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Asymmetric MoS, nanoribbons display thermal rectification whose magnitude sensitively depends
on their transversal size and on the localization degree of the vibrational modes.
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Phononics in two-dimensional (2D) materials is an emergent field with a high potential impact from the basic as well as applied
research points of view. Hereby it is crucial to provide strategies to control heat flow via atomic-scale engineering of the materials.
In this study, thermal diodes made of single layer MoS, nanoribbons are investigated using non-equilibrium classical molecular
dynamics. Specifically, we focus on the influence of shape asymmetries of the nanoribbons on the thermal current, and obtain
thermal rectification ratios up to 30% for T-shaped nanoribbons. This behavior is then rationalized through a detailed analysis of
the vibrational spectrum of the ribbons. In particular, it turns out that thermal rectification is mostly related to (i) the transversal
finite size of the ribbon and (ii) to the different localization behavior of high- frequency modes for forward and backward heat
flow directions. We expect our results to shed light on the potential of 2D materials for engineering highly efficient nanoscale

thermal devices.

1 Introduction

Over the last years, the field of phononics, aiming at control-
ling heat flow in tailored structures as well as to the develop-
ment of thermal devices such as diodes, transistors, and ther-
mal logic gates, has experienced an accelerated progress.'™
As a result, novel applications in the fields of nanomachines,
electronics, refrigeration, energy harvesting, and energy gen-
eration have been suggested.>® In order to carry these ideas
into thermal device design, several theoretical and experimen-
tal studies have been performed over different length scales,
e.g. the first solid-state active three-terminal thermal de-
vice based on VO, with large rectification of the heat cur-
rent has recently been demonstrated.” Other successful ex-
perimental findings are thermal rectifiers based on carbon or
boron-nitride nanotubes with asymmetric mass loading,® and
reduced graphene oxide.? A thermal rectifier should provide
a large heat flow for a certain temperature gradient, but ide-
ally be insulating when the direction of the gradient, and thus

¢ Institute for Materials Science and Max Bergmann Center of Biomaterials,
TU Dresden, 01062 Dresden, Germany. Fax: +49 (0)351 4633 1422; Tel:
+49(0)351 4633 1419; E-mail: rafael.gutierrez@nano.tu-dresden.de

b Max Planck Institute for the Physics of Complex Systems, 01187 Dresden,
Germany

¢ Dresden Center for Computational Materials Science (DCCMS), TU Dres-
den, 01062 Dresden, Germany

4 Center for Advancing Electronics Dresden, TU Dresden, 01062 Dresden,
Germany

1 Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See DOI:
10.1039/b000000x/

of the heat flow, is reversed. From a theoretical point of
view, it has been found that thermal rectification in nanos-
tructured systems sensitively depends on several parameters
such as heat bath features, '%!! the device geometry, 12,13 and
on the interface properties between different materials inside
the device.'*!” A common conclusion from these studies is
that the simplest mechanism to induce thermal rectification in
confined nanoscale systems is to introduce structural asymme-
tries.

Most of these investigations have focused on carbon-based
nanomaterials like carbon nanotubes and graphene nanorib-
bons. #1213:18-20 Egpecially graphene has drawn much atten-
tion due to its extremely high thermal conductivity.?! Be-
sides graphene, however, there is meanwhile a variety of novel
two-dimensional (2D) materials like transition metal dichalco-
genides, boron nitride (BN), phosphorene, and silicine, which
are expected to display different electrical and thermal prop-
erties due to the differences in their chemical composition,
and thus offer a new broad playground to explore and develop
nanoscale devices with tailored electrical, optical, and thermal
properties. In particular, molybdenum disulphide (MoS,) has
recently attracted considerable interest for implementing field
effect transistors (FET) and optical devices due to its sizable
electronic band gap;?>%3 also its potential thermoelectric per-
formance has been highlighted.?* Although a variety of the-
oretical studies has been published, addressing the phonon
dispersion and thermal conductivity of MoS, layers and rib-
bons, 2738 less attention has yet been devoted to the possibility
of engineering the thermal response of MoS, nanostructures

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 a) Schematic of monolayer MoS,. Top and side view in
armchair direction. b) Asymmetric geometrical shapes selected for
our MoS, nanoribbons. We consider Wi ef; = \/§L/ 2. The
asymmetry degree is measured with W g = Wi e/ WRight parameter.

via structural asymmetries.

Here, we study MoS, nanoribbons with strong structural
asymmetries by using non-equilibrium molecular dynamics
simulations of thermal transport. We show that thermal rec-
tification ratios of up to 30 % can be achieved depending
on the degree of asymmetry of the ribbons and rationalize
our findings by analyzing in detail the vibrational structure
of the systems. This includes an analysis of the mode local-
ization in the nanoribbon, an issue which has been indicated
as strongly influencing thermal rectification in asymmetric or
defective nanostructures made of a single material. !>3° We
find out that different degrees of spatial localization of high-
frequency modes for forward and backward heat flow direc-
tions plays is an important factor in determining thermal rec-
tification. We remark that nanostructures as those investigated
here may be already accessible to state of the art experimental
approaches. Thus, quasi one-dimensional MoS, nanoribbons
have been successfully synthesized** as well as triangular and
hexagonal Mo$S, nanoplatelets. *!42

2 System and methodology

The atomic structure of a symmetric MoS, nanoribbon is
shown in Fig. la, while Fig. 1b displays three different ge-
ometrical shapes for MoS, nanoribbons, which we will con-
sider to study possible thermal rectification effects: T-shaped,
trapezoidal, and triangular nanoribbons. To quantify the de-
gree of structural asymmetry of these nanostructures, the di-
mensionless quantity Wi r = Wieti/Wrign: is introduced. Here,
Wieft and Wrign are the widths of the left and right ends of the
nanoribbon, respectively, and the case W g = 1.0 corresponds
to a fully symmetric rectangular structure.

Non-equilibrium molecular dynamics (NEMD) simulations

were carried out by using the LAMMPS code.** One cru-
cial issue is the choice of the appropriate force field, since
parametrizations developed for bulk systems may in general
not be transferable to nanoribbons. In the case of MoS, sev-
eral force fields have recently been developed.3%33** How-
ever, they turned out to have different problems when applying
them to simulate systems with open boundary conditions, such
as nanoribbons, at room temperature. Therefore, after careful
checks we have used in our investigation a force field devel-
oped on the basis of tight-binding quantum chemistry calcu-
lations by Onodera et al.,* which includes ionic, covalent,
and van der Waals interactions among Mo and S atoms. This
interatomic potential has already been successfully applied to
study mechanical,***6 and thermal *> properties of monolayer
MoS,.

In our simulations, we have considered asymmetric MoS,
nanoribbons with free boundary conditions in all directions.
We have fixed the ends in X-direction (one layer) to avoid
global rotations of the system during the simulation. The stan-
dard velocity Verlet algorithm was used to integrate Newton’s
equations of motion, and the MD time step was set to 0.5 fs.
All investigated nanostructures have been initially relaxed us-
ing a quickstep method. The lattice constant for MoS, ob-
tained after relaxation is @ = 3.38 A. Equilibration runs for
2 ns and at Ty = 300 K were first performed in the NVT
ensemble with a Nosé-Hoover thermostat using a relaxation
time equal to 0.1 ps. The choice of thermostat is a sensitive
issue in NEMD simulations, but as discussed in Ref. 10 dif-
ferent algorithms in NEMD simulations only led to negligible
differences in the computed heat flows (see the Supplemen-
tary Information for a discussion of the thermostat parameters
used in our simulations). Once the temperature reached the
required value, the thermostat was removed, and the NEMD
simulations were carried out for 20 ns. The temperatures
for left and right heat baths were defined as Ti, = (1 + a)Tp
and Tr = (1 — a)Tp for the forward direction of the heat
flux (heat flows left-to-right or wider-to-narrower) and the op-
posite case for the backward direction (heat flows right-to-
left or narrower-to-wider). We consider as temperature bias
AT = |TL. — Tr| = 20Ty (a > 0). Each heat bath extended
over four atomic layers corresponding to a length of roughly
~ 2.3 nm. Time averages of the temperature and the heat cur-
rent were carried out over the last 10 ns of the simulation.
The temperature profile was then computed by dividing the
system in a certain number of slabs and using the relation:

1
li= 3Nikg
the i —th slab, and my and vy correspond to the atomic mass
and velocity of atom number k, respectively. Furthermore, the
calculated temperature for each slab, 7;, was averaged over a
pre-defined time interval to obtain a smooth temperature pro-
file. To avoid spurious effects related to the specific choice of

Zk;l mkv%, where, N; is the number of atoms in

2| Journal Name, 2010, [vol]1-7
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Fig. 2 a) Temperature profile for trapezoidal nanoribbons of length equal to 5.9 nm with Wy g = 1.0 (blue lines) and Wi g = 3.0 (red lines).
Both, forward (()) and backward (CJ) directions of the heat flux are shown. Variation of the b) heat flux and c) thermal rectification after
increasing Wi g parameter for each geometrical shape. For these calculations, we have considered 7Ty = 300 K and ot = 0.1.

initial velocities, an average over five random choices of the
initial velocity distribution was additionally performed. To
quantify the efficiency of thermal transport in both tempera-
ture bias directions, a thermal rectification (TR) ratio 1) can be
defined as:

n(%] = (IJf_J"') x 100, (1)

Ib

where the subscripts indicate whether the rectifier is operated
at forward or backward direction of the heat flux. The heat
currents Jrp, induced by the temperature bias A7 are computed

asJyp = (8E]{é/;t /ot + aEﬁight / 8[) /2, where E{é];t and Eﬁight
are the total energies that have been added to or subtracted
from the atoms in the left (L) and right (R) heat baths, re-
spectively. It is worth noting that once the system reaches the
steady state, the absolute values of the time derivatives has to
be almost the same for left and right baths. As it is discussed
in the Supplementary Information, a wrong choice of thermo-
stat parameters may lead to an improper interpretation of the
simulation results.

3 Results and discussion

In Fig. 2a we show the temperature profile for @ = 0.1, for
trapezoidal MoS, nanoribbons of length L = 5.9 nm (Wi eq =
V/3L/2) with Wig = 1.0 (symmetric) and Wi = 3.0 (asym-
metric). For symmetric nanoribbons the temperature profile
has a symmetric and nearly linear behavior for both directions,
forward and backward, of the applied temperature bias, so that
no rectification of the thermal current can take place, as ex-
pected. On the contrary, for Wi r = 3.0, the temperature gra-
dient along the nanoribbon becomes non-linear and displays
a different dependence on the spatial distance from the heat
baths for forward and backward heat flows. Notice also that
the mean temperature is mainly controlled by the wider heat

bath (left bath), and this shows up in the strong non- linear
evolution of the temperature profile with increasing distance
from the wider bath. As a result of the asymmetric temper-
ature profiles for both temperature bias directions, the corre-
sponding thermal currents are also different and heat rectifi-
cation can take place, see Fig. 2b. In other words, the heat
flux runs preferentially from the wider to the narrower region,
so that the device behaves as a “good” thermal conductor in
that direction. This behavior is improved when the tempera-
ture bias is increased, as shown in the inset of Fig. 5. In Fig.
2c, the TR ratio 1 is displayed as a function of the geometri-
cal asymmetry parameter Wi r. For the different nanoribbon
shapes, the qualitative trends are rather similar: with increas-
ing structural asymmetry the degree of rectification increases
and can achieve rather high values of roughly 30 %, values
which are comparable with those found in more complex en-
gineered graphene nanoribbons.'>2° This behavior is related
to the increasing difference in the number of atoms involved in
the nanoribbon-heat bath interaction at both ends with increas-
ing WL R, which increasingly breaks the heat flux symmetry as
the temperature bias is reversed. Similar effects has been re-
ported for graphene ribbons. %1318 There is however a clear
quantitative difference in the heat rectification efficiency of
T-shaped ribbons when compared to the triangular and trape-
zoidal ones, namely, the former has a larger TR ratio for the
same length L. This is largely related to how the transition
from the wider to the narrower region is built in: in the trian-
gular and trapezoidal nanoribbons the transition is smooth (we
may call it adiabatic as done with quantum point contacts*7),
while for the T-shaped ribbon there is a narrow interface re-
gion where an abrupt transition from wider to narrower sec-
tions takes place. Thus, heat flow differences resulting from
the global asymmetry of the nanoribbon will be enhanced due
to this sharp interface. We also notice that upon increasing
the system size, the effect of the structural asymmetry in the

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Total and partial vibrational density of states a) and
participation ratio b) for the T-shaped MoS, nanoribbon with length
L =5.9 nm and W g = 3.0 as obtained from NEMD simulations in
the forward temperature bias direction (& = 0.1). For reference, we
also show the corresponding total VDOS for the structurally relaxed
(i.e. before starting the NEMD simulation) T-shaped MoS,
nanoribbon with Wi g = 3.0.

thermal rectification weakens and eventually disappears, i.e.
n — 0 for L(or W) — oo. This tendency is illustrated for T-
shaped ribbons with two different lengths: L = 5.9 nm and
L = 9.4 nm (see Fig. 2c) and highlights the fact that, be-
sides structural asymmetry, another major factor influencing
thermal rectification is the transversal finite size of the nanos-
tructures. This has been previously discussed in carbon-based
nanostructures, 11213

To rationalize the process of thermal rectification in asym-
metrically structured MoS, nanoribbons, we have performed
a real-space mode analysis.*® For the sake of clarity, we focus
on the T-shaped nanoribbon with L = 5.9 nm and Wi r = 3.0,
since the results for the other geometries are qualitatively sim-
ilar. Fig. 3a shows the total and partial vibrational density of
states (PVDOS) of the T-shaped ribbon are shown. The PV-

DOS is defined as: %°

sa(@) =Y Y Y lej 01?8 (0—ay), )
ja A«

where €;, 4, is the vibrational eigenvector component of
mode A with polarization o = X,Y, Z, and , is the frequency
of the corresponding mode. Notice that the sum over js only
includes atoms of a given type (A=MoorA=S). Summing then
over the index A gives the total VDOS. We notice that these
quantities are computed by first diagonalizing the dynamical
matrix of the last configuration of a given NEMD run, and then
performing an average over several runs differing by the ini-
tial conditions (velocities), as previously mentioned (see also
additional details in the Supplementary Information).

In Fig. 3a we also show as reference the VDOS of the
structurally relaxed T-shaped nanoribbon before running the
NEMD simulation (black solid line). The major difference to
the VDOS obtained from the NEMD simulation (green solid
line) is the spectral broadening, which manifests more clearly
for the high-frequency vibrational modes above 400 cm™!.
Looking now at the PVDOS for the two atom types in the
nanoribbon, Mo and S, we can roughly identify three different
spectral regions32: a low frequency range (up to 200 cm™')
where both S and Mo atoms carry similar spectral weights,
although the contributions of the S atoms are slightly larger;
an intermediate range (~200-380 cm~!), where the spectral
weight is carried almost exclusively by S atoms; a high fre-
quency range (> 380 cm~!) where again both atom types con-
tribute similarly to the total VDOS, although here Mo atoms
have a slightly larger spectral weight. For the backward heat
flow direction a similar qualitative behavior was obtained (not
shown). The information provided by the VDOS analysis does
not reveal the degree of localization or delocalization of the
vibrational modes in different spectral ranges. Hence, to char-
acterize each mode A with respect to these features, the par-
ticipation ratio (PR) has been calculated, which is defined ac-
cording to:

2
P =NY (Zs;;ﬂsm,x) : (3)
o

1

Here, &4 is the vibrational eigenvector component of atom
i and N is the number of atoms in the system. The PR mea-
sures the fraction of atoms participating in a mode and hence
varies between 1.0 for delocalized modes to O(1/N) for local-
ized modes. The PR is displayed in the lower panel of Fig. 3.
We also show as reference, similar to the VDOS plot in Fig.
3a, the PR for the T-shaped relaxed nanoribbon previous to
starting the NEMD simulation. Additionally, partial PRs sepa-
rately associated to the sulfur and molybdenum atoms are also
shown. Partial PRs are obtained by restricting the summation
over the atom index i in Eq. 3 to only atoms of a given type.>°

4| Journal Name, 2010, [vol]1-7
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Fig. 4 Spatial distributions, ¢, of vibrational modes for T-shaped MoS, nanoribbons of L = 5.9 nm and W g = 3.0 (XY plane). We only have
considered the vibrational modes with p < 0.1 for the system obtained after NEMD simulation in the a) forward and b) backward direction of
the heat flux (o¢ = 0.1). The color scale has the same meaning for all the cases, i.e., cyan balls mean highest contribution while pink balls
lowest contribution for the vibrational modes. In these pictures, we only show the contributions arising from the top S-layer as well as the

Mo-layer.

The first point to notice is that the non-equilibrium vibrational
spectrum is mostly modified in the higher frequency part with
modes lying roughly above 400 cm~'. While for the relaxed
nanoribbon two clear groups of modes in this spectral range
with PR~0.4 and 0.25 can be identified, the non-equilibrium
modes show a considerably larger degree of localization with
PR below 0.1. For lower frequencies the differences between
these two cases are much weaker, though. The partial PRs
show that modes with a higher degree of delocalization (larger
PR) involve in general a larger contribution from sulfur atoms.
In general terms, apart from the very low frequency vibra-
tions below 100 cm~! and a narrow region between 150 cm™!
and 220 cm™!, almost all modes in the nanoribbon display
a stronger tendency to localization with PRs smaller than 0.4,
which is a signature of the strong impact of structural asymme-
tries, finite cross-section of the nanoribbons, and temperature.
It is worth mentioning that, based on their polarization vec-
tor, the atoms are essentially vibrating in the plane during the
NEMD simulation, but this behavior depends on the specific
frequency of the vibrational mode (see the Supplementary in-
formation for additional details).

To complement the previous analysis, the spatial distribu-
tion of the vibrational modes located within a specific spectral
range (A) was analyzed by defining the quantity ¢;y o, which

is computed as:>°

Yiea EZZ,;L )

PigA = v “4)

1<j<N Laea €ig 2 Ejai .
A large value of ¢;4 4 indicates a strong contribution of the ith
atom to vibrational modes belonging to the spectral region de-
fined by A. To define the set A, three possible PR regions were
selected as shown in the central panel of Fig. 4: I) p > 0.4,
I) 0.1 < p < 0.4, and IIT) p < 0.1. The behavior of ¢;q A for
the domains I and II turned out to be almost the same for for-
ward and backward heat flows and we show these results in
the Supplementary Material. Hence, modes in those spectral
ranges do not seem to strongly determine the rectification of
the heat current. Major differences were however found for
region III as displayed in the left and right panels of Fig. 4. At
this point, we need to make a remark concerning the graphi-
cal representation of the spatial distribution of the vibrational
modes. In contrast to other 2D materials, which consist of a
single atomic layer like graphene or BN, the MoS, nanoribbon
is built up of three atomic layers. This makes the visualization
of the quantity ¢;, o more involved. We have however found,
by analyzing the contribution of each atomic layer separately,
that the two sulfur planes contribute in similar ways to the spa-
tial distribution of the modes, something to be expected for
symmetry reasons. Hence, we only show in Fig. 4 contribu-
tions arising from the top S-layer as well as from the Mo-layer.

This journal is © The Royal Society of Chemistry [year]
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The left and right panels of Fig. 4 illustrate the spatial distri-
bution for modes in region III for the forward (left panel) and
backward (right panel) directions. The main observed feature
is the strong increase, in the backward flow direction, of the
number of atoms giving a low contribution (0.2-0.3) to modes
in spectral region III, i.e. for frequencies above 350 cm™!.
This behavior mainly affects a set of atoms in the bulk of the
nanoribbon, while atoms along the edges do not appreciably
change the degree of their contribution to the selected spectral
range. Moreover, we find that sulfur atoms are those mostly
influenced upon reversal of the heat flow, while the contribu-
tion from Mo atoms is considerably less modified and remains
relatively high (¢;o A > 0.5). A simple mathematical relation-
ship between the degree of spatial localization of the vibra-
tional modes and the heat current as computed in a NEMD
run is difficult to establish. In this sense, our results only hint
at the fact that the strong modification in the spatial distribu-
tion of certain groups of modes upon reversal of the direction
of heat current flow in asymmetric nanostructures is a major
factor determining the size of the thermal rectification effect
found in the structurally asymmetric MoS, nanoribbons. This
conclusion is however further supported by a corresponding
analysis carried out for the trapezoidal shaped nanoribbons,
which show a very similar behavior (see the Supplementary
Information): a strong modification in the modes spatial dis-
tribution over inversion of the heat current flow. To this effect,
which has also been highlighted in earlier works on graphene
nanoribbons, 12 one also needs to add, as mentioned previ-
ously, the finite transversal size of the ribbons, which modifies
the boundary conditions for the vibrational spectrum as well
as its localization properties, and thus also strongly determines
the heat transport features of the system. Clearly, these factors
— asymmetry, finite size, modes localization— are not inde-
pendent from each other and their interplay induces the ob-
served rectification features in the MoS, nanoribbons.

Lastly, to round off our discussion and to provide a better
illustration of the influence of the lateral confinement on the
thermal rectification, we have introduced the parameter:

M%) = ('an_n”'> x 100, (5)
b

where IT = (p), is a frequency averaged participation ratio
and the A modes belong to a specified spectral range A. We
have found that, as expected from the previous discussion, the
average participation ratios in forward and backward direction
for the spectral ranges I and II defined above are almost identi-
cal, implying M ~ 0. Thus, Fig. 5 only shows the dependence
of M with the Wi r parameter corresponding to the case III
with p < 0.1 for T-shaped and trapezoidal MoS, nanoribbons.
Similar to the behavior of the thermal rectification factor 1,
M increases when the nanoribbon becomes more asymmetric
and consistently, the effect is stronger for the T-shaped ribbon.

12.0 T T T T T T
15.0 1.5 _
| < 10.0F 11 0}
| = L =) _
9.0 S 50 !
r —
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—_ 60_ -
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Fig. 5 Dependence of M parameter with the asymmetry degree,
WLR, for the T-shaped and trapezoidal MoS, nanoribbons. We only
show the values obtained by considering frequencies with p < 0.1.
Inset: variation of M parameter (¢) and heat flux (>>—forward and
<—backward direction) after increasing the temperature bias for the
T-shaped nanoribbon with Wi g = 3.0.

Finally, the inset of Fig. 5 suggests that another alternative to
increase the rectification ratio is to enhance the applied tem-
perature bias, as has been reported for other systems. 101213

4 Conclusions

We have performed classical non-equilibrium molecular dy-
namics simulations to address thermal rectification effects in
structurally asymmetric MoS, nanoribbons. As a result of our
study, T-shaped nanoribbons displayed the largest rectification
ratio (up to 30 %), when compared with trapezoidal and trian-
gular structures, thus illustrating the strong sensitivity of ther-
mal transport to the specific design of the lateral confinement.
Our results clearly indicate that the thermal rectification effect
is related to 1) shape asymmetries and ii) changes in the de-
gree of spatial localization of high-frequency modes (frequen-
cies larger than 350 cm~!) under non-equilibrium heat trans-
port conditions. Due to the more complex atomic structure
of the MoS, nanoribbons, we may expect that atomic-scale
engineering, e.g. of the nanoribbon edges, will open broad
possibilities for tailoring the thermal response of the systems.
This goes, however, beyond the scope of the current study.
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