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Superatoms are atomically-precise nanometer-sized clusters that can self-assemble to
form superatomic crystals (SACs). SACs have emergent and unexpected electrical,
optical, and magnetic properties. Very little is understood about thermal transport in
SACs. We perform the first-ever molecular dynamics simulations of SACs to identify
the atomic mechanisms that dictate thermal transport. The SACs are built from C60 and
chalcogen-based superatoms. We discover that the temperature dependence of thermal
conductivity can be explained by the rotational dynamics and orientational ordering of
the C60s, mechanisms that had only been hinted at by previous experimental studies.
Our key insight is that SACs only have a crystal-like thermal conductivity (i.e.,
decreasing with increasing temperature) when the C60s are locked in place in an
ordered manner. If the C60s are disordered, in either a locked-in-place configuration or
freely rotating, then the thermal conductivity is lower and amorphous-like (i.e.,
temperature independent). This new link between fullerene rotational dynamics,
orientational order, and thermal transport suggest a new paradigm for designing SACs
whose thermal conductivities can be switched by external mechanical, electrical, and
optical fields. Such thermal conductivity switches could have profound impacts on

managing and controlling heat flow in electronics and energy conversion devices.
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The thermal conductivity of fullerene-based superatomic crystals
(SAGCs) is investigated using molecular dynamics simulations.
The temperature-dependent predictions agree with the trends
of previous measurements. The thermal conductivity behavior
emerges as a result of the Cgq molecule rotational dynamics and
orientation, which are quantified using the root mean square
displacements of the carbon atoms and the relative orientations
of the Cggs. At low temperatures, the Cggs exhibit small
rotations around equilibrium positions (i.e., librations). When
the librating Cgqs are orientationally-ordered, as in the [Cgp] and
[CogSeg(PEt3)6][Coplo SACs, thermal conductivity decreases with
increasing temperature, as is typical for a crystal. When the
librating Cgos are orientationally-disordered, however, as in the
[CogTeg(PEt3)6l[Coolo SAC, thermal conductivity is lower and
temperature independent, as is typical for an amorphous solid. At
higher temperatures, where the Cggs in all three SACs freely-rotate
and are thus dynamically disordered, thermal conductivity is
temperature independent. The abrupt changes driven by the Cgq
dynamics suggest that fullerene-based SACs can be designed to be
thermal conductivity switches based on a variety of external stimuli.

Superatoms are atomically-precise and chemically-stable clus-
ters that can emulate atoms, but at the nanometer scale. 7" Ex-
amples include Cgy, CogSeg(PEts)g, and Ni;,Te,,(PEt;)g. Su-
peratoms can interact through electrostatic2, covalent®, and/or
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van der Waals? interactions, leading to the formation of amor-
phous and ordered solids. The latter are called superatomic crys-
tals (SACs), which can behave like traditional rare earth ele-
mentsm, semiconductors, and superconductorsm. For example,
the n-doped SAC [RegSegCl,] is a superconductor with a critical
temperature of ~8 K7

The tunability of superatom composition and the ability to mix
different superatoms results in an immense design space for SACs
beyond that for atomic crystals, which can lead to beneficial prop-
erties. For example, the surface of a two-dimensional SAC can be
functionalized without affecting the intralayer bonding.19

Our interest here is thermal transport in SACs that are built
from Cg, CogSeg(PEt;)s, and CogTeg (PEt,)4 superatoms. These
large unit cell crystals exhibit more complex thermal transport
behaviors than found in simple, small unit cell crystals. Ex-
perimental measurements of the Cq, molecular crystal, [Cgql,
show a switch from a crystal-like thermal conductivity (i.e., one
that decreases with increasing temperature) to an amorphous-like
thermal conductivity (i.e., one that is temperature independent)
across a phase transition at a temperature of 260 K, where the
lattice constant abruptly increases and the Cg,s begin to freely
rotate. 1112 The high-temperature phase has dynamic disorder, in
that the centers of mass of the Cgs sit on a lattice, but their ori-
entations are random and time-dependent.

Molecular dynamics (MD) simulations have also been con-
ducted on [Cg] to study its thermal behavior from an atomic
perspective. Giri et al. found that the librational modes are
suppressed with increasing pressure, leading to a rapidly increas-
ing thermal conductivity.™> Kumar et al. predicted thermal con-
ductivity across the phase transition in [C6O]. They found that
while the free rotations do not carry significant heat, they increase
the scattering of the phonons associated with Cg, center of mass
vibrations, leading to the temperature-independent thermal con-
ductivity.

Ong et al. experimentally measured the thermal conductiv-
ity of the isostructural binary SACs [CogSeg(PEt;)¢]1[Cgql, and
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[CogTeg (PEt;)¢] [C60]2,3 which we will refer to as [CoSe][Cg],
and [CoTe][Cgyl,. They found that the thermal conductivity
of [CoSe][Cgl, has a similar temperature dependence as that
of pure [Cg,] (i.e., crystal-like at temperatures below 190 K
and amorphous-like at higher temperatures). This result sug-
gests a transition from librating to freely-rotating Cgs (i.e., the
emergence of dynamic disorder) that was supported by an in-
crease in the lattice constant at the same temperature where the
thermal conductivity trend changed. [CoTe][Cgy], showed an
amorphous-like thermal conductivity at all temperatures consid-
ered (150 - 350 K), suggesting free rotations of the Cg,s due to
the larger size of the Te ion compared to the Se ion. O’Brien et
al. measured the thermal conductivity of [CogTeg (PEt;)¢]1[C5g15,
which contains larger and non-spherical C,, molecules. 17 They
found that dynamic disorder emerges above a temperature of 240
K.

How Cg, rotational dynamics affect the thermal conductivity
of [CoSe][C¢(], and [CoTe][Cg, 1, has only been qualitatively in-
ferred from structural and thermal measurements.® We herein
apply MD simulations to [Cgy], [CoSe][Cgjl,, and [CoTe][Cgyl,
to directly observe the rotational dynamics and to determine
the impact on thermal conductivity. In addition to observing
the emergence of dynamic disorder, we distinguish between
static low-temperature phases that are rotationally-ordered and
rotationally-disordered and formulate criteria for the observation
of a crystal-like thermal conductivity in fullerene-based SACs.

Above a temperature of 260 K, [C4,] has a face-centered cubic
structure with a one-molecule basis. Due to the free rotations,
there is no order in the molecular orientations. Below this tem-
perature, the lattice constant contracts by 0.3% and the molecules
develop orientational order, such that the crystal structure be-
comes simple cubic with a four-molecule basis [Figure S1 in the

Supporting Information (SI)]. 12]16]18
Both [CoSe][Cgol, and [CoTe][Cgyls

Cog(Seor Te)g(PEt;) and two Cgys in
[CoSe][Cgyl, takes on the P3 phase at temperatures below

have one
each unit cell.

190 K and the higher symmetry P3m1 phase at higher temper-
atures. [CoTe][Cgy], is observed to be in the the P3m1 phase
at all studied temperatures (150 - 350 K).2 Further details are
provided in Section S1.

The MD simulations were performed using LAMMPS1? be-
tween temperature of 25 and 300 K with a time step of 1 fs
and periodic boundary conditions in all directions. Due to the
accessible system sizes and time scales, it is generally not possi-
ble to capture experimentally-observed phase transitions in stan-
dard MD simulations. To do so, enhanced sampling methods are
needed.?%2Y Furthermore, due to limitations in the interatomic
potentials, phase transition temperatures are difficultt o accu-
rately predict. As such, for completeness, we modeled both the
P3 and P3m1 phases at all temperatures for both [CoSe][Cg(],
and [CoTe][Cgql,. The SI also contains simulation results for the
unary SAGCs characterized by Ong et al.® The atomic interactions
were modeled using the universal force field ( UFF),%2which in-
cludes bonded, angular, dihedral, and non-bonded interactions
(van der Waals and electrostatic). The partial charges for the
electrostatic interactions were obtained by the extended charge
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equilibration method.23. All potential parameters are provided
in the SI. Molecular dynamics simulations are classical, such that
quantum effects on phonon populations and heat capacity are not
included.?# Our goal is thus to study general questions of the na-
ture of thermal transport in fullerene-based SACs.

Simulation boxes of size 2 x 2 x 2 unit cells were built us-
ing experimentally-measured lattice parameters and atomic po-
sitions. The system was then evolved in the NPT ensemble (i.e.,
constant number of atoms N, pressure P, and temperature 7) at
zero pressure and the desired temperature for 3 x 107 time steps.
The [Cgy] simulation cell was constrained to be cubic, while the
three side lengths of the [CoSe][C¢,], and [CoTe][Cgyl, simu-
lation cells were controlled independently. The angles for the
[CoSe][Cgpl, and [CoTe] [Cyy ], simulation cells were fixed at the
experimental values. The side lengths were recorded every ten
time steps over the last 107 time steps, averaged, and then used
to obtain the lattice constants, with additional averaging based
on known symmetries. Details for the unary SACs and on bulk
modulus predictions are provided in Sections S1 and S2.

The thermal conductivity was predicted using the Green-Kubo
method.”%> The expression for the heat current provided by Boone
et al. was used to properly include the three- and four-body
terms in the UFF.2® A 3 x 3 x 3 unit cell simulation box (re-
quired to eliminate size effects, see Section S3) was built using
the zero-pressure lattice constants and thermalized in the NVT
(i.e., constant number of atoms, volume V, and temperature) en-
semble with a Nose-Hoover thermostat for 2 x 10° time steps and
then equilibrated in the NVE ensemble (i.e., constant number of
atoms, volume, and total energy E) for 10° time steps. The heat
current vector was then collected every five time steps in the NVE
ensemble for 3 x 10° time steps for [Cg,] and 5 x 10 time steps
for [CoSe][Cgyl, and [CoTe][Cqpyl,. The heat current autocorre-
lation functions (HCACF) were obtained for ten independent sim-
ulations with random initial velocities and then averaged. The
thermal conductivity was then specified by averaging the aver-
aged HCACF between correlation times of 50 and 200 ps. For
[Cgol, the isotropic thermal conductivity was obtained by averag-
ing the three directions. For the SACs, the full anisotropic ther-
mal conductivity tensor was calculated, with subsequent averag-
ing based on known symmetries. The uncertainty was estimated
by calculating the standard deviation of ten thermal conductivi-
ties, each obtained by averaging the HCACF over nine of the ten
independent simulations.

We quantified the Cg rotational dynamics using the root mean
square displacement (RMSD) of the carbon atoms and the angle
between neighboring Cg,s. The RMSD of a carbon atom was cal-
culated every ten time steps in an NVT simulation for 10° time
steps, using the time-averaged position as the reference. The re-
ported RMSD is an average over all carbon atoms in all Cgs. The
orientation of a Cg, was quantified by building vectors from its
center to the center of each of its twelve pentagonal faces. The
relative angle 6 between two Cgs is the minimum of the 144 an-
gles formed between them by the two sets of twelve vectors. By
recording 6 for every pair of Cg,s every 100 time steps in an NVT
simulation and averaging them over 10° time steps, the average
relative angle 6 was obtained.



Nanoscale Horizons

The predicted zero-pressure lattice constants of [Cg,] are plot-
ted in Figure a) along with experimental data! and the pre-
dictions of Kumar et al.’8 The UFF lattice constants are ~0.2 A
lower than the experimental values, while those from Kumar et
al., who used the polymer consistent force field (PCFF), are ~0.3
A higher. All three data sets show a change in the lattice constant
at the point where the G4, molecules begin to freely rotate: 100 K
for PCFF (clearly seen in the rotational diffusion coefficient data
in Ref. 16), 212 K for UFF, and 260 K in the experiments. The
experimental lattice constant data show a larger jump than the
MD predictions at the phase transition. Spirk et al. developed a
force field for a rigid-body model of [Cg] that raised the transi-
tion temperature closer to the experimental value and generated
a larger jump in the lattice constant at the transition.?” We did
not use the Spirk et al. force field because the chalcogen atoms in
the SACs limited our choices. For this reason, we used the UFF,
which, as shown, performs better than the PCFF. These results
point to the sensitivity in the behavior of [Cg,] based on the cho-
sen force field, which is also evident when analyzing other MD
studies. 14

The thermal conductivity of [Cg4,] is plotted in Figure @b) as
a function of temperature. Included are predictions from our
UFF calculations, the PCFF, and experiments.!2 All three data
sets show the same qualitative behavior. There is a crystal-like
thermal conductivity at low temperatures and an amorphous-like
thermal conductivity at high temperatures. The transition occurs
at the same temperature as the transition in the lattice constant
observed in Figure a), shown with dashed vertical lines. The
MD-predicted thermal conductivities are continuous with temper-
ature, which is in contrast to the experimental data, where there
is a jump at the transition. We hypothesize that the lack of a
jump in the MD thermal conductivity data is a result of the classi-
cal nature of MD simulations, such that all vibrational modes are
activated at all temperatures. Support for this assertion can be
found in the work of Kumar et al., 18 who applied MD simulations
and the PCFF to predict the thermal conductivity of [Cg,] using
three approaches: a full degree of freedom model (as we have
done here), a rigid body model, and a point mass model. Their
full degree of freedom thermal conductivity, which is plotted in
Figure b), shows a continuous thermal conductivity trend with
temperature, as we found with the UFF. Their rigid body model,
however, has a jump in thermal conductivity at the phase transi-
tion. A rigid body model is potentially a better representation of
the experimental system, where the majority of the intramolec-
ular degrees of freedom are not activated at room temperature
and below. The activated intramolecular degrees of freedom in
the MD simulations both carry heat and scatter with the inter-
molecular degrees of freedom, leading to the continuous thermal
conductivity behavior. We also note that the rigid body thermal
conductivity at a given temperature is always lower than the cor-
responding full degree of freedom value. This behavior suggests
that the use of classical statistics leads to an overestimation of the
MD-predicted thermal conductivity of [Cg,] and thus that of the
binary SACs.

The predicted zero-pressure lattice constants of [CoSe][Cg],
and [CoTe][Cg,], between temperatures of 25 and 300 K are pro-
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Fig. 1 Temperature-dependent (a) lattice constant and (b) thermal con-
ductivity of [Cgg]. The atomic structure of one molecule is provided in
the inset of (a). C = purple. Experimental datal112 and PCFF-predicted
data2% are included for comparison. The phase transition temperatures
are 100 K for PCFF (clearly seen in the rotational diffusion coefficient
data in Ref. [16)), 212 K for UFF, and 260 K in the experiments.

vided in Tables $2-S5. The results are all within 0.29 A of the
corresponding experimental values (measured between tempera-
tures of 100 and 300 K), with a relative error of at most 1.8%.

The predicted thermal conductivities of [CoSe][Cgyl, and
[CoTe][Cgyl, and the measurements of Ong et al. are plotted in
Figures [2(a){2)(d). Our results are consistent with the measure-
ments in terms of trend and magnitude. For [CoSe][Cg(l,, the
low-temperature P3 phase shows the same decrease in thermal
conductivity with increasing temperature as the experiments, al-
beit with the transition happening at a lower temperature, which
is consistent with the [Cg,] predictions. The high-temperature
P3m1 phase has a temperature-independent thermal conductivity,
also consistent with the measurements. For [CoTe][Cg], in the
P3m1 phase, which is observed at all experimental temperatures,
the predicted thermal conductivity is temperature-independent,
again consistent with the experiments.

The ¢ direction thermal conductivity is generally larger than
that along the a and b directions. This anisotropy was not re-
At a temperature of 300 K, the
direction-averaged predicted thermal conductivities for the P3m1
phases are 0.171+0.007 for [CoSe][Cg], and 0.178 +0.006 W/m-

solved in the measurements.
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Fig. 2 Temperature-dependent MD-predicted and experimental®® thermal
conductivities of [CoSe][Cqol> [(2), (b)] and [CoTe][Cqplo [(c), (d)] in the
P3 [(a), (c)] and P3m1 [(b), (d)] phases. The atomic structures of the
CoSe and CoTe superatoms are provided in the insets of (b) and (c).
Co = blue; Se = green; Te = white; P = red, C = black. Hydrogen
atoms are removed to clarify the view. The experimental data is plotted
corresponding to the observed phase.

K for [CoTe][Cgq1,, which are comparable with the measured val-
ues of 0.254+0.06 W/m-K and 0.16 +0.04 W/m-K.

As shown in Figure [3(a), three distinct regimes are evident in
both the RMSD and 6 data for [Cgg].

(i) Below a temperature of 125 K, the RMSD scales as T 1/ 2
consistent with the harmonic crystal approximation.2® From
the distribution plotted in Figure S16, the relative angle 0
between two cages is less than 10°. The resulting 8 is below
5° and increases slowly with increasing temperature. These
results indicate that the Cgys in [Cgy] in this temperature
range are librating around an equilibrium position and are
orientationally ordered. This behavior is confirmed by the
atomic trajectory of a single carbon at a temperature of 50 K
plotted in Figure The single cluster of points on the x —y
(pink), x—z (blue), and y —z (green) planes and overall (red)
indicate that the carbon atom is vibrating around a single
equilibrium position.

(i) Between temperatures of 125 and 212 K, the RMSD in-
creases rapidly with increasing temperature. The 6 distri-
bution (Figure S16) broadens and its peak shifts to larger
values, giving rise to the § increase from 5° to 10°. The
atomic trajectory at a temperature of 200 K plotted in Figure
[4b]shows multiple discrete clusters, indicating that there are
many equilibrium positions. In this temperature range, we
conclude that the Cgs librate around an equilibrium posi-
tion and periodically ratchet to a new equilibrium position.
With increasing temperature, the ratcheting frequency in-
creases.

(iii) Above a temperature of 212 K, the RMSD value is constant
with a value close to the radius of the Cg; molecule. The
small deviation results from the collective movement of the
atoms with respect to the molecule’s center. The relative an-

4| Journal Name, [year], [vol.], 1~E]
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gle 0 is nearly evenly distributed and shows no temperature
dependence (Figure S16). Thus, 0 is temperature indepen-
dent with a value of 20°, which is about half of the maximum
possible angle (37.5°) between two Cg, molecules. These re-
sults indicate that the Cy, molecules are freely rotating and
are thus dynamically disordered, which is confirmed by the
atomic trajectory at a temperature of 300 K plotted in Figure
4d

We note that the transition temperature from (ii) to (iii) matches
that seen in the lattice constant and thermal conductivity data,
plotted in Figures a) and b). This transition was also ob-
served by Kumar et al., 16 who found that the free rotations lead
to the temperature-independent thermal conductivity. Kumar et
al. quantified the nature of the Cg rotation using the rotational
diffusion coefficient and did not observe the transition from (i) to
(ii).

We now apply this analysis framework to understand how
Cgo rotational dynamics impact the thermal conductivity of
[CoSel[Cqyl, and [CoTel[Cgpyl,. The RMSD and 6 for both ma-
terials in the P3 and P3m1 phases are plotted in Figures b) and
c). The 6 distributions are plotted in Figures S17(a)-S17(d).

Similar to [Cgq], the results for both materials in the P3 phase
can be divided into three regimes. Below a temperature of 75
K, the RMSD scales as T!/2 and 6 is below 5° and increases
slightly with increasing temperature. The atomic trajectory of a
carbon atom at a temperature of 50 K, plotted in Figure S12(a)
for [CoSe][Cq,], and in Figure S14(a) for [CoTe][Cq\l,, gener-
ates one cluster. Thus, the Cgs in the P3 phases are librating and
orientational ordered at low temperatures, consistent with their
crystal-like thermal conductivity. As temperature increases, the
RMSD, 0, and atomic trajectories in the P3 phases mirror those
found for [Cg,]. Between temperatures of 75 K and 200 K, the
Cgos ratchet, as shown in Figures S12(b) and S14(b). Above a
temperature of 200 K, they are freely rotating, as shown in Fig-
ures S12(c) and S14(c).

For the P3m1 phases, the RMSD is similar to that for the P3
phases over the entire temperature range, although the maxi-
mum temperature at which the Cgys only librate is lower. A
striking difference, however, is seen in the 6 data, which remain
above 20° at all temperatures. This result indicates that the Cgs
are orientationally-disordered over the entire temperature range,
even when they are librating. It is this disorder that prevents the
crystal-like thermal conductivity at low temperatures seen in the
P3 phases, which have Cgy,s that are orientationally ordered. The
amorphous-like thermal conductivity behavior in fullerene-based
SACs is thus a result of orientational disorder, either static or dy-
namic, in the Cgys that can exist at any temperature.

We now turn to the question of why the P3 phases are orienta-
tionally ordered at low temperatures while the P3m1 phases are
orientationally disordered. To do so, we calculated the superatom
centroid-to-centroid spacings, which show a weak temperature
dependence. The values at a temperature of 300 K are provided
in Table[T} The CoSe-Cg and CoTe-Cg separations are within 0.1
A between corresponding P3 and P3m1 phases. The Ce0-Ceo sep-
arations, however, are more than 1 A larger for the P3m1 phases
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Fig. 4 Trajectories of a carbon atom in [Cgp] at various temperatures. The trajectory (red) and its projections onto the x—y (pink), x—z (blue), and
y—2z (green) planes are shown. (a) At a temperature of 50 K, there is a single cluster, indicating that the Cgy molecule is librating around a single
equilibrium position. (b) At a temperature of 200 K, there are multiple discrete clusters, indicating that the Cgq molecule ratchets between multiple
equilibrium positions. (c) At a temperature of 300 K, the points are uniformly distributed on a sphere, indicating that the Cgq molecule is freely

rotating.

Table 1 Superatom (SA) centroid-to-centroid distances in [Cgp],
[CoSe][Cgplo. and [CoTe][Cgol, at a temperature of 300 K

Distance (A)

SA_C60 C60'C60
[Ceo] - 9.8420
[CoSel[Cgpl,, (P3) 10.0858  9.9495
[CoSel[Cgyl, (P3m1)  10.1524  11.2408
[CoTel[Ceq1, (P3) 10.1855 10.1835
[CoTel[Cgol, (P3m1)  10.1715  11.3267

than those for the P3 phases and for [Ceol- As two Cgys get closer
together, they interact more strongly and the energy barriers for
rotation increase (Figure S19). As temperature decreases, the ki-
netic energy of each Cg, decreases such that it may not be able to
overcome the rotational energy barriers. Because the rotational

energy barriers for the P3 phases are large (> 1 eV), we hypoth-
esize that the Cg relative orientations lock in place at the rota-
tional energy minima as temperature is decreased, leading to the
observed static orientational order. In contrast, the rotational en-
ergy barriers of the P3m1 phases are too small (~ 0.04 eV) to
enforce orientational order as temperature is decreased. Instead,
the Cg,s take on a statically disordered state that is mediated by
their interactions with the other superatom types.

The thermal conductivity of [CoTe][Cg,], in the P3 phase, a
phase that is not observed experimentally, is plotted in Figure
[2(c). The rotational dynamics of this phase are captured in Fig-
ures b) and c). Based on the 6 data, the c-direction ther-
mal conductivity shows the expected low-temperature behavior
of a decreasing thermal conductivity with increasing temperature.
The a/b-direction thermal conductivity, however, is temperature-
independent at all temperatures considered, a result that we can-
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not yet explain.

In summary, we conducted MD simulations to study thermal
transport in the fullerene-based SACs [Cgy], [CoSe][Cqpl,, and
[CoTe][Cgyl,- The Cqy molecule rotational dynamics were quan-
tified by the carbon atom RMSD and the angle between neigh-
boring Cg, molecules. Three distinct regimes are evident for all
three SACs as temperature increases that correspond to librating,
ratcheting, and freely-rotating Cy, molecules. We determined
that a crystal-like thermal conductivity occurs when there is ori-
entational order, which can only happen when the C,, molecules
are librating. An amorphous-like thermal conductivity occurs
when there is orientational disorder, which can be either static
(librating) or dynamic (ratcheting or freely-rotating). Our results
clearly demonstrate that the thermal conductivity of fullerene-
based SACs can be manipulated by controlling the rotational dy-
namics of Cg, molecules. Beyond temperature, SACs could be
designed where stress, electric fields, and light could realize this
control to create a thermal conductivity switch.
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