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ABSTRACT 

We examined the design of a unimolecular thermal diode inspired by the concept of the Aviram–

Ratner diode and analyzed the anharmonic effects of molecular vibrations in the junction on heat 

transport. Our central idea involves (i) reconfiguring the electron donor and acceptor into “phonon 

scatter-rich” (strong anharmonicity) and “phonon scatter-deficient” (weak anharmonicity) moieties 

and (ii) using hydrogen bonds as thermal spacers to prevent nonlocal anharmonic effects on the 

thermal transport channel. To evaluate the effects of anharmonic interactions, we developed a 

fictitious electrode model combined with nonequilibrium Green’s function theory and then performed 

thermal transport calculations. Our results indicate that hydrogen bonds are very promising for 

constructing thermal molecular device materials. Reducing the thermal gradient and mitigating 

inelastic phonon scattering effects at the interface are critical for increasing the rectification ratio in 

single molecular junctions.
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Introduction 

There has been substantial progress in the investigation of electric transport in molecular junctions, 

advancing toward applications in minimal and functional devices, such as nonvolatile memory1, 

spintronics2, single-electron transistors3, and thermoelectric materials4. Understanding heat transport 

through the junction is key for controlling Joule heating5 or improving energy conversion efficiency6, 

among other relevant phenomena of functional molecular devices7. 

Besides applications in functional devices, studies of molecular devices often provide useful 

insights into understanding the operating mechanism of solid-state nanodevices and designing device 

materials8. The heat transport of a single molecular junction encompasses a wealth of unresolved 

fundamental problems, such as the nonequilibrium quantum transport9, energy exchange10, and 

dissipation processes11 at the nanoscale. Hereafter, we use the term “thermal transport (conductance)” 

to represent the phononic part of heat transport simply because the electric heat transport is much 

smaller in our systems of focus. 

Recently, several groups have reported thermal conductance measurements of molecular self-

assembled monolayers12 and single molecular junctions13,14 using thermoreflectance and break 

junction techniques with embedded thermal probes or heat flux sensors, respectively. More recently, 

scanning thermal microscopy has been used to visualize the thermal transport15. Moreover, the thermal 

transport process has been analyzed theoretically using molecular dynamics (MD)16, the Boltzmann 

transport equation17, and the nonequilibrium Green’s function (NEGF) method18, 19. The latter is based 

on quantum transport theory, and substantial progress has been made in its application to electric and 

thermal transport in molecular junctions. According to recent experimental and theoretical studies, 

characteristic thermal transport phenomena at the nanoscale, such as phonon localization20, the 

transition from ballistic to hopping transport21, interference22, resonance23, and rectification24, have 

been suggested. Interestingly, very similar properties have been found in molecular electronics 

research6, implying that some of the concepts used in design of molecular electronics may inspire the 

design of thermal properties based on chemical properties, such as chemical bonding25. 

Based on this consideration, we focus on thermal rectification of a molecular device realized by an 

intrinsic property of a bridge molecule. Aviram and Ratner proposed the theoretical concept of a 

molecular (electric) diode26, which remains a cornerstone when studying molecular device 

functionality. The Aviram–Ratner (AR) diode molecule consists of 𝜋 ― donor (D) and 𝜋 ―

acceptor (A) molecules separated by a 𝜎 bond spacer, commonly denoted as 𝐷 ― 𝜎 ― 𝐴. The D and 

A components are analogous to p-type (n-type) semiconductors in a bulk pn junction. Although the 
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forward direction of the AR diode is generally expected to match that of bulk pn rectification, this is 

not always the case27. To simplify the AR diode and provide a template for analyzing its rectification 

mechanism, a diblock molecule resembling a pn junction was synthesized controlling its molecular 

orientation relative to the electrodes. Clear rectification of this AR or pn-resembling diblock molecule 

was demonstrated by comparing with a symmetric diblock molecule, where the forward direction 

aligns with that of the pn junction28. We aim to extend the concept of the diblock molecular diode, 

referred to as “AR-resembling,” to design an “unimolecular” thermal diode via NEGF calculations. 

Our central idea for constructing the AR-resembling thermal diode involves two key components. 

First, we reinterpret D and A, which respond to a bias voltage (electric field), to respond to a 

temperature gradient, and changed the carrier from electrons to phonons. Ma and Tian used MD to 

demonstrate thermal rectification in asymmetric polymer molecule, which consisted of 

polynorbornene (PNb) and polystyrene29. The former acted as a thermal conductor frame. The PNb 

units were asymmetrically modified by polystyrene brushes. We adapted this approach to a single-

molecule level by modeling D and A as blocks with “phonon scatter-rich” (strong anharmonicity) and 

“phonon scatter-deficient” (weak anharmonicity) properties. Second, we employed hydrogen bonds 

(HB) as thermal spacers to prevent nonlocal anharmonic effects on the thermal transport channel. To 

incorporate anharmonic effects, we developed a practical scheme to model the anharmonic self-energy 

term and determine the necessary parameters for NEGF calculations of a molecular junction. 

Theoretical method

The NEGF method is promising for analyzing thermal transport in single molecular junctions and 

solid heterojunction systems. Based on perturbation theory, the NEGF formulation can be extended to 

evaluate the self-energy term of phonon–phonon scattering processes19, 30. However, this approach 

requires large computational resources31 and thus challenging for complex molecular junctions. As an 

alternative practical approach, we adopted the fictitious electrode method32, 33. In this model, the 

disruption of phase coherence and energy exchange of the heat current due to anharmonic effects are 

evaluated through in- and out-flux via each fictitious electrode in thermal equilibrium, functioning as 

thermal baths34. The self-energy terms of the anharmonic effect, Π𝑟,𝑎,<,>
vib , are defined from the atomic 

degrees of freedom (DoF) 𝑥𝐼𝑎 = (𝑥𝜇), where Ia is the atom index and a represents its atomic species. 

Recently, we developed a single fictitious electrode model similar to that developed by Datta33, where 

the phonon Green’s function of the target molecular junction was included in the self-energy35. The 

retarded/advanced self-energy terms of the anharmonic effect are functions of both the energy 𝜔 and 

local temperature 𝑇𝜇 of each DoF as follows:

Π𝑟
vib,𝜇𝜇(𝜔,𝑇𝜇) =

𝑖𝜔
𝜏𝑎(𝜔,𝑇𝜇 )𝑔𝜇(𝜔). (1)
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The term 𝜏𝑎(𝜔,𝑇) is the relaxation time function of the atomic species a related to atom Ia . 𝜏𝑎(

𝜔,𝑇) is evaluated without empirical parameters, as explained later. The function 𝑔𝜇(𝜔) is the 

correction term explicitly incorporating the phonon Green’s function into the fictitious electrode 

model. It is expressed using the retarded and advanced phonon Green’s functions Dr and Da of the 

molecular junction:

𝑔𝜇(𝜔) = 𝑖
𝜋

Ω𝐷𝜔𝑢𝜇Diag[𝐷𝑟 ― 𝐷𝑎]𝑢𝜇
𝑡, (2)

where the vector 𝑢𝜇 represents the normalized coupling strength with the fictitious electrode, and 

𝑢𝜇
𝑡
 is its transpose. Ω𝐷 is the normalization factor that ensures the average of 𝑔𝜇 over the focused 

energy region is 1. The function 𝑔𝜇(𝜔) accounts for the number of accessible states for energy 

redistribution of each phonon due to anharmonicity. The lesser self-energy is then written as follows: 

Π<
vib,𝜇𝜇(𝜔,𝑇𝜇 ,𝑇𝑓𝑐) = 𝑓𝐵𝐸(𝜔,𝑇𝑓𝑐)(Π𝑟

vib,𝜇𝜇 ― Π𝑎
vib,𝜇𝜇), (3)

where 𝑓𝐵𝐸 is the Bose-Einstein function, and 𝑇𝑓𝑐 is the temperature of the fictitious electrode, 

which satisfies the conservation of heat flux. Practically, 𝑇𝑓𝑐 is the temperature that minimizes the 

net flux at the fictitious electrode. When the temperatures of the left and right thermalized electrodes 

are given as TL and TR, respectively, the heat current JQ is expressed as follows: 

𝐽𝑄 = ∫  𝑑𝜔 ℏ𝜔
2𝜋

Tr[Γ𝐿𝐷𝑟Γ𝑅𝐷𝑎](𝑓𝐵𝐸(𝜔,𝑇𝐿) ― 𝑓𝐵𝐸(𝜔,𝑇𝑅)) +  ∫  𝑑𝜔 ℏ𝜔
2𝜋

𝑇𝑟[Γ𝐿𝐷𝑟Γvib𝐷𝑎](𝑓𝐵𝐸(𝜔,𝑇𝐿) ― 𝑓𝐵𝐸(𝜔,𝑇𝑓𝑐)) 

= ∫  𝑑𝜔 ℏ𝜔
2𝜋

𝒯𝑒𝑙𝑎(𝜔)(𝑓𝐵𝐸(𝜔,𝑇𝐿) ― 𝑓𝐵𝐸(𝜔,𝑇𝑅)) +  ∫  𝑑𝜔 ℏ𝜔
2𝜋

𝒯𝑖𝑛𝑒𝑙(𝜔)(𝑓𝐵𝐸(𝜔,𝑇𝐿) ― 𝑓𝐵𝐸(𝜔,𝑇𝑓𝑐))  (4)

The term Γ𝛼 is defined as (Π𝑟
𝛼 ― Π𝑟

𝛼), where Π𝑟/𝑎
𝛼  represents the retarded/advanced self-energy of 

the left (𝛼 = 𝐿), right (𝛼 = 𝑅), and fictitious (𝛼 = vib) electrodes, respectively. The first term in Eq. 

(4) is called the elastic term, which consists of the sum of a ballistic term and a correction term due to 

the elastic scatterings of phonons. The second term represents the incoherent or inelastic scattering 

effects. We refer 𝒯𝑒𝑙𝑎(𝜔) and 𝒯𝑖𝑛𝑒𝑙(𝜔) as elastic and inelastic transmission coefficient, respectively. If the 

difference between TL and TR is sufficiently small, the thermal conductance, 𝜅𝑝ℎ, is evaluated as 

follows:

𝜅𝑝ℎ 𝑇~ 𝑇𝐿 𝑇𝑅

2
=

𝐽𝑄

𝑇𝐿 𝑇𝑅
 .   (5)

The remaining challenge is parameterizing the relaxation function 𝜏𝑎(𝜔,𝑇). As outlined in Refs. 36, 

anharmonic interactions in the equation of motion can be treated as the stochastic term of the Langevin 

equation. This model of the stochastic term is equivalent to introducing a fictitious electrode to the 

harmonic phonon Green’s function: 
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𝑀𝜇
𝑑2𝑥𝜇

𝑑𝑡2 = ― 1
2∑𝝂 𝐾𝝁𝝂𝑥𝜈 ― 𝑀𝜇∫𝑡

0 𝑑𝑠Γ𝜇(𝑠)𝑑𝑥𝜇 (𝑡 𝑠)
𝑑𝑡 + 𝜉𝜇(𝑡).  (6)

Here, K, Γ, and 𝜉  are the harmonic constant matrix, friction tensor, and random force, respectively. 

The friction constant in frequency space is then given as 𝜏―1
𝜇∈𝐼𝑎

(𝜔,𝑇) = Γ𝜇(𝜔,𝑇). Assuming that (i) 

each term depends only on the atomic species and (ii) the relaxation time can be expressed by the 

separation of a characteristic time constant (or friction constant) and a part from a colored noise, we 

can rewrite the friction term as follows: 

𝜏―1
𝜇∈𝐼𝑎

(𝜔,𝑇)≅𝜏―1
𝑎 (𝜔,𝑇)≅𝜏―1

0𝑎 𝑓𝑎(𝜔,𝑇) = Γ0𝑎𝑓𝑎(𝜔,𝑇).  (7)

Suppose we have a data set of MD trajectories for the molecular junction system 𝑥𝜇(𝑡), 𝑑𝑥𝜇

𝑑𝑡
, where 

the initial condition is set to satisfy the law of equipartition for each vibrational (normal) mode, 3
2

𝑘
𝐵

𝑇, 

i.e., thermally equilibrated oscillators. While there are several methods to extract color noise from 

these MD data37, we took rough approximated procedure since our purpose is to parameterize the 

function by color noise relating to each atomic species. The protocol and adopted MD calculation are 

summarized in the Supplementary Information (SI). 

Finally, we comment on the differences between the present and Büttiker probe (BP) models32, 34. 

In the standard BP model, each structureless thermal bath is independently connected to each atomic 

site, and thermal equilibrium is assumed between the thermal bath and the connected atom. The local 

temperature of each atom is defined by its equilibrium temperature, which means the local temperature 

used to determine the vibrational relaxation time is not related directly to the energy of atomic motion. 

In contrast, our model adopts a thermal bath represented by the retarded Green’s function of the target 

molecular junction just as the case of electron-phonon interaction by Datta’s approach38. Therefore, 

heat dissipation path to the thermal bath depends on phonon density of states (DOS) of the junction. 

Additionally, the local temperature 𝑇𝜇 in the term 𝜏―1
𝑎 𝜔,𝑇 = 𝑇𝜇  is defined by the kinetic energy 

of each atom. This is consistent with the definition of 𝜏―1
𝑎 (𝜔,𝑇) in our model. The following 

calculations of thermal transport properties of the diblock molecular junctions were performed using 

our in-house code39, interfaced with the Smeagol program package40. 

Thermal rectification of diblock molecule

We begin our discussion with the phonon thermal conductance of diblock molecular junctions. We 

consider a diblock molecule consisting of two block molecules (fragments) bridged by a spacer 

through which heat current flows. Here, we adopted two types of chemical bonds as spacers: a 

hydrogen bond (weak chemical bond) and a covalent bond (triple bond). Phenyl and pyridine were 

used as blocking molecules to minimize asymmetric effects derived from the asymmetric contact 

structure. We thus examined three kinds of diblock molecules, denoted as C2Ph2, CHO2PhPy, and 

Page 5 of 21 Nanoscale



(CHO2)2Ph2, Figure 1. Each diblock molecule is connected to the 3 × 3 Au(111) electrodes by thiol 

anchors; the left and right electrodes consisted of six and five atomic layers, respectively. Atomic 

positions were determined by relaxing all atoms, and the adsorption site of the thiol anchor was the 

bridge site for all systems.

The anharmonic self-energy term was expressed using a model function based on preliminary MD 

simulations, as described above. We evaluated the numerical values of 𝜏―1
𝑎 (𝜔,𝑇) as a function of 𝜔 

for C, H, O, N, and S atomic species, with temperatures set to 200, 250, 300, 400, and 600 K, 

respectively. For convenience in NEGF calculations and to ensure the transferability of the model, we 

represented the obtained colored noise using activation functions, 

𝑓𝑎(𝜔,𝑇) = 𝐴sinh (𝛼𝑇𝑇) + 𝐵tanh (𝛽𝑇𝑇) sinh(𝛼𝜔𝜔), (8)

where A, 𝛼𝑇, 𝛽𝑇, and 𝛼𝜔 are fitting parameters determined for each atomic species a. The flow of 

calculations is provided in the SI. The set of fitted parameters for the CHO2PhPy junction is presented 

in Table 1. It is worth noting that the couplings of internal molecular vibrations and rattling modes 

through phonons of the electrodes should be considered to model the anharmonic effects of a single 

molecular junction. We used the same parameter set to calculate the anharmonic self-energy of the 

other junctions. We note that the introduced function in Eq. (8) is an ad hoc model function, not 

universal scaling function, though it reproduces the calculated spectra well and satisfies the condition 

that the 𝑓𝑎 become zero when the temperature equals zero, i.e., thermal transport becomes ballistic 

at low temperature limit. In molecular junctions including metallic electrodes, normal mode 

frequencies are much higher than those of electrodes. The above activation functions will be flexible 

to express frequency of atomic motions coupled with phonon of electrodes, which is far from 

molecular normal mode frequency. On the other hands, it may not be suitable to represent molecular 

crystal systems, where thermal conducting frequency is close to that of molecular normal mode. In 

such case, Debye model or Callaway model function41 may be more suitable. 

Figure 2 (a), (b), and (c) show the results of thermal conductance 𝜅𝑝ℎ(𝑇) for the C2Ph2, CHO2PhPy, 

and (CHO2)2Ph2 junctions, respectively. We also calculated the thermal conductance using the ballistic 

approximation for comparison. In all cases, the error of the results by the ballistic approximation    

was typically within only 2 % at temperatures lower than room temperature. Furthermore, the HB was 

a thermal conductor comparable to the covalent bond, despite the large difference in bond strength. It 

is known that molecular rattling modes and low-frequency modes of molecular vibration are crucial 

in the thermal transport of molecular junctions due to phonon mismatching between the molecule and 

the electrodes. In the case of C2Ph2, the two phenyl blocks are integrated via a rigid triple bond, making 

Ph2 the rattling moiety. In contrast, the HB spacer separates the two moieties for CHO2PhPy and 

(CHO2)2Ph2 well. Thus, these molecules have two rattling moieties, consisting of the independent 
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rattling motion of each phenyl or pyridine. As a result, the HB spacer is a thermal conductor 

comparable to the covalent bond. Above 400 K, we observed that 𝜅𝑝ℎ(T) clearly decreases with 

increasing temperature T, a behavior often seen with elastic phonon–phonon scattering or dephasing 

effects, though the rate of decrease was smaller than for standard inorganic crystals or homogeneous 

nanowires (approximately 𝑇―1.0). The rate of decrease for 𝜅𝑝ℎ(T) was 𝑇―0.02 for C2Ph2 and 

CHO2PhPy, and 𝑇―0.05 for the (CHO2)2Ph2 junction. The larger dephasing effect observed for 

(CHO2)2Ph2 compared to C2Ph2 and CHO2PhPy indicates that the HB spacer acts as both a scatter of 

phonons and a heat conductor. 

To further analyze the anharmonic effects, we calculated the cumulative thermal conductance 𝜅𝑐𝑢𝑚

(𝐸) in the high-temperature regime (T = 500 K). The results are shown in Figure 3. Above 2.0 THz, 

which is close to the first peak position of the phonon density DOS of the Au electrode, substantial 

discrepancies from the ballistic approximation were found in all cases (Figure 3 (a), (b), and (c)). This 

is consistent with the understanding that anharmonic effects on molecular vibration and thermal 

transport are triggered through coupling with Au bulk/surface phonons. We also evaluated a portion 

of the inelastic scattering, represented by the blue dotted lines in Figure 3. The inelastic thermal current, 

given in the second term of Eq. 4, is positive, similar to the inelastic electric current due to the electron–

phonon interaction. Although the increase in conductance due to the inelastic scattering effect was 

smaller than the decrease due to the dephasing effect of elastic scatterings in the single molecular 

junctions under study, our calculated results agree with the reported prediction42, i.e., inelastic effects 

at the junction assist thermal transport. Dephasing effect to the phonon DOS and elastic transmission 

coefficient is given in SI for (CHO2)2Ph2 as reference.

Before proceeding with further discussion of anharmonic effect on thermal transport, we comment 

to contribution of electric heat transport. Within the ballistic approximation to electric transport, 

electric thermal conductance 𝜅𝑒is relating to electric conductance σ𝑒 through the electric 

transmission coefficient. Typically, σ𝑒 is lower than 10―3G0 for single molecular junctions of 

organic molecules. In such case, the value of 𝜅𝑒 is close to order of 10―1 pW/K though 𝜅𝑝ℎ is 

often order of 101 pW/K, i.e., electron contribution is negligible.43 To validate the above argument, 

we calculated σ𝑒 and 𝜅𝑒 of (CHO2)2Ph2 junction at 300K (See SI) and fond that the value of 𝜅𝑒 

were less than 0.01 time the value of 𝜅𝑝ℎ. Therefore, we omit electron contribution to thermal 

conductance in the below. 

Now, we examine the possibility of an intrinsic “unimolecular” thermal diode by extending the 

concept of the AR diode. A study by Ma and Tian indicated that thermal rectification in a single 

polymer could be achieved by introducing side-chains asymmetrically as phonon scatterers29. We 

considered a diblock molecule consisting of phenyl (or pyridine) dressed with phonon scatterers and 
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pristine phenyl connected by an HB. Phonon scatterers can be achieved by inserting functional groups. 

We labeled the former as DH and the latter as AH, thus the diblock molecule is now an AR-resembling 

diblock molecule represented as DH–(HB)–AH. Since many phonon scatterers are on the DH side, the 

dephasing effect due to anharmonicity is expected to be substantial when the DH side is in the high-

temperature regime. Therefore, the AR-resembling diblock molecule, DH–(HB)–AH, can be expected 

to function as a thermal diode, where the forward direction of thermal current is from AH to DH, 

analogous to conventional electric current (opposite to electron movement) in an AR diode or a pn 

junction built in a molecule. 

To analyze the effects of asymmetric anharmonicity introduced by phonon scatterers (i.e., a 

simplified model of inserting functional groups for our purposes), we examined the correction of the 

self-energy term of the atomic site on the DH side by changing the parameter Γ0𝑎 for the calculation 

of the Green’s function. Figure 1 shows the sites of enhanced anharmonicity and the labels of the AR-

resembling diblock molecules. Bold letters correspond to the DH moiety. For instance, CHO2PhPy 

indicates that the phenyl side is the DH moiety. We selected the H atomic site connected to the C1 

atom, marked by a red circle in Figure 1, as the target to modify the self-energy term. The value Γ0𝑎 

of the target site was changed from Γ0H to 5Γ0C + 11Γ0H, as a rough model of the side-chain for 

phonon scatterer in Ph.

To clarify the analogy with the relationship between an electric diode and bias voltage, we 

introduced the reference temperature T0 and the temperature difference ΔT defined as ΔT = TA ― TD. 

We denote the temperatures of the electrodes connected to AH and DH as TA and TD, respectively. 

When ΔT is set to a positive value, TD is fixed at T0 and TA is verified. Conversely, when TA is fixed 

at T0, ΔT is set to a negative value. Thus, the positive temperature difference corresponds to the 

forward direction of rectification, and the rectification parameter  can be defined as follows: 

𝜂(ΔT) = 1 ―
 𝐽𝑄(ΔT)
𝐽𝑄( ΔT)      . (10)

Table 2 summarizes the calculated results of . We found that 𝜂 increased as a function of ∆T for 

all the diblock molecules, with T0 set at 100 K. The triple bond spacer, C2PhPh, yielded the smallest 

rectification parameter compared to the single HB spacer, CHO2PhPy, over the entire temperature 

difference range. In contrast, rectification ratios by setting DH to Ph and Py merged at large ∆T, 

indicating that the asymmetry between Ph and Py in the diblock was less important for the thermal 

diode. This contrasts with the case of an electrical diode of the pn-resembling diblock molecule 

presented in Refs. 28, 44, as the electrical properties of molecular elements, are directly related to 

rectification, while the atomic structure and the mass of the elements play dominant roles in phonon 

thermal transport. 
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When the spacer consisted of two HBs, the rectification ratio increased more clearly, as shown by 

the 𝜂 of (CHO2)2PhPh in Table 2. As stated in Section III, a much larger dephasing effect was 

observed in (CHO2)2Ph2 compared to the other diblock molecules because of the two HBs. These 

results demonstrated the potential advantage of HB as a spacer, which should include the reciprocity 

function, i.e., sufficient thermal conductivity and the separation of vibrational modes on DH and AH 

locally. The function of a separator is related to the large dephasing at the spacer as well as the 

introduced asymmetric anharmonicity. To directly validate the importance of the dephasing effect at 

the spacer, we further examined the diblock model based on (CHO2)2PhPh, where the self-energy 

terms on the O and H atoms related to HB were changed from Γ0O and Γ0H to  10Γ0O and 10Γ0H, 

respectively. The resulting values of 𝜂(Δ𝑇) were more than 1.5 times larger than those of 𝜂 for the 

original (CHO2)2PhPh, e.g., 7.0% (∆T = 300 K) and 17.7% (∆T = 500 K). The two HBs were 

symmetrically located on DH (Ph) and AH (Ph). Therefore, we concluded that our inference was 

reasonable: the anharmonicity built into the spacer promoted the separation of thermal properties of 

DH and AH while maintaining the thermal conductive path between the two moieties. 

In the calculations this far, we have fixed the reference temperature T0 at 100 K and varied ΔT. 

Thus, the electrode in the low-temperature regime was at 100 K. When a higher reference temperature 

is adopted, the maximum values of TA or TD also become higher than in the case of T0 = 100 K, and 

an increase in the rectification function can be expected due to the suppression of heat current by 

enhanced phonon scatterings in DH. The values of 𝜂(Δ𝑇) for (CHO2)PhPh with the reference 

temperature set to 300 K were almost twice those at 100 K. For example, 𝜂 was 10.3%, 15.4%, and 

21.7% for ΔT = 300, 400, and 500 K, respectively. In Figure 4, the 𝐽𝑄 ―ΔT characteristics, which 

are analog to I–V characteristics, are given for T0 = 100 and 300 K. The heat current in the forward 

direction was nearly a linear function; close to that predicted by the ballistic approximation. In contrast, 

we found strong nonlinearity in the backward current with decreasing ΔT from 0 K, i.e., when a 

negative temperature bias was applied. This coexistence of linearity and nonlinearity is characteristic 

of the thermal transport in the present AR-resembling molecular junction. This is different from the 

AR (or pn junction) electric diode, where I–V curves in both forward and backward directions are 

nonlinear due to tunneling transport and bias-induced level shifts of molecular orbitals. 

To illustrate the dephasing effect to rectification more directly, we give a brief consideration based 

on lowest perturbation theory as well as calculated results. When the lowest order perturbation is 

applied by expansion of self-energy of enhanced anharmonicity, Π𝑟/𝑎
vib(add) , the elastic transmission 

coefficient of (CHO2)2PhPh, 𝒯𝑒𝑙𝑎, is expressed by that of (CHO2)2Ph2, 𝒯𝑒𝑙𝑎, as follows:

𝒯𝑒𝑙𝑎 =  𝒯𝑒𝑙𝑎 +2Tr Re Γ𝐿𝐷𝑟Π𝑟
vib(add)𝐷𝑟Γ𝑅𝐷𝑎 + 𝜊 (Π𝑟

vib(add))2     (11)
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where 𝐷𝑟/𝑎 is Green’s function of (CHO2)2Ph2. The second term is usually negative value and 

relating to dephasing effect by enhanced phonon scatter. Recall that Π𝑟
vib(add) is added to the atomic 

site of DH and Π𝑟
vib(add) depends on local temperature of atomic site of DH side through 𝜏―1

𝑎

(𝜔,𝑇 = 𝑇𝜇). Therefore, magnitude of the second term in Eq. (11) is greater when the DH side is in 

higher temperature (negative temperature bias, i.e., backward direction) than when AH side is in higher 

temperature (positive temperature bias, i.e., forward direction). We showed calculated 𝒯𝑒𝑙𝑎 of the 

case of positive (ΔT = 500K) and negative (ΔT = ―500K) temperature bias in SI. 

  Though we demonstrated thermal rectification and nonlinearity in our proposed AR-resembling 

diblock molecular junctions, the enhanced rectification is at most 20%. Two reasons can be considered 

for such suppression of rectification. The first reason is that the heat current at the interface of DH and 

the electrode is assisted by inelastic phonon scattering, as shown in Section III, thereby canceling some 

of the suppression of thermal transport through high-temperature DH by the dephasing effect. The 

second is the screening of the temperature gradient in the diblock molecule. We evaluated the local 

temperature 𝑇𝐼𝑎 of each atom Ia by averaging 𝑇∈𝐼𝑎 for the (CHO2)PhPh junction and found that the 

maximum difference in local temperatures between the atoms in DH and AH is less than 10% of the 

given ΔT. Most of the temperature gradient is realized as the temperature drop at the interface, i.e., 

the Au electrode and linker thiolate atom. This temperature screening effect results from the 

mismatching of phonon DOS between the electrode and the molecule due to differences in mass and 

the number of phonons. 

Conclusion

In summary, we extended the concept of the AR diode (more strictly, the pn junction resembling 

the diblock molecular diode) to design a single molecular thermal diode. Our design consisted of two 

ideas: (i) constructing molecular blocks of different anharmonicity by introducing phonon scatterers, 

i.e. side-chains, asymmetrically, and (ii) using HB as the spacer, which is sufficiently thermally 

conductive but also acts as a separator. For this purpose, we developed a systematic method of thermal 

transport calculations, combining classical MD and NEGF to incorporate a nonempirical and more 

conventional anharmonic self-energy term than strict perturbation theory. 

Our calculations demonstrate the usefulness of AR-resembling diblock molecules as a principle for 

designing molecular thermal devices. In particular, using HBs as functional thermal conductors 

(spacers) is promising. However, the magnitude of the rectification ratio was not satisfactory for 

practical uses, similar to the case of electric diodes. Our theoretical analysis highlighted both the 

limitations and necessary improvements. One possibility is using carbon material as thermal electrodes 

to avoid phonon mismatching. Then features of molecular internal vibrational modes and their 

Page 10 of 21Nanoscale



interactions can be more directly relating to thermal transport. Furthermore, reducing mismatching by 

hetero junction, inelastic thermal current may be suppressed. As results, one can expect that 

rectification ration reflects difference of dephasing effect between forward and backward directions 

directly. Another possibility is introducing a dense and thick AR-resembling molecular film, where 

DH and AH moieties are connected tightly to each side of electrode and separated by HB, as a thermal 

resistance layer instead of a single molecule to realize a sufficient temperature gradient. Furthermore, 

it is expected that AR-resembling molecular film increases anharmonicity of HB by two dimensional 

HB network and that to DH moieties caused by intermolecular interactions. The former enhances the 

role of the spacer, and the latter makes more distinct DH and AH by introducing side chains. 
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Figure 1. Molecular structure formula of the diblock molecules. Panels (a), (b), and (c) are C2Ph2, 
CHO2PhPy, and (CHO2)2Ph2, respectively. The dot lines represent the hydrogen bonds intended as the 
spacers. The sites of enhanced anharmonicity to model AR-resembling thermal diode are marked as 
red circles.

(a)                              (b)
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(c)

Figure 2. Plots of thermal conductance of (a) C2Ph2, (b) CHO2PhPy, and (c) (CHO2)2Ph2 junctions. 
Red lines are results of ballistic approximation, and blue dots represent the values including 
anharmonic effects. Thin blue lines extract temperature dependence of thermal conductance as 
decreasing functions in high temperature regime.

(a)                              (b)
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(c)

Figure 3. Plots of cumulative thermal conductance as functions of frequency at T = 500K for (a) C2Ph2, 
(b) (CHO2)2PhPy, and (c) (CHO2)2Ph2 junctions, respectively. Blue lines are results including 
anharmonic effects. The results by ballistic approximation are also plotted by red lines. Blue dot lines 
represent contribution of inelastic scattering term. 
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Figure 4. Plots of heat flux as functions of temperature difference ( 𝐽𝑄 ―ΔT characteristics) of 
(CHO2)2PhPh junction. Temperature difference is set by reference temperature 100K (black dots and 
interpolated black line) and 300 K (red cross marks and interpolated red line), respectively.  
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TABLES

Table 1.  The friction constant given in Eq. (7) and parameters of the model function of color noise 
defined by Eq. (8) for each atomic species. 

Table 2.  Rectification parameters of the asymmetric anharmonicity-induced molecular junctions for 
the reference temperature T0=100K.

Γ0 (s-1) A T (K-1) B T (K-1) w (s)

H 1.57×1011 3.14×10−2 8.44×10−３ 1.18×10−2 2.92×10−３ 5.26×10−13

C 1.56×1011 8.63×10−３ 7.67×10−３ 9.58×10−３ 2.93×10−３ 5.92×10−13

N 1.56×1011 2.78×10−2 5.59×10−３ 2.90×10−３ 2.54×10−３ 7.57×10−13

O 1.56×1011 2.78×10−2 5.59×10−2 2.90×10−３ 2.54×10−３ 7.57×10−13

S 1.56×1011 5.32×10−3 6.66×10−3 3.48×10−3 3.16×10−3 6.18×10−13

 (%)

ΔT (K)
C

2
PhPh CHO

2
PhPy CHO

2
PhPy (CHO2)2

PhPh

100 0.5 0.8 0.7 1.2

200 0.7 1.3 1.3 2.4 

300 1.0 2.7 4.0 5.2 

400 4.2 4.8 6.7 6.7 

500 6.2 9.5 9.9 11.6
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