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Photoisomeric molecules rearrange their structure when exposed to light, which alters their chemical,
electronic, mechanical, as well as vibrational properties. The present study explores the possibilities to tune
the thermal transport across molecular junctions by using photoisomeric molecules. The effect of isomeric
switching on phonon transport through single-molecule junctions linking two macroscopic reservoirs is
investigated using density-functional-theory-based tight-binding calculations and Green-function formal-
ism. The junctions are built using azobenzene and its derivatives (azobiphenyl and azotriphenyl) that
display photoisomeric behavior. Effects of system setup on the heat current and the switching coefficient
are studied systematically. Dependence on the molecular species, the choice of reservoir, as well as the type
of linkers that bind the molecules to the reservoir are investigated with calculating the phonon-transmission
spectra and temperature-dependent thermal conductance values. The results show that thermal conduc-
tance can be altered significantly by switching the molecule from trans- to cis-configuration since all
molecules yield higher conductances in trans-configurations than their cis-configurations at temperatures
higher than 50 K. In the low-temperature range, results reveal considerable switching coefficients exceed-
ing 50%. At room temperature, the switching coefficient can be as high as 20%. It is shown that the effect

is robust under the variation of both the molecular species and the linkers.

DOL: 10.1103/PhysRevApplied.14.064045

I. INTRODUCTION

Information-processing and energy-transfer technolo-
gies are based vastly on the control of electron flow.
Phonons also carry energy and could, in principle, be used
for information processing as well. Although living organ-
isms can control thermal flux effectively, our control on
phonon flow is relatively limited [1—6]. Finding out the
ways of such efficient management has significant impli-
cations beyond scientific curiosity. The requirement for
effective thermal management is rapidly increasing [7,8].
Taking control of thermal flux by the virtue of materi-
als design is a significant step towards building thermal
devices, which can even result in the development of a
thermal counterpart of electronics [1,9-21].

An electronic switch is a well-established device that
can turn the current from an “on” state to an almost com-
pletely “off ” state. Similarly, a phononic thermal switch
can act as a thermal modulator, which is achieved by
alternating the heat current between two states. A possi-
ble implementation was shown by Sklan et al. via tuning
the phonon band structure by light [22]. The switching of
heat current across molecular junctions has been studied
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in the literature. Ranganathan et al. analyzed the possi-
bility of adjustable and reversible thermal conduction by
virtue of photoisomerism and to that end by performing
nonequilibrium molecular-dynamics simulations they cal-
culated the thermal conduction of junctions built by using
two different photoisomeric systems: azobenzene polymers
and Spiropyran-Merocyanine isomers [23]. The results of
this study suggest that controlling thermal conductance is
rather difficult. Concurrently, Li and his coworkers pro-
posed a theoretical thermal switch, which is composed of
the molecular junction built by clamping a short alkane
chain between graphene reservoirs [24]. When this junc-
tion is mechanically compressed, its thermal conductance
drops by 50%. Royo et al. determined both the electronic
and phononic transport properties of a graphene nanorib-
bon with a nanogap bridged by a stilbene molecule [25].
At low temperatures, phononic conductance can differenti-
ate up to 70% upon a trans-cis conformational alternation
that can be set mechanically or induced by photons of suit-
able wavelength. The reported on:off ratios of phononic
switches are very low compared to that of electronic
switches, and there is plenty of room for improvement.
Advances in measurement and fabrication techniques
at the nanoscale made it possible to measure ther-
mal transport across single-molecule junctions and to
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FIG. 1. [Tllustration of the molecular junction, partitions and
the molecules. Molecules on the left illustrate the frans-isomers,
those on the right illustrate the cis-isomers.

realize nanoscale thermal devices [26,27]. Photoisomeric
molecules, whose spatial configuration can be altered by
exposing to light, were shown to be useful in controlling
the transport properties of molecular junctions [28]. The
aim of the present study is to systematically investigate
one of the building blocks of thermal devices, a thermal
switch [29], based on photoisomeric molecular junctions.
We use azobenzene and its derivatives that show photoi-
someric behavior. The molecule is placed in between two
coaxial semi-infinite carbon nanotubes (CNTSs) to establish
the junction (Fig. 1). The isomeric effect on azobenzene’s
thermal conductance, dependence on different molecular
species, the influence of reservoir types, and the roles of
linker groups are addressed.

The paper is organized as follows. The methods are
summarized in Sec. I, structural aspects of the molecular
junctions are explained in Sec. III, results and discussions

are presented in Sec. IV, and the last section is reserved for
conclusions.

II. METHODS

The density-functional tight-binding (DFTB) method
[30—33] is used as it is implemented in the DFTB+ soft-
ware package [34]. DFTB is a fast and accurate method to
determine chemical and physical properties of both bulk
materials and molecular structures [35,36]. The calcula-
tions are performed using the mio-1-1 parameter set [37].
Self-consistent charge (SCC) calculation is performed with
a tolerance of 10~7 Ey. Broyden mixing is employed dur-
ing SCC calculations with a mixing parameter of 1.5.
Atomic coordinates are optimized using the conjugate gra-
dient algorithm with a force tolerance of 0.02 eV/A. Lattice
parameters of the periodic parts are also optimized to
reach the minimum energy configurations. The geometries
of the structures and the energy differences between the
isomers are further checked against and found to be con-
sistent with density-functional-theory (DFT) computations
(using both plane-wave [38,39] and localized-orbital [40]
implementations) and the literature [41].

The DFTB method is combined with the Green-function
(GF) method (see Refs. [42—44]), where the system is
divided into three regions as the left reservoir (L), the
right reservoir (R), and the device (D). The reservoirs
are semi-infinite CNTs. An illustration of the molecu-
lar junctions and the partitions are given in Fig. 1(top).
The device region is chosen in such a way that it can be
simulated with periodic boundary conditions. It contains
finite portions of the reservoirs so that its end atoms are
replicas of a unit cell of the connected reservoir. Force con-
stants are obtained from DFTB within the finite-difference
approximation [45,46] and acoustic sum rule is employed
[47].

The dynamical matrix of the partitioned system is of the
form:

CDLL CDLD @LR
o= (P oPP PR, (1)
(I)RL CI)RD (DRR

It is assumed that there is no direct inter-reservoir
coupling, that is all elements of ®'® and ®R are
zero. The uncoupled Green function of the parts are
defined as g% = [(a)+ in)? — d>°‘°‘]_1, with o« =L, R,
or D and 5 is an infinitely small number. Self-
energies due to coupling to the reservoirs are defined
as BB = PLORGLEB) LDRD) - Taking the couplings
into account, the Green function of the device becomes
GPP(w) = [(a)+in)2—<l>DD—EL—ER]_1. Phonon trans-
mission is calculated as ¢(w) = Trace[['“GPPT'RGPP ],
where I'“® = —2Im [£®] stand for the broadenings.
Assuming an infinitesimal temperature difference between
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the reservoirs, thermal conductance is defined as

_ [ do dfpe(w, T)
() = f 1) @)

where fgr is the Bose-Einstein distribution function. To
determine the uncoupled surface Green functions of the
reservoirs an iterative algorithm has been used [48].
Besides, a generic reservoir model is also implemented
to easily predict the transport characteristics of a junction
[44]. Since the sound velocity characterizes the acous-
tic phonons and acoustic phonons dominate the phononic
thermal transport characteristics of a system, Green func-
tions of the reservoirs are defined referring to the sound
velocity at the reservoirs [44]. This scheme enables a fast
and reasonably accurate calculation process. Details of
the generic reservoir model is presented within the Sup-
plemental Material [49]. Transmission and conductance
values are calculated for cis- and trans-configurations of
each system and the isomeric effect on thermal conduc-
tance is quantified as the switching coefficient, which is
defined as

_ |Ktmns - KciS|

mMax (Kyans» Keis)

x 100, 3)

to quantify the efficiency of the system.

II1. SYSTEMS

We investigate azobenzene and two of its derivatives,
namely the 1,2-di([1,1’-biphenly]-4-yl) diazene and 1,2-
di([1,1:4',1”-terphenly]-4-yl) diazene (to be referred to
as azobiphenly and azotriphenly in this work) molecules,
which transform between two isomeric states when
exposed to radiation (Fig. 1). The motivation behind using
different derivatives is to investigate the switching coef-
ficient in molecules with similar structures but different
lengths.

Trans-isomers are characterized by their planar struc-
tures, whereas the benzene rings of the cis-isomers are
tilted with respect to each other (see Fig. 1). The planar
geometry enables the trans-isomers to have 7 conjuga-
tion across the whole molecule while tilted shapes of
cis-isomers disturb this conjugation. Trams-isomers are
found to be energetically more stable than the cis-isomers.
Energy differences between two isomeric states are around
0.2 eV for all three molecules. Dihedral angles are the
CNNC angles between reciprocal benzene rings of cis-
isomers and they characterize the isomeric switching. It is
worthwhile to note that dihedral angles are approximately
the same for all three molecules when they are free (see
Table I).

Junctions are formed by connecting two CNT reservoirs
with a single molecule (see Fig. 2). In this work, (5,5)
armchair and (9,0) zigzag CNTs are used. The junction

TABLE I. Dihedral angles of cis-isomers measured in degrees.
Linked to
armchair Linked to
Free molecule CNT zigzag CNT
Azobenzene 13.94 26.27 18.41
Azobiphenly 13.42 18.56 15.17
Azotriphenly 13.50 17.88 13.55

geometry can be expected to affect phonon transport con-
siderably. Therefore, its details are investigated carefully,
and summarized below for the cases of azobenzene.

The hydrogen atoms are removed from the para posi-
tions of azobenzene, and new bonds are formed by NH
linker groups. NHCO groups are also considered in Sec.
IV C to analyze the effect of linkers. The structures of the
junctions should be the same to enable cis- and trans-
isomers to transform to each other. With the addition of
oxygen and carbon atoms, hexagons and pentagons are
formed at the linking sites of armchair and zigzag CNTs,
respectively (see Fig. 3). Two-coordinated carbon atoms at
the ends of the CNTs are saturated with hydrogen.

Three periodic cells of pristine carbon nanotubes are
fixed at both left and right ends of the device. The length
of the junction (namely the separation between the reser-
voirs) is optimized by changing the separation exclusively,
while relaxing the remaining atoms of the device region
(see Supplemental Material for further details [49]).

IV. RESULTS AND DISCUSSIONS

For the free molecules, the energy differences between
trans- and cis-isomers are 0.180, 0.202, and 0.203 eV for
azobenzene, azobiphenly, and azotriphenly, respectively.
When they are connected to CNT reservoirs, the energy
differences show deviations. As a rule of thumb, the shorter
the molecule is, the larger the deviation becomes. For
azobenzene the energy difference is 0.305 eV (0.174 eV)
for armchair-CNT (zigzag-CNT) reservoirs (see Fig. Sl
within the Supplemental Material [49]). All remaining
energy differences except for azotriphenly with zigzag-
CNT reservoirs rise moderately. When azotriphenly is
connected to zigzag CNT, the energy difference between its
isomers falls to 0.1349 eV. It can be seen from Fig. S(lower

FIG. 2. Minimum energy geometries of azobenzene connected
to armchair-CNT (zigzag-CNT) reservoirs are shown on the left
(right). The upper (lower) configurations are the cis- (trans-)
isomers.
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FIG. 3. Detailed structure of the junction at the linking site.
Azobenzene is linked to armchair (left) and zigzag (right) CNTs
via NH linkers.

panel) that the planar geometry of trans-azotriphenly is
considerably deformed when connected to zigzag CNT.
Consequently, the energy difference is lowered. The junc-
tions with trans-states are energetically more stable than
cis-states for all molecules.

A. Isomeric switching with azobenzene

In this section, we investigate the effect of isomeric
switching on thermal conductance of junctions built using
azobenzene. Junction geometries are illustrated in Fig. 2.
The structures on the left (right) have armchair-CNT
(zigzag-CNT) reservoirs, and the upper (lower) structures
belong to cis- (trans-) isomeric states. Despite the dif-
ferences in geometrical orientations, the bending angles,
namely the C-N-C angles where one carbon atom belongs
to the CNT, the nitrogen atom belongs to the linker, and the
other carbon atom is located at the para position of the ben-
zene, are quite similar. For the armchair-CNT reservoirs,
the right and left angles are quite similar and approxi-
mately equal to 124°. There is a slight difference at the left
and right sides for the zigzag-CNT case, which is mainly
because of the difference in the relative position of the left
(right) linking site with respect to the tube axis. The left
and the right angles are 124.72° and 125.16°, respectively.

Thermal conductance and the switching coefficient of
azobenzene junctions are shown in Fig. 4 as functions
of temperature. We use a color code in all conductance
and switching coefficient plots. Namely, blue, red, and
green curves are for reservoirs of armchair-CNT, zigzag-
CNT, and generic types, respectively. Dark (light) colors
distinguish the molecules in their trans- (cis-) configura-
tions. At finite temperatures, it is observed that systems
with armchair-CNTs have higher « values than those with
zigzag CNTs. It can be seen from the transmission spec-
tra of azobenzene molecules linked to different reservoirs
that armchair CNTs yield higher transmission at almost all
frequencies (Fig. 7). We should note that the reduction in
conductance when zigzag CNT is used in place of arm-
chair CNT is not related to the thermal conductances of
the CNTs. Room-temperature conductance values of pris-
tine armchair and zigzag CNTs are found as 2.8774 nW/K
and 2.7944 nW/K, respectively, which are consistent with

0.7 .
A-CNT cis
06" 40 ——A-CNT trans | |
' Z-CNT cis
(%) ——Z-CNT trans
0.5 20 1
Lo4f | ]
% 0 200 400 600 800 1000
~0.3r T(K) |
N
0.2
0.1r
0.0 L L L L
0 200 400 600 800 1000

FIG. 4. Conductance values of azobenzene junctions. Blue and
red curves are for armchair and zigzag CNTs, respectively. Dark
(light) colors distinguish the trans- (cis-) configurations. The
inset shows the corresponding switching coefficients.

the previous literature [50]. The main reason for the con-
ductance differences between armchair- and zigzag-CNT
reservoirs is the geometrical features of the junctions. In
armchair-CNT junctions, a hexagon is formed at the link-
ing site, whereas a pentagon is formed in zigzag-CNT
junctions (see Fig. 3). The difference is not only in the
number of bonds, but also the bond angles and the ori-
entation of the molecule with respect to the tube axis are
changed. As a result, dihedral angles differ considerably
for different CNTs.

For a given reservoir type, frans-azobenzene has higher
k values at all temperatures except for those lower than
approximately 50 K. The weight factor hwdz/gg eliminates
contributions from the states with frequency higher than
2 THz at 10 K. This filtering is realized for v > 10 THz
at 50 K. At such low temperatures, small differences in
transmission spectrum result in considerable differences
in conductances. Consequently, S values are around 50%
at low temperatures. As temperature rises, S values drop
suddenly with the contribution of higher-energy modes.
For zigzag CNT, S is equal to zero at around 20 K,
then it starts to rise. At temperatures below 20 K, cis-
isomeric states are more conductive than trans-isomeric
states. Since the trans-isomer is more conductive above
20 K, the switching coefficient drops to zero for junctions
with a zigzag-CNT reservoir. However, for the armchair-
CNT case, trans-isomeric states are more conductive than
cis-isomeric states at all temperatures, and S is always
finite. The switching coefficient for armchair-CNT reser-
voirs is 19.81% while it is 20.58% for the zigzag-CNT
reservoirs at 300 K. A relevant point to mention here
is that the switching coefficients for different reservoirs
are close at temperatures below room temperature, even
though conductance values are rather different. However,
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Azobiphenyl

FIG. 5.

(Upper panel) Junction geometries of cis- (trans-)
azobiphenly molecules between armchair- (left) and zigzag-
CNT (right) reservoirs. (Lower panel) cis- (trans-) azotriphenly
between armchair (left) and zigzag (right) CNTs.

at high temperatures S values for zigzag CNT are higher
than those for armchair CNT. The incomplete folding of
the cis-isomer when connected to armchair CNT lowers
the S value.

B. Effects of different molecular species and reservoir
types

In this section, dependence of the switching coefficient
on the type of isomeric molecule is investigated. For this
purpose, junctions are constructed using two derivatives of
azobenzene, namely azobiphenly and azotriphenly (Fig. 5).
Temperature-dependent thermal conductances and switch-
ing coefficients are plotted in Fig. 6. It is clear that when
a molecule is in trans-state, its conductivity is higher from
its cis-state, independent of the species of the molecule.
This is valid at temperatures above 50 K. At temperatures
below 50 K, S increases with the molecule’s length. How-
ever, at temperatures higher than 50 K, S decreases with
increasing length.

Table II summarizes the switching coefficients (S) and
conductances at 300 K. One observes that S is highest
for the shortest molecule (azobenzene) and lowest for
azotriphenyl independent of the type of reservoir. S for
azobiphenyl is close to that of azobenzene for armchair
CNT but it is close to that of azotriphenyl for zigzag
CNT. This behavior can be understood by examining the
junction geometries, which are illustrated in Fig. 5(upper
panel). Trans-azobiphenyl preserves its planar geometry
when connected to an armchair CNT but the geometry is
largely disturbed and the molecule is bent when connected
to a zigzag CNT. Therefore, k4,5 and S are reduced. The

a) 0.7 T
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FIG. 6. Temperature-dependent conductance for junctions of
azobiphenyl (a) and azotriphenly (b) molecules using armchair-
(blue) and zigzag-CNT (red) reservoirs. Lighter (darker) col-
ors indicate the cis- (trans-) configurations. The insets show the
corresponding switching coefficients.

disturbed geometries remain even after the junction separa-
tion is optimized. Since bending of azobiphenyl is specific
to zigzag CNT only, we deduce that bending is due to the
difference in bonding geometry at the linking site of the
CNT atoms.

Geometrical disturbances are observed in azotriphenyl
junctions too (see lower panel of Fig. 5). Benzene rings

TABLEII. Thermal conductances and switching coefficients of
considered systems at 300 K.

Reservoir Molecule Keis Ktrans S
mW/K) (nW/K)

Armchair CNT  Azobenzene 0.1704  0.2125 19.81%
Azobiphenly 0.1706  0.2078  17.90%
Azotriphenly 0.1044 0.1144 8.74 %

Zigzag CNT Azobenzene  0.1007 0.1268 20.58%
Azobiphenly 0.1044  0.1154  9.53%
Azotriphenly 0.9330  0.1024  8.11%

Generic Azobenzene  0.1993  0.3056 34.78%
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rotate with respect to each other in both trans- and cis-
configurations, which is an additional factor to reduce
thermal conductance. These disturbances suppress conduc-
tance of both isomers with either reservoir types and the
switching coefficient is reduced.

In the azobenzene case, since the molecule is short, fold-
ing of the cis-isomer is not completely achieved and the
switching coefficient is lower than expected. The C-N-N-
C dihedral angles of cis-isomers are shown in Table 1. The
most significant change happens in azobenzene with arm-
chair CNT, where the dihedral angle for cis-azotripenly
with zigzag-CNT reservoirs stays approximately equal to
that of the free molecule. One can expect the extended
molecules to compensate these deviations at the link-
ing site. However, structural disturbances become more
substantial in determining their conductance.

In order to distinguish the geometrical effects arising
from coupling to reservoirs, we implement “generic reser-
voirs,” which are characterized by the speed of sound
at the reservoirs (see Ref. [44]) They also enable us to

(a) 30
25F
Gener
A-CNT
2.0 ——Z-CNT
15+
1.0
05 [
0.0 ' ! -
0 20 40 60 80
v (Thz)
(b) 3.0
25 ——Gener

FIG. 7.

Transmission spectra of azobenzene isomers linked to
armchair-CNT, zigzag-CNT, and generic reservoirs. (a) trans-
mission spectra of cis- (b) (trans)-isomers linked to different
reservoirs. Red (green) curves are for zigzag (generic) reservoirs,
and blue lines indicate armchair reservoirs.

A-CNT cis
0.8 ——A-CNT trans |
40 ——Z-CNT cis
0.7r1 » ——Z-CNT trans ||
06F 2 J
< |
; % 200 400 600 800
£ o4} T (K)
®Q
0.3
0.2
o1l /
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FIG. 8. Conductances of azobenzene isomers with different
reservoirs. Red, blue, and green curves stand for armchair-
CNT, zigzag-CNT, and generic reservoirs, respectively. Darker
(lighter) colors are for trans- (cis-) configurations. The corre-
sponding switching coefficients are shown in the inset.

check whether the observed effects are specific to CNT
reservoirs, or generalizable. Here, we implement generic
reservoirs that support only the acoustic modes. The sound
velocities of different polarizations can be chosen inde-
pendently. We choose them to be identical for the sake
of simplicity and set to 15 km/s, which is the average
of group velocities for LA and TA modes in a (10,10)
CNT. The force constant between the generic reservoir
and the molecule is set equal to the first-nearest-neighbor
force constant of the generic reservoir. The coupling takes
place between the end atom of the otherwise free molecule,
hence the magnitude of thermal switching in the absence of
geometrical disturbances can be calculated.

FIG. 9. (a) Junctions of cis- and trans-azobiphenly linked to
armchair CNT by NHCO linkers, left and right, respectively.
(b) Closeups of NH (left) and NHCO (right) linkers binding the
molecule to armchair CNTs.
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FIG. 10. Conductances of cis- (a) and trans- (b) isomers,
which are connected to armchair-CNT (blue) and generic (green)
reservoirs with two different linker groups. The dotted lines
correspond to the NHCO linkers. The corresponding switching
coefficients are shown in the insets.

Transmission spectra for isomers of azobenzene with
three different reservoirs are shown in Fig. 7. Since the
generic reservoir supports only the acoustic modes, its
bandwidth is narrower than CNT reservoirs. Transmission
values for cis-azobenzene with the generic reservoir are
similar to those with the other reservoirs, but the trans-
azobenzene generic reservoir yields higher transmission of
acoustic modes as expected. Figure 8 shows temperature-
dependent conductance and S values of azobenzene junc-
tions with considered reservoir types and a comparison of
switching values for azobenzene with different reservoirs
at room temperature is available from Table II. Thermal
conductance of CNTs increases with diameter. Besides,
the generic reservoir model does not include the deforma-
tion effect at the linking and folding sites. These factors
favor enhanced thermal conductivity values with generic
reservoirs and higher S values at all temperatures when
compared to CNT reservoirs.

C. Effects of linker groups

In this section, the effects of changing the NHCO linkers
with the previous NH groups are investigated. An accom-
panying difference between two linkers is the extra CO
atoms at the contacts [see Fig. 9(b)]. Further, azoben-
zene molecule is bound to both armchair reservoirs and
generic reservoirs by both linkers. Figure 9(a) illustrates
the relaxed geometries of the junctions with NHCO link-
ers. Comparing Figs. 2 and 9, some constitutive variations
between the structures are observed. Planar structure of
the frans-isomer is disturbed, it is slightly bent and the
benzene rings are rotated. In addition, the bending direc-
tion of the cis-isomer is reversed, opposite to the case
where azobenzene molecule is bound by the NH linker to
armchair CNTs.

Thermal conductance values and switching coefficients
are plotted as functions of temperature for trans- and
cis-azobenzene molecules linked to armchair-CNT and
generic reservoirs using NH and NHCO linkers in Fig. 10.
NHCO linker yields reduced « and S values compared
to the NH linker except for cis-isomer at low tempera-
tures. The dihedral angle of cis-isomer is 19.311° when
bound to armchair CNT by NHCO linkers. Consequently,
the additional CO atoms to linker alleviate the stress on
bound cis-isomer to armchair CNT by NH linker. With
NHCO linker and generic reservoir, S is 22%, whereas it is
17% with armchair-CNT reservoir. Remembering that § is
34.78% for generic reservoir with NH linkers, the reduc-
tion with use of NHCO is interpreted as being due to the
additional CO, which is acting as a barrier for incoming
phonons (see Fig. S5).

V. CONCLUSION

In this work, photoisomeric switching of vibrational
heat current is studied using junctions built using azoben-
zene, azobiphenyl, and azotriphenyl molecules. It is
observed that the switching coefficient S can be as high
as 34.78% at room temperature if the effects of linker
groups, reservoir types, and geometrical disturbances can
be optimized. S is reduced due to disturbances in the
molecular configuration. Still, S >~ 20% is possible by
using azobenzene with NH linkers at room temperature and
S >~ 50% at low temperatures such as 10 K. Our findings
demonstrate that thermal switching using single molecu-
lar junctions could be efficient. The efficiencies can be
enhanced further if the geometrical disturbances due to
linking to reservoirs can be minimized. Thermal switches
investigated here could be realized in a similar way pro-
posed by Del Valle et al. [28] for a molecular electronic
switch. There, it was suggested to use mobile telescopic
multiwalled CNTs, whose low-friction “bamboo” config-
urations enable a controlled reversible telescoping. The
transit time for complete nanotube core retraction was
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found to be comparable with the isomerization time of pho-
toactuated molecules, hence making it possible to actualize
molecular junctions with mobile carbon-nanotube thermal
reservoirs or electrodes.
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