in the chain are connected by anharmonic
potentials. The weakly anharmonic potential can be

(3) E-mail: rwpeng@nju.edu.cn

reduced to the quasi-harmonic form, which is tuned by
external stretching. Multiple resonant transmissions are
observed and thermal conductance presents a “quantized”
feature. By stretching or compressing the NGRN system,
the number of resonant modes and their locations are
tuned, thereafter, the “quantized” thermal conductance
becomes tunable in this system.

First, we construct a NGRN system, which contains
a host atom A and a cluster of impurity atoms B =
{B1Bs--- B,}. The host atom A and the impurity cluster
B ={B;B;--- By} are randomly arranged in the chain, as

A..AB..BA...AB..B.. A..AB.. B.. A...AB.. B,
il e Naiini] wni S N int w4 ey

X1 Y1 X2 Yo X Y; Xm Ym

(1)
where X; is the number of atom A in the j-th cluster of
A, which is random. And Yj; is the number of cluster B
in the j-th cluster of B. All the atoms in the chain are
connected by the anharmonic FPU-3 potential [8], which
is well-known in nonlinear systems. Besides, the NGRN
chain is a generalized model based on the random-dimer
system [9].

Now we consider the transport of phonons in the NGRN
chain, which is stretched or compressed. The equation of
atomic motion in the NGRN chain under stretching can
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be expressed as
d?p
Mg
i1 (fig1— it liva) + Biig1 (pipr—pa+ lig1)?,

= aifl,i(llifl_lii_li)“" ﬂiq,i(uiq—m—li)g
(2)

where m; is the mass of the i-th atom, u; is the vibration
displacement of the i-th atom from its equilibrium, a; ;41
and f; ;11 are the strength of the harmonic coupling and
of the anharmonic coupling between the i-th atom and
the (i 4+ 1)-th atom, respectively. The coupling parameters
a1 and B; ;11 are chosen according to the distribution
of the impurity cluster in the NGRN chain. The parame-
ters [; is the stretching length of the i-th atom. Consider
a static stretch f;, we can obtain [; and l;y; by the
equations  a;—1;l; + Bi—1,:l} = i iv1livt + Biitali = fi
In the case of |u;—1 — p;| < 1;, we can realize the quasi-
harmonic approach. All the terms of (p;—1 — p;), whose
power is higher than one, are omitted. Then we can
apply a rotating-wave approximation, and eq. (2) is now
reduced to the quasi-harmonic form as follows:

3)

where o ¢ is the strength of effective harmonic potential,

—mw?p; = ai,ff(:u'i—l — i) + Ol?}} (Bit1 — Hi),

i.e., ozéff =1, +36i_1,ilf, and w is the vibration
frequency. Obviously, the effective harmonic potential
(aéff) depends on the stretching length (I;), which
results from the anharmonic term of the FPU-/ potential.
Although nonlinear excitation and mode interaction are
omitted in the quasi-harmonic approach of the NGRN
chain, the effective harmonic potential can be tuned by
external stretching due to the weakly nonlinear coupling
in the NGRN, which cannot be realized in an ordinary
harmonic chain. Equation (3) can be rewritten in a matrix

form as
i 2
(Mz‘+1>_ 1+aefgz#*afﬁ (Nz )-M(Mi )
) = eff eff =Ml )
j22 1 0 Hi—1 Hi—1
(4)
where M, is the transfer matrix that correlates the

vibration displacements of adjacent sites p; and fpi;41.
Therefore, the atomic vibration in the whole chain is
determined by a product matrix, i.e., a global trans-
fer matrix M = H M; = <m11 2

Mma1 M22
number of atoms i 1n the chain. The transmission coefficient
of phonons through the whole chain can be described as

4
24 mi; +miy+md +mdy

), where N is the

(5)

It has been established that the phononic transmission
directly determines the heat transport in the system [3,10].
The thermal conductivity x is contributed by different
phononic modes of energy transport [11], i.e.,

k=cY (E1+63)7h (6)

where &, , = /MU, n, Uy1 and U, n are the amplitudes
of the v-th mode at both ends of the chain, respectively,
and c is a coupling constant.

It is worthwhile to investigate how the short-range
correlation affects the transport of phonons in the NGRN
chain. Without loss of generality, we assume that in the
NGRN chain, the masses of atoms are m for the atom A,
and m for each atom in the cluster B={B1By - B, }. To
be simplified, the couplings for the connections of A-A and
A-B are assumed to be harmonic, whose strength is set as
«. But the atoms in cluster B are connected by the FPU-43
potential, where o’ and 3 are the strength of the harmonic
and of the anharmonic coupling, respectively. Thereafter,
the effective potential between the atoms in cluster B is
Qepf =0+ 3p31%. Here, I is the stretching length between
neighbor atoms in the cluster B. Obviously, the coupling
strength .y can be tuned in the NGRN chain by external
stretching. Suppose that the atoms in the impurity cluster
B locate from the first site to the n-th sites in the NGRN
chain, the vibration displacements of neighbor atoms near
the cluster B at a specific frequency can be given by

Hn+2 _ (a1 a2 Ho
() =i (e, ) = (0 ) (G2)

(7)
Suppose there exists the case that at some frequencies,
the impurity cluster B does not affect the vibration of
the neighbor atoms in the NGRN, i.e., the vibration can
propagate through the chain without decay. Physically,
this situation happens if the behavior of a phonon with
a specific frequency in the NGRN chain is similar to that
in a homogeneous atom chain of the atom A. Therefore,
at those specific frequencies, the phonon dispersion in the
NGRN chain should be the same as that in a homogeneous
atom chain of the atom A, i.e. wg = y/4a/mgsin(qda/2),
where ¢ is the wave vector and d 4 is the distance between
neighboring atoms in a homogeneous atom chain of the
atom A. Then we have

mow? 2

0

2as R
2a

™my
) +(a1 —a4—4a3)

2
“R | g4+ 2a3—a; =0,
(®)

Once the frequency of the phonon satisfies eq. (8), the
impurity cluster B seems “transparent” to the phonon,
and the vibration can propagate through the chain
without decay. Physically, once the frequency of the
phonon satisfies eq. (8), the phonon can propagate
through the whole NGRN chain, and from this point of
view, the localization-delocalization transition of phonons
takes place at the resonant frequency given by eq. (8).
The delocalization of phonons in the NGRN chain is
similar to the phononic properties in other random
systems with short-range correlation [12,13], which can be
considered as an analogy to the electronic delocalization
in crystals [9,14-17] and also the photonic localization in
dielectric microstructures [18].

According to eq. (8), the resonant frequency of phonons
can be obtained in the NGRN chain. Interestingly, there
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are multiple resonant modes of phonons in this system.
For example, there is one resonant frequency in the dimer
chain (i.e., the NGRN system with n = 2), i.e.,

2x —v
ml(ml - mo)’

(9)

W=

where x = B(m1 —mg), v=mo(a— aeyy). There are two
resonant frequencies in the trimer chain (i.e., the NGRN
system with n=3), i.e.,

4y — v+ /4x? + 72

le (m1 —mo) (10)

wh =

And there are three resonant frequencies in the 4-mer
chain (i.e., the NGRN system with n=4), i.e.,

f+2pm
6x — v+ 2/6x2+ 2 cos (731’ )

3mi(mq —my)

w12% = ) (11)

9x2—2~2
2/(6x2+2)3
resonant modes of phonons are expected as n increases in
the NGRN chain. Therefore, both the number of resonant
modes of phonons and their locations in the NGRN
systems can be tuned by the external stretching and due
to the fact that each resonant transmission of phonons
will contribute to thermal conductivity in the system, the
thermal conductivity will become tunable in the NGRN
chain.

Based on the above analytical analysis, we have carried
out the numerical calculations on phononic transport in
the NGRN chain. Figure 1 shows the resonant frequency
of phonons in several NGRN chains as a function of the
effective potential (aeys), which stands for the quasi-
harmonic couplings among the atoms in the impurity
cluster B. We consider two cases: one is the heavy dope
corresponding to mg <mj, and the other is the light
dope corresponding to mg > mq. The response of resonant
frequencies on the coupling strength a.fs presents a rich
feature. In the generalized random dimer chain, the reso-
nant frequency increases monotonously with increasing
acfs in the case of heavy doping (as shown in fig. 1(a));
while the resonant frequency decreases monotonously
with increasing a. sy in the case of light doping (as shown
in fig. 1(b)). Meanwhile in the generalized random trimer
and 4-mer chains, the response of the resonant frequency
on the coupling strength a.f; becomes nonlinear (as
shown in fig. 1(c)—(f)), and the nonlinear response
becomes more obvious in light doping than that in heavy
doping. It is demonstrated that the resonant frequency
of phonons can be adjusted by changing the effective
coupling strength of atoms in the NGRN system. Note
that the effective potential (c.s) is changed by stretching
or compressing the NGRN chain (s = o/ + 3012, where
[ is the stretching length). Thereafter, tunable resonant
frequencies of phonons are achieved in the NGRN chain.

where farccos( >, and p=0,1,2. More

241 (a) 20 (©) 20[©)
1.8 1.2 1.2
1.2 0.4 0.4
O . 00 15 30 00 15 30 00 15 30
eff
3.04(b) (d) (f)
2.0
2.0
2.0
1.2 10 q
1.0 0.4 0.4
00 15 30 00 15 30 00 15 30
2
[
R

Fig. 1: The resonant frequency of phonons (w%) as a function of
the effective potential (cess) among the atoms in the impurity
cluster in several NGRN chains. In the dimer chain (n=2):
(a) heavy doping, and (b) light doping. In the trimer chain
(n=3): (c) heavy doping, and (d) light doping. In the 4-mer
chain (n=4): (e) heavy doping, and (f) light doping. Note
that in each light doping, the mass of the impurity atom in
B is smaller than that of the host atom A, i.e., mo =1.5 and
my = 1.1. While in each heavy doping, the mass of the impurity
atom in B is heavier than that of the host atom A, i.e., mo =1.3
and my = 1.5. The strength for the connections A-A and A-B
is kept the same as a = 1.0 for each chain.

By using the transfer-matrix method [13], the trans-
mission of phonons in the NGRN chain is calculated
based on egs. (1)—(5). Besides, the type of boundary
conditions is crucial to determine the transport of the
disordered harmonic chain [11,19]. In our calculation,
the fixed boundary condition is used. Figure 2 presents
the phononic transmission as a function of frequency
through several NGRN chains in the cases of heavy doping
and light doping, respectively. It is obvious that some
transmission peaks indeed appear in the phononic trans-
mission spectra of the NGRN, and these resonant peaks
locate exactly at the resonant frequencies predicted in
egs. (9)—(11) (as shown in fig. 2(a)—(f)). The resonant
transmissions originate from the delocalization of phonons
in the NGRN chains, which is similar to phononic and
electronic behaviors in other correlated random systems
[13-15]. Furthermore, both the number and the location of
transmission peaks are changed with increasing the effec-
tive potential a.rs in the NGRN chain. For instance, by
increasing ey, one transmission peak can be found and
the resonant frequency can be adjusted in the dimer chains
(as shown in fig. 2(a), (b)). One peak or two peaks can be
observed and the resonant frequencies can be adjusted in
the trimer chains (as shown in fig. 2(c), (d)). One peak, or
two peaks, or even three transmission peaks can be found
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Fig. 2: (Colour on-line) The transmission coefficient (7'
as a function of frequency in several NGRN chains. In the
dimer chain (n=2 and N =5819): (a) heavy doping with
mo =2.0, m1 =2.5, a=1.5, and a.yy =1.0, 1.5, 2.0, respec-
tively; (b) light doping with mo = 2.5, m1 =2.0, «=1.5, and
aerr =1.0, 1.6, 2.3, respectively. In the trimer chain (n=3
and N =8713): (c) heavy doping with mo=1.4, m; = 1.6,
a=1.5, and a.sr =0.6, 1.0, 1.4, respectively; (d) light doping
with mo=1.5, m1 =1.0, a=1.3, and acfr=0.6, 1.0, 1.4,
respectively. In the 4-mer chain (n=4 and N =13923):
(e) heavy doping with mo=1.3, m; =15 a=1.0, and
aerr=0.6, 1.0, 1.4, 1.8 respectively; (f) light doping with
mo=1.6, m =15, a=14, and a.y=0.9, 1.3, 1.7, 2.1,
respectively. Note that the red dotted curves give the resonant
frequency of phonons wvs. the effective potential (aess), in
order to show that the resonant transmission peaks locate
exactly at the resonant frequencies predicted in egs. (9)—(11).

in the 4-mer chains, respectively (as shown in fig. 2(e),
(f)). The shifts of transmission peaks with increasing
acfy in fig. 2 are in good agreement with eq. (11). As
we discussed above, by stretching or compressing the
NGRN chain, the effective potential (csr) is tuned by
the stretching length. In some sense, the tunable resonant
transmission of phonons is reached in the NGRN chain.
Actually, the delocalization of phonons in NGRN chain
can also be characterized by a zero Lyapunov coefficient
at the resonant frequency. It is known that the Lyapunov
coefficient is an important parameter to characterize the
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Fig. 3: (Colour on-line) The Lyapunov coefficient (I') as a
function of frequency in several NGRN chains. In the dimer
chain (n =2): (a) heavy doping; (b) light doping. In the ¢trimer
chain (n = 3): (c) heavy doping; (d) light doping. In the 4-mer
chain (n=4): (e) heavy doping and (f) light doping. The
parameters in each figure are the same as those in fig. 2. The
red dotted curves also give the resonant frequency of phonons
vs. the effective potential (aess), in order to show that the
zero Lyapunov coefficients locate exactly at the resonant
frequencies predicted in egs. (9)—(11).

physical nature of random matrices [17]. In the NGRN
system, the Lyapunov coefficient can be expressed as [3,13]

1
I'= — In(m, +mi, +m3;, +m3,),

< (12)

where m;;(i,7=1,2) is the element of the global matrix
M. According to the Furstenberg theorem [20], the
Lyapunov coefficient exists and converges to its mean
value for sufficiently long chains. In fact, in a vibration
system, the Lyapunov coefficient is inverse to the local-
ization length of phonons. Once the length of the chain is
sufficiently long, zero Lyapunov coefficient corresponds to
delocalized states with infinite localized length. Therefore,
based on the Lyapunov coefficient, we can obtain the
overall behavior of the phonons, i.e. we can know whether
they are localized or delocalized at specific frequencies in
the system. Figure 3 shows the Lyapunov coeflicient as
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Fig. 4: Thermal conductance (k) as a function of frequency
in several NGRN chains, where the effective potential (c.yy)
adjusts the thermal conductance. (a) In the dimer chain (n =2
and N =5819): mo=2.0, m1=2.5, a=1.5, and acrs =1.4,
1.6, respectively. (b) In the trimer chain (n =3 and N = 8713):
mo=1.4, m; =1.6, a=1.5, and a.rr =1.0, 1.1, respectively.
(c) In the 4-mer chain (n =4 and N =13923): mo =1.3, mi =
1.5, «=1.0, and aesr = 1.2, 1.3, respectively.

a function of the phononic frequency, in several NGRN
chains, in the cases of heavy and light doping. It can be
seen that around the resonant frequencies in each chain,
the Lyapunov coefficient approaches zero even though
fluctuation exists (as shown in figs. 3(a)—(f)). Actually,
fluctuation can be eliminated when the length of the
chain increases. Because the zero Lyapunov coefficient
appears at the resonant frequencies, the localized length
of phonons is infinite at these frequencies. At these modes,
atomic vibration cannot feel “defects” in the chain, and
vibration can propagate through the chain without decay.
Therefore the delocalization of phonons occurs at each
resonant mode in the NGRN chain.

As we know, the thermal conductivity comes from the
contribution of different modes, at which phonons can
propagate through the whole NGRN chain. The tunable
transmission of phonons may lead to a tunable thermal
conductivity in the NGRN system. In order to show
the contribution of each vibration mode to the thermal
conductivity in the NGRN, we try to calculate the
thermal conductivity as a function of frequency, which is
contributed by all the modes below the frequency [3]. This
treatment is similar to evaluate the integrated density of
states. Figure 4 shows the calculated thermal conductivity
of several NGRN chains, which is tuned by the effective
potential (cesr). It is shown that the thermal conductiv-
ity presents a step-like increase in the NGRN chains (as
shown in fig. 4(a)—(c)). Around each resonant frequency,
the thermal conductivity in the NGRN chain has a jump;
while away from the resonant frequency, the thermal
conductivity almost remains unchanged. This feature
indicates that the localized states merely contribute to
the thermal conductivity. Obviously it agrees with the
result in a random system in fixed-boundary condition,
where the thermal conductivity contributed by the
localized states vanishes in a long system [19]. This
phenomenon indicates that only the delocalized phonons

can contribute to the thermal conductance, thereafter, the
thermal conductance in the NGRN forms a “quantized”
feature as frequency increases [13,21]. There exist multiple
resonant modes of phonons, consequently, the thermal
conductance has multiple jumps and steps in the NGRN
system (as shown in fig. 4(b), (¢)). Furthermore, it is found
that the thermal conductivity is very sensitive to the
strength of a.¢¢. First, the thermal conductivity increases
significantly with increasing a.sy (as shown in fig. 4(a)).
Secondly, the height of the jump in the thermal conducti-
vity is changed by increasing a.ys (as shown in fig. 4(b)).
For example, when a. s increases slightly from a.rf =1.0
to aerf=1.1 in the trimer chain, the thermal conduc-
tance increases more than 28% (as shown in fig. 4(b)).
In the third, both the number and the width of the steps
in thermal conductivity can be increased by increasing
aerr. For instance, two steps in thermal conductivity are
found when a.fr = 1.2, and three steps are obtained when
aers=1.3 in the 4-mer chains (as shown in fig. 4(c)).
Now that the effective potential (ars) can be changed by
stretching or compressing the NGRN chain, the NGRN
chain provides a possible phononic system with tunable
phonon resonance and tunable thermal conductance. It is
possible to design tunable thermal-conducting materials
based on the NGRN systems.

In summary, we theoretically study the phononic trans-
mission and its influence on the thermal conductance in
the NGRN system. The weak anharmonic potential can
be reduced to the quasi-harmonic form, which is tuned
by external stretching. It is shown that due to the delo-
calization of phonons, resonant transmission is observed
and thermal conductance presents a “quantized” feature.
Both the number of resonant modes and their locations
are controlled by the external stretching or compressing on
the NGRN chain. As a consequence, the “quantized” ther-
mal conductance can be tuned in this nonlinear correlated
random system. This finding may achieve potential appli-
cations in designing novel thermal-conducting materials.
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