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Abstract
Carbon atomic chain, linear benzene polymers, and carbon nanothreads are all one-dimensional
(1D) ultrathin carbon structures. They possess excellent electronic and mechanical properties;
however, their thermal transport properties have been rarely explored. Here, we systematically
study their thermal conductance by combining the nonequilibrium Green’s function and force
field methods. The thermal conductance varies from 0.24 to 1.00 nWK−1 at 300 K, and phonon
transport in the linear benzene polymers and carbon nanothreads is strongly dependent on the
connectivity styles between the benzene rings. We propose a simple 1D model, namely force-
constant model, that explains the complicated transport processes in these structures. Our study
not only reveals intrinsic mechanisms of phonon transport in these carbon structures, but also
provides an effective method to analyze thermal properties of other 1D ultrathin structures made
of only several atomic chains.
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1. Introduction

Graphene is an ideal electronic and thermal transport material
because of its superhigh electronic and thermal conductivities
[1–3]. However, a standard transport system is a one-dimen-
sional (1D) structure [4, 5], in which the carriers (electron or
phonon) propagate from one side to another. Moreover, the
increasing miniaturization of devices requires thin channels
[6–9]. Therefore, graphene needs to be cut into 1D graphene
nanoribbons in the real applications [10–14]. Figure 1(b) pre-
sents the thinnest armchair-edged nanoribbon (TAN), which
seems like a string of benzene ring. The thinnest imaginable
channel is a single atomic chain (SAC) [15, 16], as shown in
figure 1(a). Besides cutting graphene, another method to get
ultrathin carbon channels is to construct linear benzene poly-
mers or carbon nanothreads by linking benzene rings [17–20].
Many linearly polymerized benzene arrays and topologically

distinct nanothreads have been predicted theoretically [21–23].
Some examples from two-bond linking to four-bond and six-
bond linking of each benzene ring are illustrated in figures 1(c)–
(h). The synthesis of these ordered nanostructures is a grand
challenge task in nearly one century, because all products
obtained by many ways were amorphous carbon materials
[24–28]. Recently, Fitzgibbons et al have for the first time
recovered ordered products by high-pressure solid-state reaction
of benzene [29], showing a promising way to fabricate all the
structures in figures 1(c)–(h).

With severe quantum confinement, 1D materials, espe-
cially ultrathin nanostructures, always possess exotic physical
properties and technological applications [30–38]. For
example, although bulk polyethylene is a thermal insulator,
the thermal conductivity of an individual polymer chain can
be very high, even divergent in some cases [30–32]. The
thermal conductance of gold single atom junctions is
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quantized at room temperature and shows that the Wiede-
mann–Franz law relating thermal and electrical conductance
is satisfied [33]. The carbon nanothreads promise extra-
ordinary mechanical properties such as strength and stiffness
higher than that of sp2 carbon nanotubes or conventional
high-strength polymers [36]. Despite the importance, the
thermal transport properties of the ultrathin carbon structures
in figure 1 have been rarely explored.

Here, we systematically study thermal conductance of
ultrathin carbon structures, by combining the nonequilibrium
Green’s function method and force field method. Phonon
dispersions of these structures are calculated firstly to confirm
their structural stabilities. The calculation results also provide
force-constant matrices for each structure. Thermal con-
ductance of the structures in figure 1 varies from 0.24 to
1.00 nWK−1 at temperature T=300 K, which are strongly
dependent on the connectivity styles between units. The linear
benzene polymer in figure 1(f) has the lowest thermal con-
ductance, while the nanothread in figure 1(g) exhibits the
highest thermal conductance. We introduce a model to
explain the dependence of thermal transports on the con-
nectivity styles of the structures, where we simplify the
structures to a SAC. By analyzing the reduced force constants
(RFCs) between the atoms/units, different transport processes

in the structures are revealed. This provides a method to
analyze phonon transport in 1D nanostructures.

2. Model and methods

The eight 1D ultrathin carbon structures we studied are shown
in figure 1. Figure 1(a) is the SAC linked by carbon atoms one
by one. When each atom in figure 1(a) is replaced by a
hexagonal carbon ring, one can get a structure in figure 1(b),
i.e. a TAN. The boundary atoms are hydrogenated for stabi-
lization. Figures 1(c)–(h) present six relatively complicated
structures. All the six structures can be considered as a string
of benzene rings. The difference between them is the con-
nectivity style, such as degree of saturation and topochemical
pattern. We use a Roman numeral to represent degree of
saturation, i.e. the number of four-coordinate carbon atoms
per benzene formula unit. The structures in figures 1(c), (d)
are labeled as II, while those in figures 1(e)–(h) are labeled
as IV and VI, respectively. Usually, the structures in
figures 1(g), (h) are also called carbon nanothreads because all
the carbon atoms are four-coordinate, similar to the case in the
diamond threads. Other degree structures like those in
figures 1(c)–(f) are called linear benzene polymers. The

Figure 1. Atomic structures of (a) a SAC, (b) a TAN, (c), (d) two linear benzene polymers II-1 and II-2, whose degree of saturation is two,
(e), (f) two linear benzene polymers IV-1 and IV-2, whose degree of saturation is four, (g), (h) two carbon nanothreads VI-1 and VI-2, whose
degree of saturation is six. The Roman numerals represent degree of saturation, while the Arabic numerals represent topological pattern. The
dashed lines show primitive cells of the structures, in which the atoms with the same color represent atoms in a benzene ring.
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Arabic numeral is used to represent topological pattern. We
only select two representative stable structures for each type.

We use the nonequilibrium Green’s function (NEGF)
[39, 40] to study the ballistic phonon transport properties of
the 1D structures. Each structure has three parts: left lead,
right lead, and the center scattering region. In order to
investigate intrinsic transport properties of the structures, the
three parts are set to be homogeneous to avoid scattering
between them. According to the NEGF scheme, the retarded
Green’s function is expressed as [39]:
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tribution function for the heat carrier at the leads.
As mentioned above, the unit cells of all the structures in

figure 1 are optimized by dynamics software ‘General Utility
Lattice Program’ (GULP) [41], based on force field method,
with the second-generation reactive empirical bond order
potential [42] which was proven to give excellent description
of carbon–carbon bonding interactions [43, 44]. The phonon
dispersions are calculated to test the stabilities of these
structures, and the results are shown in figure S1 (available
online at stacks.iop.org/NANO/30/475401/mmedia) in the
supplementary materials (SM). One can find that there is no
imaginary frequency appearing in the plots, which indicates
that these 1D carbon structures are stable. Then, the force
constants can be given by the second derivatives with respect
to the potential energy. We also examine the thermal stability
of these structures by performing ab initio molecular
dynamics (AIMD) simulations in a canonical ensemble [45]
(see figure S4 in SM). After heating up to the targeted
temperature of 1000 K for 20 ps, one can find that the struc-
tural decompositions are still small.

Figure 2. (a) Thermal conductance κ of all the eight structures in figure 1. (b)–(d) Comparison of thermal conductance κ between (b) the
simplest three structures, SAC, TAN and II-1; (c) three structures II-1, IV-1 and VI-1 with different number of transport channels; (d) two
structures II-1 and II-2, with the same degree of saturation but different chemical pattern.
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3. Results and discussion

Thermal conductance κ of the eight ultrathin carbon struc-
tures increases with the temperature, as shown in figure 2,
because the phonon modes are gradually excited by temper-
ature. The thermal conductance of the SAC is 0.67 nWK−1 at
T=300 K. Although the other seven structures are all made
of benzene rings, their thermal conductance has considerable
difference, ranging from 0.24 to 1.00 nWK−1 (at T=300 K).
The thermal conductance of nanothread VI-1 is the highest,
which is approximate five times of that of linear benzene
polymer IV-2, implying that the degree of saturation and
topological form have important effects on the phonon
transport in these structures. In the following, we explain the
origination of these transport differences.

The first question is how to describe thermal transport
properties of these ultrathin structures. To answer this ques-
tion, one can firstly consider the three simplest structures in
figures 1(a)–(c). It is easy to describe the SAC by a homo-
geneous RFC between two neighboring carbon atoms. The
purple line in figure 3(b) shows the value of the RFC, while
the top panel in figure 3(a) presents the schematic model. For
the TAN in figure 1(b), if each ring is shrunk to a lattice, it is
equivalent to a SAC. The difference is each lattice has its own
inner RFC, as shown in the middle panel of figure 3(a). The
RFCs on/between the lattices are calculated approximately
according to average values of the force-constant matrix in xx,
yy and zz directions [46], i.e. only one-phonon mode is need
to be considered here (two examples of calculating RFC are
given in figure S2, tables S1 and S2 in SM). The linear
benzene polymer II-1 in figure 1(c) is somewhat similar to the
TAN in figure 1(b), and the only difference is the benzene
rings in the former are tilted because of the existence of the
saturated hydrogen atoms. Therefore, one can also use the
similar simplified model to simulate phonon transport in it.
The simplified model is shown in the bottom panel in
figure 3(a), where the RFC between the lattices is smaller than
that in the TAN because of the tilted benzene rings.
According to the parameters of the RFC shown in figure 3(b),
thermal conductance of these simplified models is calculated,
and the results are given in figure 3(c), agreeing well with that
in figure 2(b). (It is noted that the thermal conductance of
models is smaller than that of the real structures, which is
because in the models only one-phonon mode is considered.)
This indicates that one can use simplified model like atomic
chains to simulate phonon transport in these ultrathin struc-
tures. It is noted that single polyethylene chain (SPC) is
another simple carbon atomic chain passivated by hydrogen
atoms. We compare thermal conductance of SAC with that of
SPC (see figure S3 in SM). One can find that the former is
larger than the latter, because there is no phonon scattering
induced by hydrogen atoms in SAC. We also compare ther-
mal conductance of SPC of our results at 300 K and that
calculated by molecular dynamics (MD) in [31] (see the red
dot in figure S3(d)). Although the calculated methods are
different, the calculated values are comparable (0.32 nWK−1

(our result) and 0.50 nWK−1 (MD)). It indicates that our
method is valid.

To explain the effect of degree of saturation on thermal
transport, we compare structures of II-1, IV-1, VI-1 and their
thermal conductance (see figure 2(c)). The degrees of satur-
ation for II-1, IV-1, VI-1 are 2, 4 and 6, respectively. Their
thermal conductance is 0.40, 0.70 and 1.00 nWK−1 at
temperature T=300 K, respectively, i.e. the latter two are
approximate two and three times of the former one. We also
apply the simplified force-constant models in figure 4(a) to
simulate these 1D structures, and the calculated thermal
conductance is shown in figure 4(c). Obviously, these thermal
conductance shows substantial deviation from the real ther-
mal conductance in figure 2(c). The discrepancy is attributed
to different number of phonon transport channels in the
structures. In the structure II-1, the two saturated bonds
between benzene rings form one transport channel along z
direction. In the structures IV-1 and VI-1, the saturated bonds
form two and three channels, respectively. Therefore, the total
thermal conductance for the three structures should be 1, 2

Figure 3. (a) Simplified models of the three simplest structures SAC,
TAN and II-1, where the benzene rings are reduced to lattices in a
chain. (b) Distributions of RFCs for the three simplified models in
(a). The RFCs are also labeled in (a). (c) Thermal conductance κ of
the three structures calculated based on the simplified models in (a)
and RFCs in (b). G0 is the quantized thermal conductance [47],
which corresponds to a biggest ideal thermal conductance of one-
phonon mode.
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and 3 times of those for the corresponding simplified models.
After considering the channel numbers, the thermal con-
ductance of models fits the results of real structures well (see
figure 4(d)). By analyzing thermal transports of the three
structures, the structures with multi-degree of saturation can
still be simplified to a 1D chain, but multiple channels should
be considered.

Finally, we discuss the effect of topological pattern on
the thermal transport in the ultrathin carbon structures. We
use the two structures II-1 and II-2 as examples. Structures II-
1 and II-2 have the same degree of saturation, but they have
different connectivity styles between the benzene rings. They
nearly have the same RFCs on the lattices as well as between
the lattices, as shown the black line labeled with triangles in
figure 5(a). In this case, one cannot use one-phonon mode to
compare their thermal properties. Because the benzene rings
in the two structures have different tilted directions and
angles, the RFCs on/between the lattices of the simplified
models have different projected weights along xx, yy and zz
directions, as shown the colored labels in figure 5(a). This
results in the two structures having different components of
thermal conductance (see figure 5(b)). Because the xx and yy
components of structure II-1 contribute larger thermal con-
ductance than those of structure II-2, the total thermal con-
ductance of the former is greater than that of the latter, as
shown in figure 5(c).

4. Conclusions

In conclusion, we systematically study thermal conductance
of 1D ultrathin carbon structures, including carbon atomic

Figure 4. (a) Simplified models for the structures II-1, IV-1 and VI-1, where the number of ‘springs’ between the lattices represent the
number of channels. (b) Distributions of RFCs for the three structures. (c) Thermal conductance κ of three simplified models with only one
channel. (d) Thermal conductance κ of the three simplified models with realistic number of channels.

Figure 5. (a) Distribution of RFC components for the two structures
II-1 and II-2. The total RFCs of the two structures are also shown as
triangles for comparison. (b) Thermal conductance κ of the two
structures based on different components of RFCs in (a). (c) The
total thermal conductance κ of the two structures.
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chain, linear benzene polymers, and carbon nanothreads.
Their thermal conductance varies from 0.24 to 1.00 nWK−1

at 300 K. The phonon transports in the linear benzene poly-
mers and carbon nanothreads are sensitive to the connectivity
styles between the benzene rings, such as degree of saturation
and topochemical pattern. We introduce a simple force-con-
stant model to analyze the complicate transport processes in
these structures. Our study on one hand provides basic data to
evaluate transport abilities of these 1D carbon structures, on
the other hand proposes an insight to understand phonon
transport in 1D ultrathin nanostructures.

In this work, we only focus on thermal transport in infinite-
length 1D ultrathin carbon nanostructures. The previous studies
indicate that thermal transports in finite-length 1D nanostructures
[48, 49] and bulk van der Waals nanowires [50] possess dif-
ferent transport phenomena with those in infinite-length 1D
nanostructures. Thus, it is worth studying length-dependent
thermal transport in finite-length 1D nanostructures and transport
issues in bulk crystal made of van der Waals carbon nanowires.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No.11874314).

ORCID iDs

Yuanping Chen https://orcid.org/0000-0001-5349-3484

References

[1] Allen M J, Tung V C and Kaner R B 2010 Chem. Rev. 110
132–45

[2] Balandin A A 2011 Nat. Mater. 10 569
[3] Choi W, Lahiri I, Seelaboyina R and Kang Y S 2010 Crit. Rev.

Solid State 35 52–71
[4] Zhang Z L, Chen Y P, Xie Y E, Zhang M and Zhong J X 2011

J. Phys. D: Appl. Phys. 44 215403
[5] Han M Y, Özyilmaz B, Zhang Y and Kim P 2007 Phys. Rev.

Lett. 98 206805
[6] Yogeswaran U and Chen S-M 2008 Sensors 8 290–313
[7] De Volder M F L, Tawfick S H, Baughman R H and Hart A J

2013 Science 339 535
[8] Tour J M 2000 Accounts Chem. Res. 33 791–804
[9] Jariwala D, Sangwan V K, Lauhon L J, Marks T J and

Hersam M C 2013 Chem. Soc. Rev. 42 2824–60
[10] Li X, Wang X, Zhang L, Lee S and Dai H 2008 Science

319 1229
[11] Yang X, Dou X, Rouhanipour A, Zhi L, Räder H J and

Müllen K 2008 J. Am. Chem. Soc. 130 4216–7
[12] Liang G, Neophytou N, Nikonov D E and Lundstrom M S

2007 IEEE Trans. Electron Devices 54 677–82
[13] Wang X, Ouyang Y, Li X, Wang H, Guo J and Dai H 2008

Phys. Rev. Lett. 100 206803

[14] Terrones M et al 2010 Nano Today 5 351–72
[15] Cretu O, Botello-Mendez A R, Janowska I, Pham-Huu C,

Charlier J-C and Banhart F 2013 Nano Lett. 13 3487–93
[16] Shen L, Zeng M, Yang S-W, Zhang C, Wang X and Feng Y

2010 J. Am. Chem. Soc. 132 11481–6
[17] Wang T, Duan P, Xu E-S, Vermilyea B, Chen B, Li X,

Badding J V, Schmidt-Rohr K and Crespi V H 2018 Nano
Lett. 18 4934–42

[18] Li X et al 2017 J. Am. Chem. Soc. 139 16343–9
[19] McMillan P F 2007 Nat. Mater. 6 7
[20] Silveira J F R V and Muniz A R 2017 Phys. Chem. Chem.

Phys. 19 7132–7
[21] Chen B, Hoffmann R, Ashcroft N W, Badding J, Xu E and

Crespi V 2015 J. Am. Chem. Soc. 137 14373–86
[22] Xu E-S, Lammert P E and Crespi V H 2015 Nano Lett. 15

5124–30
[23] Barua S R, Quanz H, Olbrich M, Schreiner P R, Trauner D and

Allen W D 2014 Polytwistane Chem. Eur. J. 20 1638–45
[24] Pruzan P, Chervin J C, Thiéry M M, Itié J P, Besson J M,

Forgerit J P and Revault M 1990 J. Chem. Phys. 92 6910–5
[25] Cansell F, Fabre D and Petitet J P 1993 J. Chem. Phys. 99

7300–4
[26] Ciabini L, Santoro M, Bini R and Schettino V 2002 J. Chem.

Phys. 116 2928–35
[27] Ciabini L, Gorelli F A, Santoro M, Bini R, Schettino V and

Mezouar M 2005 Phys. Rev. B 72 094108
[28] Ciabini L, Santoro M, Gorelli F A, Bini R, Schettino V and

Raugei S 2006 Nat. Mater. 6 39
[29] Fitzgibbons T C, Guthrie M, Xu E-S, Crespi V H,

Davidowski S K, Cody G D, Alem N and Badding J V 2014
Nat. Mater. 14 43

[30] Sperling L 2006 Introduction to Physical Polymer Science 4th
edn (Hoboken, NJ: Wiley)

[31] Henry A and Chen G 2008 Phys. Rev. Lett. 101 235502
[32] Shen S, Henry A, Tong J, Zheng R and Chen G 2010 Nat.

Nanotechnol. 5 251
[33] Cui L, Jeong W, Hur S, Matt M, Klöckner J C, Pauly F,

Nielaba P, Cuevas J C, Meyhofer E and Reddy P 2017
Science 355 1192

[34] Wang Z, Carter J A, Lagutchev A, Koh Y K, Seong N-H,
Cahill D G and Dlott D D 2007 Science 317 787

[35] Hopkins P E and Serrano J R 2009 Phys. Rev. B 80 201408
[36] Stojkovic D, Zhang P and Crespi V H 2001 Phys. Rev. Lett. 87

125502
[37] Liao Q, Zeng L, Liu Z and Liu W 2016 Sci. Rep. 6 34999
[38] Luo D, Huang C and Huang Z 2017 J. Heat Trans-T. Asme 140

031302–6
[39] Yamamoto T and Watanabe K 2006 Phys. Rev. Lett. 96

255503
[40] Datta S 2000 Superlattices Microstruct. 28 253–78
[41] Gale J D and Rohl A L 2003 Mol. Simulat. 29 291–341
[42] Brenner D W 2002 J. Phys.: Condens. Matter. 14 783
[43] Ouyang T, Chen Y, Liu L-M, Xie Y, Wei X and Zhong J 2012

Phys. Rev. B 85 235436
[44] Xu Y, Chen X, Gu B-L and Duan W 2009 Appl. Phys. Lett. 95

233116
[45] Nosé S 1984 J. Chem. Phys. 81 511–9
[46] Zhang Z, Xie Y, Ouyang Y and Chen Y 2017 Int. J. Heat Mass

Transfer 108 417–22
[47] Rego L G C and Kirczenow G 1998 Phys. Rev. Lett. 81 232–5
[48] Liu J and Yang R 2012 Phys. Rev. B 86 104307
[49] Wang X, Kaviany M and Huang B 2017 Nanoscale 9

18022–31
[50] Zhang Q et al 2018 ACS Nano 12 2634–42

6

Nanotechnology 30 (2019) 475401 J Xue et al

https://orcid.org/0000-0001-5349-3484
https://orcid.org/0000-0001-5349-3484
https://orcid.org/0000-0001-5349-3484
https://orcid.org/0000-0001-5349-3484
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1021/cr900070d
https://doi.org/10.1038/nmat3064
https://doi.org/10.1080/10408430903505036
https://doi.org/10.1080/10408430903505036
https://doi.org/10.1080/10408430903505036
https://doi.org/10.1088/0022-3727/44/21/215403
https://doi.org/10.1103/PhysRevLett.98.206805
https://doi.org/10.3390/s8010290
https://doi.org/10.3390/s8010290
https://doi.org/10.3390/s8010290
https://doi.org/10.1126/science.1222453
https://doi.org/10.1021/ar0000612
https://doi.org/10.1021/ar0000612
https://doi.org/10.1021/ar0000612
https://doi.org/10.1039/C2CS35335K
https://doi.org/10.1039/C2CS35335K
https://doi.org/10.1039/C2CS35335K
https://doi.org/10.1126/science.1150878
https://doi.org/10.1021/ja710234t
https://doi.org/10.1021/ja710234t
https://doi.org/10.1021/ja710234t
https://doi.org/10.1109/TED.2007.891872
https://doi.org/10.1109/TED.2007.891872
https://doi.org/10.1109/TED.2007.891872
https://doi.org/10.1103/PhysRevLett.100.206803
https://doi.org/10.1016/j.nantod.2010.06.010
https://doi.org/10.1016/j.nantod.2010.06.010
https://doi.org/10.1016/j.nantod.2010.06.010
https://doi.org/10.1021/nl4018918
https://doi.org/10.1021/nl4018918
https://doi.org/10.1021/nl4018918
https://doi.org/10.1021/ja909531c
https://doi.org/10.1021/ja909531c
https://doi.org/10.1021/ja909531c
https://doi.org/10.1021/acs.nanolett.8b01736
https://doi.org/10.1021/acs.nanolett.8b01736
https://doi.org/10.1021/acs.nanolett.8b01736
https://doi.org/10.1021/jacs.7b09311
https://doi.org/10.1021/jacs.7b09311
https://doi.org/10.1021/jacs.7b09311
https://doi.org/10.1038/nmat1815
https://doi.org/10.1039/C6CP08655A
https://doi.org/10.1039/C6CP08655A
https://doi.org/10.1039/C6CP08655A
https://doi.org/10.1021/jacs.5b09053
https://doi.org/10.1021/jacs.5b09053
https://doi.org/10.1021/jacs.5b09053
https://doi.org/10.1021/acs.nanolett.5b01343
https://doi.org/10.1021/acs.nanolett.5b01343
https://doi.org/10.1021/acs.nanolett.5b01343
https://doi.org/10.1021/acs.nanolett.5b01343
https://doi.org/10.1002/chem.201303081
https://doi.org/10.1002/chem.201303081
https://doi.org/10.1002/chem.201303081
https://doi.org/10.1063/1.458278
https://doi.org/10.1063/1.458278
https://doi.org/10.1063/1.458278
https://doi.org/10.1063/1.465711
https://doi.org/10.1063/1.465711
https://doi.org/10.1063/1.465711
https://doi.org/10.1063/1.465711
https://doi.org/10.1063/1.1435570
https://doi.org/10.1063/1.1435570
https://doi.org/10.1063/1.1435570
https://doi.org/10.1103/PhysRevB.72.094108
https://doi.org/10.1038/nmat1803
https://doi.org/10.1038/nmat4088
https://doi.org/10.1103/PhysRevLett.101.235502
https://doi.org/10.1038/nnano.2010.27
https://doi.org/10.1126/science.aam6622
https://doi.org/10.1126/science.1145220
https://doi.org/10.1103/PhysRevB.80.201408
https://doi.org/10.1103/PhysRevLett.87.125502
https://doi.org/10.1103/PhysRevLett.87.125502
https://doi.org/10.1038/srep34999
https://doi.org/10.1115/1.4038003
https://doi.org/10.1115/1.4038003
https://doi.org/10.1115/1.4038003
https://doi.org/10.1115/1.4038003
https://doi.org/10.1103/PhysRevLett.96.255503
https://doi.org/10.1103/PhysRevLett.96.255503
https://doi.org/10.1006/spmi.2000.0920
https://doi.org/10.1006/spmi.2000.0920
https://doi.org/10.1006/spmi.2000.0920
https://doi.org/10.1080/0892702031000104887
https://doi.org/10.1080/0892702031000104887
https://doi.org/10.1080/0892702031000104887
https://doi.org/10.1088/0953-8984/14/4/312
https://doi.org/10.1103/PhysRevB.85.235436
https://doi.org/10.1063/1.3272678
https://doi.org/10.1063/1.3272678
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.041
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.041
https://doi.org/10.1016/j.ijheatmasstransfer.2016.12.041
https://doi.org/10.1103/PhysRevLett.81.232
https://doi.org/10.1103/PhysRevLett.81.232
https://doi.org/10.1103/PhysRevLett.81.232
https://doi.org/10.1103/PhysRevB.86.104307
https://doi.org/10.1039/C7NR06216H
https://doi.org/10.1039/C7NR06216H
https://doi.org/10.1039/C7NR06216H
https://doi.org/10.1039/C7NR06216H
https://doi.org/10.1021/acsnano.7b08718
https://doi.org/10.1021/acsnano.7b08718
https://doi.org/10.1021/acsnano.7b08718

