
Molecular Electronic Junctions Achieved High

Thermal Switch Ratios in Atomistic Simulations

Xingfei Wei† and Rigoberto Hernandez∗,†,‡,¶

†Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 21218, USA

‡Department of Chemical & Biomolecular Engineering, Johns Hopkins University,

Baltimore, Maryland 21218, USA

¶Department of Materials Science and Engineering, Johns Hopkins University, Baltimore,

Maryland 21218, USA

E-mail: r.hernandez@jhu.edu

Abstract

The development of devices that improve thermal energy management requires

thermal regulation with efficiency comparable to the ratios R ∼ 105 in electric regu-

lation. Unfortunately, current materials and devices in thermal regulators have only

been reported to achieve R ∼ 10. We use atomistic simulations to demonstrate that

Ferrocenyl (Fc) molecules under applied external electric fields can alter charge states

and achieve high thermal switch ratios R = Gq/G0, where Gq and G0 are the high

and low limiting conductances. When an electric field is applied, Fc molecules are

positively charged and the SAM-Au interfacial interaction is strong, leading to high

heat conductance Gq. On the other hand, with no electric field, the Fc molecules are

charge neutral and the SAM-Au interfacial interaction is weak, leading to low heat

conductance G0. We optimized various design parameters for the device performance,

including the Au-to-Au gap distance L, the system operation temperature T , the net

charge on Fc molecules q, the Au surface charge number Z, and the SAM number N .
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We find that Gq can be very large and increases with increasing q, Z, or N , while G0

is near 0 at L > 3.0 nm. As a result, R > 100 was achieved for selected parameter

ranges reported here.
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1 Introduction

Optimizing thermal energy management is important to developing next-generation micro-

electronics, heating/cooling systems, and phononic computing devices.1–5 Useful figures of

merit for reporting control of heat or electric flow are the rectification ratio, the regulation

ratio, or the switch ratio—R (= G/G′), where G and G′ are the heat or electric conductance

in both directions between two different states with G chosen such that G > G′. Thermal

conductance switch ratios R as high as 13 have been recently reported by Li et al. 6 using

an electric field regulated gold-self-assembled monolayer (SAM)-graphene interface and a

carboranethiolate SAM molecular junction. Here, we aim to uncover materials with even

larger thermal switch ratios.

In 2006, Chang et al. 7 demonstrated one of the earliest thermal rectification devices.

They used carbon and boron nitride nanotubes to achieve a rectification ratio of R = 1.07.

The thermal conductivity of polyethylene (PE) nanofibers was also reported to change by

as much as a factor of 12, when switching between crystal and amorphous phases, leading

to R as high R = 2.2.8 Recently, Shrestha et al. 9 also experimentally demonstrated that

polymer thermal diodes consisting of irradiated-pristine heterogeneous PE nanofibers can

achieve R = 1.5. In 2018, Ma and Tian 10 found that switching the heat flow directions in

bottle brush polymers can induce a heat carrier populations switch from those of diffusive

to ballistic behavior, leading to R = 1.7 at a temperature gap of 200 K. Recently, we also
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showed that a tree polymer structure using PE branches can reach R = 1.25 in a level 5

tree.11,12

Despite this progress, the development of regulated phononic devices—e.g., thermal

diodes, thermal transistors, and thermal switches—are far behind those of electric devices

as measured by presently accessible values of R. Indeed, electric rectification ratios of 105

or higher are needed for molecular electronics to compete with silicon-based electronic de-

vices.13 However, currently the most advanced materials and devices can only yield a thermal

regulation ratio 3 to 4 orders lower than this. The Nijhuis group developed various organic

electronic devices that can reach electric regulation from R = 104 to 105, using various SAM

functionalized organic-inorganic interfaces.14–20 For example, Han et al. 17 reported an electric

field driven molecular switch tunneling junction that can reach R > 104 at a driven voltage of

0.89 V, using methylviologen -S(CH2)11MV2+X−
2 thiol molecules. They later reported that a

SAM with the 5,6,11,12,17,18-hexaazatrinaphthylene (HATNA) terminal groups reproduces

synaptic plasticity properties and can realize Pavlovian learning.18 This design also demon-

strated memristive properties,—viz. the output depends only on the input driving speed and

the number of past switching events—which is useful for designing brain-inspired electronic

devices.18 Moreover, they reported that a Ferrocenyl (Fc) terminated alkanethiolate SAM

(Fc-C≡C-Fc), can act as a molecular electric diode R > 105.16 They posited that the mech-

anism involves several steps: application of an electric field electrochemically oxidizes the Fc

molecules, then the electrostatic interaction enhances the SAM-electrode coupling strength,

reducing the SAM-electrode distance, and finally leading to an increase in electron conduc-

tance from the enhanced electron tunneling.16 This mechanism—viz arising from electric

field induced strong electrostatic interactions—can also be applied to enhance and regulate

thermal transport.21–24

One possible strategy for improving thermal switch ratios involves the identification of

new or repurposed materials with high electric switch ratios that are amenable to thermal

switching. While MoSe2 and WSe2 are both thermoelectric materials, for example, WSe2
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has better thermoelectric properties than MoSe2.
25 Using a monolayer MoSe2-WSe2 lateral

heterostructure, Zhang et al. 26 developed a device that achieved both electric regulation

R ∼ 104 and thermal regulation R = 1.96. They found that tuning of lithium intercalation

can lead the thermal conductivity of MoS2 to change by a factor of 2.33 for thin films

and 5 for bulk materials.27 By reversibly regulating lithium intercalation in MoS2, Sood

et al. 28 achieved a switchable thermal transistor with R ∼ 9.375, and Li et al. 6 reached the

aforementioned value of R = 13.

In this work, we use molecular dynamics (MD) simulations to demonstrate that the Fc

terminated SAM (Fc-C≡C-Fc) introduced by Chen et al. 16 to regulate electricity can also

regulate heat conductance across the Au-SAM-Au hetero-junction. By tuning the gap dis-

tance between two Au blocks in the hetero-junction, the system temperature, the Fc molec-

ular oxidation/charge state, the Au surface charge density, and the SAM surface number

density, we can optimize R for the molecular junction to high values, as reported below.

2 Methods

2.1 Au-SAM-Au hetero-junction model

The simulation model is built according to Chen et al. 16 The overall box size of the structure

shown in Fig. 1a is 32.5×3.9×4.5 nm3, and periodic boundary conditions are imposed in all

3 dimensions. We use two blocks of FCC Au crystal as the electrode. Both of the left and

right side Au blocks shown therein have 18 Au layers with the (111) facet facing the SAM

molecules. We leave 20 nm of vacuum space in between the left and right sides to avoid the

direct interaction between the two Au blocks. A representative Fc terminated alkanethiolate

SAM structure in molecular detail is shown in Fig. 1b. It contains a thiol group, a C15

alkane chain, and a Fc functional group. In the initial structure of the simulation box, we

uniformly packed 48 Fc molecules on the Au surface; see Fig. 1c.

The initial Fc SAM structure on the Au(111) surface is shown in Fig. 1d. The initial
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Figure 1: Visual representations of the model employed in this work: (a) The Au-SAM-Au
hetero-junction structure, showing the SAM with the thiols bonded to one of the surfaces and
the ligands stretched sufficiently to touch the opposite surface. (b) An extended structure
of the Fc terminated alkanethiolate. (c) A periodic box of the Au(111) surface shown from
above along with 48 uniformly-positioned thiols in the plane just above it. (d) A side view
of the initial structure of the SAM with Fcs positioned regularly on a Au(111) surface as
shown in panel c.
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SAM packing density therein is selected according to the optimum value reported by Chen

et al. 16 . To explore the effect of the density of the SAM, we also report cases in which we

reduce the SAM number from 48 to 12, by randomly deleting Fc molecules on the Au(111)

surface.

The model set up is similar to that in our previous representations of Au-SAM-liquid

hard-soft interfaces23,24,29 and polymer linked gold nanoparticle (AuNP) networks.11,12 The

Fc hetero-junction system construction is based on several simulation models in the liter-

ature.30–33 As in other studies, the Optimized Potentials for Liquid Simulations (OPLS)

all-atom force field34,35 is used to simulate the interactions within Fc molecules. The Au

crystal is simulated using the Au-Au Lennard-Jones (LJ) force field of Heinz et al. 36 The

cross interaction forces between Au and Fc molecules are described by both LJ and Coulom-

bic interactions with modified parameters from the literature as recorded in the Supporting

Information (SI).37,38 In the Fc SAM molecule, the ethyne linker between two Fc rings is

represented as a linear connection.39

Our models simulate two different states—viz. positively charged and neutrally charged

Fc molecules—to model the electric field regulated Au-SAM-Au hetero-junction.40 The over-

all system is charge neutral in both states. Without electric field, both Fc molecules and

the Au surface are charge neutral; see Fig. 2a. In this case, the charge neutral Fc molecule

force field is adopted from literatures,41–43 and includes the dihedral angle accounting for

rotations of the cyclopentadienyl rings. We can impose an electric field, by setting each

Fc molecule to carry q = +2e charge, and the unbonded Au layer—viz, the one facing the

SAM on the right (or unbonded) slab—carries surface charge Z = −0.2 e/atom (Fig. 2b),

as was done in Bernardes et al. 44 More generally, we can also vary net charges q on the

Fc molecules to represent different oxidation states of the Fc molecules.44–46 Specifically, we

varied q ∈ (0.0, 0.4, 0.8, 1.2, 1.6) in units of e. In addition, we also varied surface charge Z to

allow for variations in the electric field. Specifically, we vary the Au layer surface charge from

Z = −0.05 to −0.5 e/atom, and report the resulting field strengths. Detailed descriptions

6



of force field parameters are provided in SI.

Using a polarizable Au surface can affect the thermal transport process across the Au-

SAM-liquid interface. Previous work by Gezelter and coworkers47–50 showed that a polariz-

able force field can lead to significant thermal conductance differences in AuNP systems,49,50

but no obvious effect on planar Au interfaces.48,50 Here, we use an image charge method to

model the polarizable planar Au(111) surface47 and find no difference in the heat conduc-

tance as reported below. This is a consequence of the fact that the electric field dominates

the observed behavior as it is much larger than the small contributions that can arise from

polarizable responses.

2.2 Determining heat conductance from ONEMD simulations

The Large-scale Atomic Molecular Massively Parallel Simulator (LAMMPS) package is used

to propagate all MD simulations.51 The simulation time step is 0.25 fs. The tempera-

ture damping parameter is 25 fs for the Langevin thermostat. A buffer size of 2.5 Å is

used to reconstruct the neighboring atoms. We use an LJ 12-6 potential with the Lorentz-

Berthelot arithmetic combining rule to describe interactions between dissimilar atoms. For

both Coulombic and LJ forces, the cutoff radius is 10 Å. Long-range interactions beyond

this radius are not included because they did not affect the dynamics or the thermal con-

ductance measurements up to the reported error, while their omission provided significant

reduced computational cost.

For simplicity, we use one-way non-equilibrium molecular dynamics (ONEMD)52,53 to

model the heat conduction through the Au-SAM-Au hetero-junction between two fixed lay-

ers (as shown in Fig. 2) rather than the more recent reverse non-equilibrium molecular

dynamics (RNEMD).54 The latter avoids the artificial use of the fixed layer in creating a

periodic box in which the flux would go in the forward and reverse directions across two

respective mirror images of the hetero-junction. However, it appears that the extra calcu-

lations needed to perform RNEMD would not lead to significantly different effects,48–50 and
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Figure 2: Heat flows from the hot plate (with 5 Au layers on the bonded side) at Tb = Th to
the cold plate (with 5 Au layers on the unbonded side) at Tu = Tc as shown in representative
schemes a and c. In between, there are 12 layers of Au, the SAM inside a region of width
L = 3.1nm, and another 12 layers of Au, as shown. (The resulting distance between the
Au centers at the two fixed layers is 12.34 nm.) In (a), Fc molecules and the Au layers
both have net charge zero representing the case when no electric field is 12.34 nm. In (c),
each Fc molecule has net charge +2e and the marked Au layer carries Z = −0.2 e/atom
charge number (b) and (d) show the corresponding temperature profiles, where T1 and T2

are the temperatures of the first Au layers on the bonded and unbonded sides, respectively.
(Au surface charge density σ = -0.022 e/Å2 is directly calculated from Z = −0.2 e/atom,
which emulates the electric field with E = σ/2ε0, and ε0 is the vacuum permittivity. The
corresponding resulting steady-state temperature profiles obtained from MD simulations
using the heat conductance method are shown in panels b and d, respectively.
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hence can be avoided for the purposes of the current work. The 1st Au layer at each end

of the system is fixed, and the subsequent 5 layers constitute a slab thermostatted to set

temperatures, where Tb and Tu are the setting temperatures on the bonded slab and unbonded

slab, respectively. The next 12 Au layers are used to thermalize the temperature distribution

on the thermostatted Au slabs, which can avoid the thermostat directly interact with the

SAMs.

Initially, the simulation model is relaxed at temperature T = 300 K for 1 - 2 ns by

thermostatting all atoms in the two slabs and those in between. The internal thermostats

are then turned off for all of the atoms except for the Au atoms in the left and right slabs.

The Langevin thermostats on the bonded slab—which is on the side of the plate which is

bonded to the Fc terminated alkanethiolates—are set at Tb = Th = 340 K, and the ones

on the unbonded slab—which is on the side of the plate which is not bonded to the Fc

terminated alkanethiolates—are set to Tu = Tc = 295 K. According to Refs. 16,55, the

thermal stability of the Fc SAMs is generally good at this temperature range because of

the stabilizing interactions between the C12 alkane chain segments. On the other hand,

conductive SAMs are less stable as they have been reported to break down at temperatures

near 323 K.56 The ONEMD simulations take about 5 ns to reach steady state when the heat

flux between the hot and cold thermostats stabilizes and yields the desired conductance.

In what follows, we will report on the heat conductance with varying Th for fixed Tc. In

addition, the cold temperature Tc will be lowered to 95K and 195K to confirm its effect for

a given ∆T . Th and Tc are the heat and cold temperatures on the system, respectively. We

also reversed the temperature settings, Th and Tc, to confirm that the heat conductance was

the same when the heat flowed from the right (unbonded) side to the left (unbonded) side.

The reported conductances are averages of 6-10 replicates, and represent the flow in both

directions in equal proportion.

We determine the temperature distribution across the Au-SAM-Au hetero-junction after

they have reached steady state by averaging over the last 2 ns of the ONEMD trajectories.
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When no electric field is applied, the Fc SAM molecules and the Au surface are charge

neutral. The resulting interaction between the SAM and the Au on the right side is weak

because the unstretched ligands are uncharged and the remaining LJ interaction at such

distances is small. We thus observe a large temperature gap (∆T = |T1 − T2|) at the interface

of Au block at the unbonded side; see Figs. 2a and b. As without electric field, the thermal

resistance across the interface of SAMs and the unbonded Au layers is significantly larger

than that of the Au layers or SAMs, the temperature profile on the bonded/left side in

Fig. 2b seems very flat. When the electric field is applied on the two Au blocks, the Fc

SAM molecules are induced to carry positive charges and the Au surface on the right side

now carries negative charges. We thus now observe temperature drops (∆T ) across the Au

blocks and in between through the Au-SAM-Au junction; see Fig. 2b. The heat flux (J) is

calculated from the slope of the accumulative heat at the thermostat; see Fig. S3 in SI. As

a result, the heat conductance (G) is directly calculated using G = J/∆T in pW/K. For

comparison with previous reports, normalized values of G are also reported in MW/m2K in

Table S3 in SI relative to the cross sectional area (S = 17.34 nm2).

The gap between the Au blocks in the initial setup reported in Fig. 2 is L = 3.1 nm as can

be inferred from the figure. This value results from the averaging the centers-of-mass of the

mobile Au atoms at the two surfaces for a given distance between the fixed Au atom layers

at either side. By varying the latter, we also varied L from 2.5 nm to 3.5 nm to determine

the effects of the gap size on the heat conductance and thermal switch performance.

3 Results and discussion

3.1 Heat conductance at different gap distances L

SAM structure at the hetero-junction. Without an applied electric field, as the slabs are

moved apart (from L = 3.0 nm to L= 3.5 nm), the SAM begins to lose contact with the

non-bonded slab as indicated in Fig. 3a. Therein, the interfacial binding interaction is weak
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Figure 3: Heat conductances and switch ratios for various Au-to-Au gaps L between the
thermostatted layers at the two ends. (a) Representative schemes of Fc SAM for different L,
when no electric field is applied and Fc molecules have no net charges. (b) Representative
schemes when electric field is applied. Therein, the Au layer has surface charge -0.022 e/Å2

(-0.2 e/atom) and each Fc molecule has +2e charges. (c) Heat conductances at different L.
(d) Thermal switch ratios, R = Gq/G0, at different L, where the error bar is calculated by
the relative absolute error. Points in the shaded area have huge uncertainties due to the
near zero denominator when G0 is near 0.
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because both the Fc SAM and the Au surface are charge neutral, and hence insufficient to

maintain the contact. At L ≲ 2.9 nm, the SAM is in contact with both surfaces, but it

is compressed because such gaps are small compared to the SAM’s preferred width. As a

consequence of the compression, SAMs at this and other small gaps exhibit a mechanical

enhancement of the interfacial heat conductance. Under the influence of an electric field, the

SAM remains in good contact with the right-side Au surface at gaps with widths up to L =

2.5 to 3.5 nm as indicated in Fig. 3b. Although not reported explicitly, the chains simulated

here demonstrated the reduction of chain curling and chain lengthening observed in Refs.

16 and 32 through different order parameters. The Fc SAM and Au surfaces remain close

to each other because of the strong electrostatic interactions between the positively-charged

Fc SAM molecules and the negatively-charged Au surface. Using this mechanism, Chen

et al. 16 developed an electronic molecular junction which can achieve an electric regulation

ratio R ∼ 105. The Au-SAM-Au hetero-junction design with Fc molecules introduced here

gave rise to even higher thermal switch ratios, R > 100, because of the enhancement on

the thermal transport6,23,24,29 due to the electrostatic interaction. Under typical operating

conditions, the device can be run with a hotter end relative to the colder end at near ambient

temperatures—e.g., at Th = 340 K and Tc = 295 K—where we see a significant variation in

G and R with the gap distance, L; see Fig. 3.

Heat conductance and thermal switch. We see in Fig. 3c that Gq for +2e charged Fc

molecules is much larger than the G0 for charge-neutral Fc molecules. From L = 3.0 to 3.5

nm, G0 is less than 17 pW/K (viz 1.0 MW/m2K) because Fc molecules are charge neutral.

In general, values of G0 have an error bar of ∼ 10 pW/K, leading to huge uncertainty in the

conductance ratio R(= Gq/G0) at small G0. We also find that G0 increases to 256 pW/K

(14.8 MW/m2K) at L = 2.5 nm, due to mechanical compression. Meanwhile, when Fc

molecules carry net positive charges and the Au surface atoms carry net negative charges,

Gq can reach values greater than 1500 pW/K at L < 3.0 nm. Although G0 and Gq both

increase, R decreases when L decreases from 2.9 to 2.5 nm; see Figs. 3c and 3d. On the other
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hand, in Fig. 3c at L = 3.4 and 3.5 nm, we find Gq drops because of the breaking of Au-S

chemical bonds at the Au-thiol interface. We also find that Gq is nearly constant at ∼ 1400

pW/K (i.e. ∼ 80 MW/m2K), from L = 3.0 to 3.3 nm with electric field applied. While G0

is seen to be near 0 at L ≥ 3.1 nm, its error bar is not quite 0 and almost necessarily larger

than the corresponding G0. This leads to huge relative absolute errors in R. These results

suggest that the optimum operation region for the hetero-junction spans from L = 3.0 to

3.3 nm, where the thermal switch ratio, R, can achieve values in the range between 100 to

1000; see Fig. 3d. We list G and R across devices with different separation distances L in

Table S3 in SI.

The heat conductances in the present models are nearly equal, and take on a value at

∼ 80 MW/m2K. This is of the same magnitude reported by Li et al. 6 for carboranethio-

late SAM molecular junctions. Our simulation model demonstrates that a thermal switch

ratio with R = 267 is realizable using the Fc SAM molecular junction at Tc = 295 K and

L = 3.1 nm, which is an order of magnitude higher than R = 13 as reported earlier for

the carboranethiolate SAM.6 While we are suggesting the possible heat transfer switching

performance of the Fc SAM hetero-junction system based on our simulations alone, it is

notable that such a system is realizable as such a design was used earlier by the Nijhuis

group16 in reporting electrical properties.

3.2 Heat conductance for variations in Tc and ∆T

Heat conductance at Tc = 95 and 195 K. When the temperature of the cold slab is decreased

to Tc = 95 or 195 K, we find that the organic SAM molecules shrink due to thermal expan-

sion, and the interfacial contact between the SAM and Au decreases; see schemes in Fig. S4

in SI. At Tc = 295 K the interfacial contact is better still, and the thermal conductance

is also the highest of the three cases. In general, at the same L, increasing temperature

enhances heat conductance for both G0 and Gq because thermal expansion appears to im-

prove the interfacial interaction; see Fig. 4. At zero electric field and large L (from L = 3.0
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Figure 4: Heat conductance and thermal switch performance at system operation temper-
atures (Tc = 95, 195, and 295 K), where Th is set at (Tc + 45) K. Top panel shows heat
conductance (G0) with no charge on Fc molecules and Au surface. Middle panel shows heat
conductance (Gq) with charge setting q = +2.0 e on Fc molecules and Z = −0.2 e/atom
on the Au surface. Bottom panel shows the thermal switch ratios at different distances L,
where the error bar is calculated by the relative absolute error. As in Fig. 3, points in the
shaded area have huge uncertainties due to the near zero denominator when G0 is near 0.
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Figure 5: Heat conductance and thermal switch performance at different temperature set-
tings (Tc = 95, 195, and 295 K), where Th changes from (Tc + 15) to (Tc + 55) K and
∆T = Th − Tc. Top panel shows the heat conductance (G0) with no charge on Fc molecules
and Au surface. Bottom panel shows the heat conductance (Gq) with the charge set to
q = +2.0 e on the Fc molecules and Z = −0.2 e/atom on the Au surface. The error bar
is calculated from at least 6 independent runs, which includes 3 left-to-right runs and 3
right-to-left runs. We only report values of G0 at Tc = 95 and 195 K, for Th = with ∆T =
45 K. As these values are very small with large uncertainties, G0 for other ∆T is expected
to be similarly trivial
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to 3.5 nm), G0 is small because the interfacial interaction is weak, and the trends in the

temperature effect are difficult to discern. Under nontrivial applied electric fields, Gq is very

large because the interfacial interaction is strong (as the Fc molecules carry net charges),

and the conductance appears to decrease with decreasing temperature. Tables S4 and S5 in

SI list G0 and Gq at Tc = 95 K and 195 K for various separation distances L.

Thermal switch at Tc = 95 and 195 K. In Sec. 3.1, we reported that the Fc SAM hetero-

junction is a thermal switch when the cold slab is held at ambient temperature. When the

cold slab temperature decreases to Tc = 95 and 195 K, the SAM molecules shrink due to

thermal expansion, leading to an increase gap distance between the SAM and the right-side

Au surface. As a result, the weak LJ force is further reduced for the charge neutral SAM,

and G0 decreases with decreasing T ; see the top panel of Fig. 4. Although Gq also decreases

at lower T , we find that the thermal switch ratio, R = Gq/G0, turns out to be larger at

lower temperatures; see the bottom panel of Fig. 4. When the hetero-junction is functioning

at Tc = 195 K, we can achieve R ∼ 1000, for typical design with L = 2.9 to 3.3 nm. When

the device is functioning near Tc = 95 K, we appear to achieve R ∼ 104 at L ∼ 2.9 nm

and R approaches 105 at L ∼ 3.3 nm. However, in this regime G0 is near 0, as indicated

by the shaded region in Fig. 4 bottom panel, and the accuracy in G0 reaches the statistical

limitations in simulation. The corresponding values in R have large relative absolute errors

and they may not be reliable which is what is indicated by the shading. In summary, our

simulations suggest that phononic devices—e.g., thermal diodes and thermal transistors—

can exhibit comparable logical operation performance as seen in electronic devices. Their

confirmation awaits physical realization and measurement.

Variations in Th and Tc. In order to confirm the robustness of our findings, we apply

different temperature gaps between the Au blocks, changing Th and Tc. For no electric field

and 0 net charge on SAM, the top panel in Fig. 5 shows that when changing Th from 310 to

350 K, while holding Tc fixed at 295 K, G0 does not depend on Th. Meanwhile, at Tc = 295

K, G0 ≈ 10 pW/K which is both small and even smaller with decreasing temperature. The
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bottom panel in Fig. 5 also shows that with applied electric field and a net charge of +2e

on each Fc molecule, Gq generally does not depend on Th. One exception occurs when

Th−Tc = 15 K at Tc = 295 K, where Gq and the thermal switch ratio both slightly increase.

In summary, at Tc = 95, 195, and 295 K, we find that for many temperature gaps, Th − Tc,

(from 5 to 55 K) a Fc Au-SAM-Au hetero-junction with L ∼ 3.0 nm can achieve robust heat

transfer switching performance with R > 100.

3.3 Heat conductance for variations in q and Z

(a) (c) 

(b) (d) 

-0.6 e/atom

-0.5 e/atom

-0.4 e/atom

-0.3 e/atom

(a) (c) 

(b) (d) 

-0.6 e/atom

-0.5 e/atom

-0.4 e/atom

-0.3 e/atom

Figure 6: (a) Heat conductances and (b) thermal switch ratios, R = Gq/G0, for different
charge settings on the Fc molecule ‘q’ and on the Au layer ‘Z’. (c) Heat conductance at
different Z settings with q = +2 e. (d) Schemes of the Fc SAM system for Z = −0.3 to
−0.6 e/atom.

Different oxidation states on Fc molecules. Previous experiment16 and simulation44–46

has revealed that the maximum net charge for each Fc molecule is q = +2e; see Fig. S1 in

SI. In response to electric fields of varying strengths, the oxidation states of the Fc molecules
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will also vary and exhibit net charges q lower than +2e. The variations in the resulting heat

conductance in the Fc SAM as q is varied is reported in Fig. 6a. We find that Gq decreases

with decreasing Fc molecule charge q, but this trend is not linear. When the Au surface

charge drops to Z = −0.20 e/atom (-0.022 e/Å2), the heat conductance Gq remains high and

the thermal regulation ratio stays high at R > 100; see Figs. 6a and 6b. Further reduction

of the net charge to q = 0.0 leads to significant drops both in Gq to 18.6 pW/K, and R to

∼ 4.5. When we apply surface charge density Z = −0.05 e/atom, the resulting values of Gq

and R are lower than those for Z = −0.20 e/atom, but the heat conductance trend is the

same. That is, Gq decreases with decreasing q, but R remains nearly constant at a value

greater than 100 for q = 1.6 and 2.0 e; see Fig. 6a and 6b. Table S6 lists all of the different

charge settings (q and Z) on Fc molecules and the Au surface reported here.

Different surface charge settings on the Au layer. The charges on the surface of the Au

slab not attached to the SAM determine the charge separation across the device, and hence

the surface charge density is directly related to the electric field strength. Following the

prior simulation and experiments of Chen et al. 16 , we set the surface charge density Au-to-

Au distance at Z = −0.2 e/atom (-0.022 e/Å2) and L = 3.1 nm as our standard simulation

parameters. Figure 6c shows that Gq generally increases with increasing Au surface charge

density Z. From Z = −0.05 to −0.3 e/atom, the increasing trend of Gq is almost linear.

However, at Z < −0.3 e/atom, the increase in Gq slows down, because the Au-SAM-Au

interface is disrupted and the Au-S bonds begin to break. Representative schemes are shown

in Fig. 6d. In our simulation model, the Au-Au interactions are driven only by an LJ

force and no Coulombic force. Consequently, the breaking down on the Au surface is due

purely to the enhancement of the SAM-Au interaction, but this remains to be verified in

real experiments. In actual devices, we expect that when the electric field is too strong, the

Au surface of the device will melt, the SAM will disassemble and the Fc molecules may even

dissociate.
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3.4 Heat conductance for variations in SAM packing density

(a) (b) 12 Fc molecules 24 Fc molecules

36 Fc molecules 48 Fc molecules

(a) (b) 12 Fc molecules 24 Fc molecules

36 Fc molecules 48 Fc molecules

Figure 7: (a) Schemes of different Fc SAM number density on the Au surface. (b) Heat
conductance for different numbers of Fc molecules on the Au surface, with Z = −0.2 e/atom
on the Au layer and q = +2 e on the Fc molecules.

Heat conductance at different Fc SAM packing densities. In Fig. 7, we report heat con-

ductance for a range of SAM surface packing densities as high as 2.77 molecules/nm2 for

which Chen et al. 16 reported electric conductance. For example at the largest of these

densities, the SAM consists of 48 Fc molecules on a 3.9 × 4.5 nm2 Au(111) surface. In

experiments, controlling SAM density can be achieved by thermally dissociating the Au-S

bonds at high temperatures, or electrical selective desorption of the secondary SAM.57 We

find that with decreasing Fc packing density, the heat conductance Gq also decreases and

the trend is mostly linear. The resulting slope is Gq = 30.7 pW/K for each Fc molecule con-

tribution. In our previous work,11 we found that for a single polyethylene chain linked 8 nm

diameter large AuNPs, the heat conductance is also about 30 pW/K. Perhaps coincidently,

this value of Gq = 30.7 pW/K for each Fc molecule is close to single molecular junctions

reported in other systems in literature.11,12,58,59 However, G0 is very low and its uncertainty

is large even at the maximum packing density. As such, the switch ratios, Gq/G0, and their

uncertainties are large, making it difficult to discern quantitative trends. Indeed, mixed Fc

with other terminal groups in SAM interfaces were reported by Nijhuis and coworkers.60

The effect in these mixtures would be particularly interesting because they affect the density
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of the Fc molecules, and introduce nonlinear effects due to the interaction with the other

ligands. Resolving these effects would constitute a significant new effort that we hope to see

in future work. Nevertheless, we performed some simulations of mixed SAMs as reported

in the SI. Therein, rather than deleting entire Fc molecules as we did to vary the density

in neat SAMs, we modified the would-be deleted Fc molecules by deleting their functional

groups and retaining the C12 attached to the substrate. We report in Fig. S5 of the SI that

the heat conductance of modified SAM mixtures decreases nonlinearly with the decreasing

fraction of Fc molecules in the SAM.

4 Conclusions

In this work, we use all-atom simulation models to demonstrate that a Au-SAM-Au hetero-

junction with Fc SAM molecules can achieve thermal regulation ratios of R > 100 when

subjected to external electric fields, which is perhaps the most significant finding. We also

find that heat conductances, G0 and Gq, increase with decreasing gap distance, L, because

of a mechanical compression effect. However, the thermal regulation ratio decreases with

decreasing L. Devices with optimal values of R = Gq/G0 are obtained when L = 3.0 to 3.3

nm. Outside of that range, the ratio decreases because of the increases in G0 at L < 3.0,

and the decreases in Gq at L > 3.3. We also find that the hetero-junction can achieve large

R when the cold slab is held at below ambient temperatures (as confirmed for Tc = 95, 195,

and 295 K). Due to thermal expansion, the contact between the Fc SAM and the Au surface

is weaker at lower temperatures, which leads to decreasing G0 and increasing R increase at

Tc = 95 K. We found that both Gq and R decrease with decreasing oxidation states in the Fc

molecules of the SAM. Specifically, we modeled the oxidation state through an effective net

charge q on all of the Fc molecules, and measured the resulting heat conductance. We found

that Gq increases with increasing electric field strength as effected by the corresponding

surface charge Z on the Au surface, when Z is larger than 0.4 e/atom the Fc SAM-Au
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interface breaks down. Finally, we found that Gq increases linearly with increasing SAM

packing density.
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