Computational Study of Thermal Rectification

from Nanostructured Interfaces

N.A. Roberts
Department of Mechanical Engineering
Vanderbilt University
Nashville, TN USA, 37325

nicholas.roberts@vanderbilt.edu

D.G. Walker
Department of Mechanical Engineering
Vanderbilt University
Nashville, TN USA, 37325

greg.walker@vanderbilt.edu

ABSTRACT

Thermal rectification is a phenomenon in which transportéf@rred in one direction over the opposite. Though

observations of thermal rectification have been elusivepiild be useful in many applications such as thermal

management of electronics and improvement of thermo&etdwices. The current work explores the possibil-

ity of thermally rectifying devices with the use of nanostiwed interfaces. Interfaces can theoretically result in

thermally rectifying behavior because of the differencphionon frequency content between two dissimilar mate-

rials. The current work shows an effective rectification ifager than 25% in a device composed of two different

materials divided equally by a single planar interface.
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Nomenclature

A area(m)

oy specific heat (J kgt K1)
g spring constant (kg¥)

| mean free path (m)

m atomic mass (kg)

g heat transfer (W)

-

atomic displacement (m)

T temperature (K)
U interatomic potential (J)
v phonon velocity (ms?)

x device location (m)
€ depth of L-J potential well (J)

effective rectification

X m

thermal conductivity (W m! K1)
w phonon frequency (rad $)

o zero potential distance (m)

1 Introduction

Thermal rectification is a phenomenon where the magnitudeaogport in a specific direction through a material is
dependent on the sign or direction of the temperature gngdied though observations of the effect in solids have been
rare, rectifying behavior could have widespread appliceti Records of rectification date back as early as 1935 when
Starr [1] found that copper/cuprous oxide systems showeudrthl as well as electrical rectification. Walker [2] reveaiv
several candidate theoretical models based on geomeymcnastries with unequal thermal expansion and offered séver
alternative explanations for rectification behavior bazedon-equilibrium effects. Examples of these models ibellattice
vibrations, which reflect differently depending on the getnyand characteristics of the structure or transmissinoss an
interface. These theories suggest that rectification doailekploited with our improved ability to manipulate madésiat the
nanoscale. In 2002 Terraneo et al. [3] demonstrated tHeaketctification behavior using a nonlinear one-dimenalechain
of atoms between two thermostats at different temperatimebeir system, Terraneo was able to change the chain from a
normal conductor in one direction to a nearly perfect insulan the other direction due to the non-linearity of thegutal.

In a similar study in 2004, Li et al. [4] simulated a nonlindattice and calculated a difference in conduction between
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the two directions to be 100 times that of Terraneo [3]. In@@hang et al. [5] suggested solitons could be responsible
for rectification and showed experimentally that greaterdeation resulted in the direction of decreasing mass teimsi

an engineered material having a non-uniform mass distoibwtlong nanotubes. The non-uniform mass distribution was
obtained by depositingdE16Pt with a much higher concentration at one end of the nandh#ethe other. Recently other
asymmetric nanoscale structures including voids and &mhs have been examined as possible rectifying mechaf@ms
For a complete review of thermal rectification observatiorsolid systems please refer to [7].

The current work involves a molecular dynamics study of #tification effects of a single interface within a thin film.
The inspiration for this work came from Walker 2006 [2], whigroposed a possible model for rectification due to phonon
scattering at interfaces. The effects of a pristine intarfshould be different than that of a rough or asymmetriafate.

In this work we have compared the perfect interface to rountgriaces by varying the degree of roughness and asymmetry
of the interfaces. The goal of the molecular dynamics wortoishow theoretical evidence of the existence of thermal
rectification due to the difference in phonon transmissietwieen two different materials due to a difference in materi
properties, specifically frequency content, and to exghaiwy scattering at fabricated interfaces results in ourtéchability

to measure thermally rectifying behavior experimentallyrrently there exist several other studies that use naildedgum

molecular dynamics to investigate thermal rectificatiomterfacial systems [8].

2 Approach

The devices studied using molecular dynamics are half amgdrhalf krypton (excluding the ellipsoidal interface) it
a single interface located at the center. The types of imted investigated include perfect interfaces, roughfades and
asymmetric interfaces, each of which is shown in Fig. 1.

An FCC crystalline lattice is assumed with a Lennard-Jon&s-atomic potential given as

o2 (2] »

The properties of argon and krypton are given in Table 1.

XMD, an open source, general purpose molecular dynamics {@jdand LAMMPS, another open source, general
purposed molecular dynamics code [10] are used for the ctatipos in this work. Small modifications were made to the
code to extract the information necessary to calculateltberial conductivity of the device by recording the energyeai
and subtracted to each constant temperature bath throtiigosimulation. The LAMMPS package was used to verify the

results of the XMD package and to speedup calculations ditg parallel computing capabilities. The system is compdose
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of 6 unit cells (3 on each side) of wall where the atom posgiare fixed, 8 unit cells (4 on each side) for the high (60 K)
and low (40 K) fixed temperature baths and a varying numbeniafaells for the simulation domain where the interface
is located. The cross-sectional area of these systems wsguéde unit cells (& 8). This configuration was used because
4 planes of fixed atoms at the ends of the device are suffiaeepetform non-equilibrium molecular dynamics with the
Lennard-Jones potential because of the short range of thedtomic potential [11]. The interfaces studied in thisrkv
include a perfect interface where the two constituent nedteare perfectly divided at the center of the device, a hong
diffused interface where the two constituent materialseh@oms on both sides of the interface with two differentleve
of diffusion and two asymmetric interfaces, which includartispherical and ellipsoidal geometries. These intesface
were created using a MATLAB script to place the correct atgpeton the chosen side of the interface to form the desired

geometry. These systems were studied at a range of aversigensgmperatures.

The first step in this work was to determine a simulation bag $b be fixed and maintained throughout the simulation.
To calculate this box size, the temperature gradient wasseqgh and the device was allowed to relax to minimize therstrai
on the system. The simulation was then initialized usingctileulated box size at a temperature of 50 K and allowed to
run to 5000 time steps with At = 3.2 x 10~1°s. The temperature gradient is then applied, and the siionolat allowed
to run for an additional 195,000 to 1,995,000 time stepséddjng on device size) which is a total simulation time o#0.6
ns to 6.4 ns. Throughout the simulation the energy added aagted to and from each constant temperature bath is
recorded. During the early stages of the simulation thesme=energy fluctuates rapidly. After which the average remeh
near constant value. At this point the simulation is at stestdte and the energy added to the high temperature bagéd e
to that of the energy subtracted from the low temperature. bEttis amount of energy added or subtracted is the total heat
transfer of the system at the given temperature differeh2e &. With the computed flux, the effective thermal conduityi

is then calculated using Fourier’s law for steady condunGtio

__amx
~ TAAT @

whereAx is the domain length between the baths, &nd the cross sectional area of the film as simulated. Foariaw
is a phenomenological law where the thermal conductivigoissidered a proportionality constant or “effective” pedy.
In the current work we calculate and record the energy requis maintain fixed temperatures at each bath. This energy is
then divided by the time step to obtain the heat trangfarequation 2. Since all other values in equation 2 are fixettha

heat transfer is averaged over long times, Fourier’s lawides an effective conductivity for the device [11].

In all simulations a fixed mass ratio of argon and krypton aaénained except for the ellipsoidal interface. To evaduat
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the rectifying behavior of the interfaces we will now inttagk a paramete, which is defined as

_ Kar—kr —Kkr—ar

£= kir—ar + Kar—kr’

®3)

whereka,_kr andkg,_ar are the thermal conductivities from the hot argon to coldokoy and hot krypton to cold argon
baths, respectively. A value §f= 0 means there is no difference when the temperature gradiesversed and therefore no
rectification; a value of = 1 means the system is an ideal thermal rectifier. The errariba@he data were calculated based
on the fluctuation of the average temperature of the bath#enehergy added and subtracted from the baths to main&in th

bath temperature.

3 Results

In this work we have investigated thermally rectifying beloain devices with interfaces. The effects of device léngt
temperature and scattering will be investigated systealitiin each of the subsequent sections.

The first step in this work was to verify and validate the malacdynamics code used for the calculation of thermally
rectifying behavior. Simulations of pure argon are fit to mgtic theory and compared to reported experimental measure
ments. The simulated conductivity data reported in Fig. Pevealculated using equation 2 with the baths held constant a

60K and 40K, respectively. The theoretical conductivitgiieen from kinetic theory as

k= Zcwlg, (4)

wherely is the phonon mean free path of the device. In the limit ofdadgvices, the mean free path is governed by

phonon-phonon scattering. For small devices, the bourstatyering becomes significant such that

So s (5)

wherelg is simply the device size arld., represents the inherent phonon-phonon scattering meawpéth. The thermal
conductivity as a function of device length is derived usizgerimental values af= 22 J/mol [12] andv = (vj + 2% )/3,

wherev; = 1500nys andv; = 841nys are the longitudinal and transverse velocities respagt[it3]. The kinetic theory
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model appears to match the molecular dynamics data quile Wke inset of Fig. 2 shows the inverse conductivity as a

function of inverse length, which is how the infinite lengtietmal conductivitkg = 0.51W/mK is determined.

Experimental values for solid argon vary frdm= 0.46 W/mK [14] to k = 0.55W/mK [15], so our value okxmp =
0.51W/mK is easily in line with measured values for single crystaldoreover, the estimated bulk mean-free path of
Ibuk = 2.9nm compares favorably to [16]. Similarly, at 40K the meaefpath of phonons in pure argon ig 8m while at
10K the mean free path is 2nm [17], which also correspond well with our own simulason Based on the simulation
data, not only has the correct value of bulk thermal conglitgtbeen recovered, but also the value appears consistent a
the device size changes. For smaller devices the finiteeffeet reduces the effective conductivity because onlyager
vibrational modes are available for transport and becatisei@ased boundary scattering [18, 19]. This effect hasipged
the impetus to study nanostructured devices for thermt@gxerformance [20]. Fig. 3 shows the temperature digtitn
through a device with the imposed temperature baths, wkichlatively linear [21]. The plot shows the variation in the

measured temperature, which is the source of the erroréne iconductivity plots.

The device length plays an extremely important role on teettal conductivity, therefore we expectit to have an impact
on the level of thermal rectification as well. From our sintigla data, presented in Fig. 4, little to no rectification egys at

small device lengths, but increases with device size. Fossiple mechanisms to explain the results will be discussed

The first mechanism to explain the observations is simply |k Atgument provided by Dames [22] and refined by
Go [23] for two materials with varying thermal conductieii. If the thermal conductivity of each layer varies diffeéhgin
temperature, rectification is possible. The overall thémoaductivity is a combination of the conductivities of bdayer
at their respective temperatures. When the gradient issedethe thermal conductivity of one material decreaseshmu
more than the other increases giving rise to net increaseaedse in thermal conductivity overall. In molecular dyics
simulations, we apply unusually large temperature gradimreduce the noise in the simulation. Therefore, the &zatpre

on each side of the interface can be at significantly diffetemperatures, which amplifies the effect.

Although experimental data are scarce and MD data are t@y noitest this argument rigorously, the bulk hypothesis
would support the fact that little rectification is obsenatdsmall lengths. The thermal conductivity at reduced scale
primarily a function of the boundary scattering, which ie #ame in each layer, so the variation in conductivity as atfon
of temperature is reduced. However, at longer lengths, steenperature dependent mean-free paths dominate theatherm
conductivity, temperature can have a significant effectharesults. For high-temperature regions, above 10K in ase,c
the temperature-dependent conductivity can be fit to a ptaveexpressionk(T) = k,T". From the limited data of bulk
argon [24] and krypton [25], the exponent of argon is apprated as1 = —1.3 in the region from 10K to 70K. In that same
region, the exponent for krypton is= —1.2. The difference in exponents suggests the possibilitydfification. Using

these values, the amount of rectification can be predictedrf@verage increase of 1K on the heated side and an average
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decrease in the cooled side of 1K. Fig. 5 shows that the patéoit rectification is increased at lower temperaturessbse

of bulk temperature effects. Of course the magnitude offrestion becomes greater with greater temperature difiezs.

The second mechanism that has been promoted to explainghexatification at interfaces is the mismatch of phonon

spectra across the interface [8, 26]. Because argon is t@tigtom, it's maximum frequency is larger than that of koypt

If the maximum frequencies are approximatedmggx ~ \/ﬁnwhereg can be estimated by fitting the potential well with
a parabola. The ratio of maximum frequenc{éﬂm ~ 1.25 is a result of the difference in atomic mass. Because of
the difference in mass, the two materials will have a diffiéidispersion and different frequency content. Kryptorcaase

of its lower maximum frequncy, will not be able to transmiethigh-frequency phonons without inelastic scattering to
lower-frequency phonons. When the temperature gradigatg$eheat transfer in the argon to krypton direction, thertiz
conductivity will decrease because more higher energestitat can not transmit across the interface will populage t
argon layer per the Bose-Einstein distribution. The reisuét reduction in thermal conductivity in the argon to krypto
direction. Otherwise, a gradient that favors the kryptoartgon direction will populate high-energy states in thepkoy that
are still able to transmit from krypton to argon because aiggm accept those frequencies without scattering ineddistiat

the boundary. Therefore, the conductivity remains largelghanged. The net rectification due to this populationaiéstis

negative, which is contrary to the observations.

Although this explanation appears to violate the obsewnatithis result has been seen elsewhere (without expbanati
[16]. In Fig. 4 and 6 we see that the sign of rectification clenigp the long device lengths. This change is a result of
no inelastic scattering in the 10 K system and some inelastttering in the 50 K system. As we said in the last section,
at low temperatures and longer device lengths the rectjfgifiect is due the existence of high frequency modes in the
argon that are not allowed in the krypton which limits theligbfor phonons to transmit from the argon to the krypton. At
higher temperatures inelastic scattering begins to ocbigtvwallows the modes to transmit by scattering into mutiplver
frequency modes. This allows the higher frequency modegyioreto contribute to the thermal transport through theesyst
but does not change the ability of the krypton to transmiatiyewhich is why we see the change in the sign of the level of
rectification. In the limit of total inelastic scatteringich as in bulk systems and at higher temperatures, theralikely

be no observable rectifying effect.

Now consider a device at very low temperatures. The effefcteduced temperature are two-fold. First, Umklapp
scattering, which is a strong function of temperature isioed. Without this inelastic mechanism, high-frequenayans
are not allowed to scatter into lower energy states. Thesetbe high frequency phonons in the argon, are less likely t
decay into modes that are allowed to transmit into the knypktowever, the krypton modes do not need to rely on inelastic
scattering to transmit into the argon. Therefore, the sfgherectification should be negative as observed in Figr ®©fmer

devices. The low temperatures also have a second compéieg @t low temperatures, the higher-frequency moded ten
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to get frozen out. If the argon contains very few high-fraggyemodes, then the phonon mismatch does not matter because
the frequencies forbidden to transmit don’t even exist. Téwson the rectification transitions from negative to pasit

with decreasing length is because as the device size iseddtie boundary scattering becomes dominant. Conseguentl
the inelastic scattering effect (negative rectificatian)dduced, which allows the freeze-out effect (positivdifieation) to

become significant.

The third mechanism involves confinement. As device sizesaatuced, the largest phonon wavelength that is allowed
to exist is half the device size (from boundary to interfadd)e dominant phonon wavelength is of the order ef2nm at
70K, so confinement will not have a dramatic effect unlesslthace is incredibly small or the temperature is extremaly, |
The 16 UC cases allow a maximum wavelength gfx = 4.24nm, so we might expect to see confinement effects starting i
these devices and smaller devices. The results of confirtamikkbe to limit both krypton and argon to higher frequency
modes. However, the effect is more dramatic in argon beaafuse dispersion. Therefore, the direction of the rectifima

due to confinement is negative. Nevertheless, we do notabsg@ect evidence of confinement effects in our simulations

We expect the rectifying effect to disappear as we increlasedevice length (as the actual phonon mean free path
becomes much shorter than the distance between the cotestgmerature bath and the interface). In systems with longer
device lengths each section will exhibit bulk propertiggiffievels of multi-phonon scattering) and the impact ofittierface
will become negligible in comparison. This reason, inétastattering, and our lack of a thorough investigation iesth

systems is why thermal rectification has not been observedriostructured interfaces at this time.

At low temperatures inelastic scattering does not typyaadicur in high quality or perfectly planar interfaces, whare
described well by the AMM and DMM [27], but as the temperamirthe interface increases it begins to play a major role in
the interface conductance which is partially accountedrfahe JFDMM [28]. Transport through perfect interfaceshist
work is still not completely described by the AMM becauseh# lattice, or by the DMM because Debye ratm)

is greater than 0.6 [29] even at low temperatures.

Fig. 7 shows the level of rectification as a function of dewieeperature where we again see the impact of inelastic
scattering on the sign of the level of rectification. In thggifie we see a rectifying effect with the greater transpoettiion
being from krypton to argon at low temperatures, a transitegion where little or no rectification occurs at slightigtner
temperatures, a region where the greater transport direistiargon to krypton at even higher temperatures and wa begi
see a reduction in the level of rectification in a region otheigtemperature. We were not able to increase the temperatur
of the simulations any higher because the bath temperatumesapproaching the melting point or argon [30].

The fourth mechanism involves how the interface geometeced the rectification. Interface scattering due to rowgisn
also plays an important role in thermally rectifying ded@®mposed of an interface between two different mateN#sen

the quality of the interface is degraded or the size of iamEdl region is increased more scattering occurs, whiadwall
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phonons that were previously restricted to one side of ttexfecce the opportunity to transmit at least partially. Hmto

the effects of higher temperatures, the rough interfacetdacrease the probability of inelastic scattering byréasing

the potential energy due to strain at the interface. Fig.dvstthe effective rectification calculated from equatiorBthe
perfect and imperfect interfaces as a function of the deleingth from the XMD package. The coarse and fine interfaces
show less rectifying behavior presumably due to the ine@asattering at the interface. Due to the considerablesnois
associated with molecular dynamics simulations (4.2% 9d.Because of temperature fluctuations and energy resaling
the baths it is difficult to confirm our hypothesis. Althougime could argue that the results show that the perfect aderf
results in the greatest level of rectification. Fig. 9 sholes ¢ffective rectification of the asymmetric (hemisphdrécad
ellipsoidal) interfaces as a function of device length glavith the effective rectification of the perfect interfadscafrom

the XMD package. It appears from these results that the agtriminterfaces degrade the rectifying effect because the

amount of rectification is comparable to what is seen in tlugihdnterfaces due to increased scattering at the interface

We again repeat some of these simulations with the LAMMP&@ge. Since the asymmetric interfaces have the same
impact on the rectification effect as the rough interfaceshage decided not to continue with those interfaces. Future
simulations could be performed when much larger systemsbeastudied where the asymmetric nature of the interface
can be accurately represented in the simulation. We havgrabtwo new rough interfaces which resemble the diffusion
of atoms at at interface with two different levels or sizegha diffusion region. Fig. 10 shows the level of rectificatio
calculated as a function of temperature for the rough iatex$ along with the values obtained from the perfect planar
interface. In this figure we see the levels of rectificationntan the same trend as in the perfect interface case (Figu?
to a greatly decreased level. These levels all fall within &0 rectification which is within the noise of the simulatio
which means we can not determine whether rectification isioiy at these interfaces, but we note that the rectifioatio
observed in the perfect planar interface is greater andéas $hown to exist. Based on this observation we can infetttha
elimination of the rectifying effect shown here is a resilincreased inelastic scattering which eliminates the amgtric
phonon transport at the interface. These results show gg@dment with the results of phonon wave-packet simulation
in [26]. These results showed an increase in rectificatidh thie addition of an interface roughness while the curresiits
do not. This difference is seen because of the relative ditieeointerface in the two systems. The current system has a
relatively large interface region in comparison to the renglystem (1-5 of the up to 150 unit cells) while the wave-pack
systems have a relatively small interface (1-5 of the 1000c@fis). This difference shows that with some inelastattaring
occurring at the interface we expect to see an increase iletkeof rectification while in the current systems inveatid
with non-equilibrium molecular dynamics we are unable t® e transition with such accuracy. Larger systems could be

investigated in the future to show this effect.
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4 Conclusions

In the present work, molecular dynamics results showedtitieamal rectification is theoretically possible and theefff
is reduced as the quality of the interface is degraded wighatlidition of somewhat randomly distributed atoms of each
of the constituent materials at the interface. A reductionectification from the perfect interface was also seen with
introduction of the asymmetric interfaces. The moleculgrainics results suggest that the reason thermal rectificai
not observed in many cases is due to the poor quality of exted in devices consisting of two different materials. is th
work we have observed that thermal transport is preferréagdmirection of higher mass and softer potential to lowessna
and stiffer potential. This effect is due to the differennefiequency content between the constituent materials lamd t
transmission of those frequencies across the interfactheNaterface is degraded inelastic scattering will insesi@sulting
in no rectification. In the case of the perfect interface,abeustic mismatch model, which ignores scattering andteeisu
maximum rectification, can be used to approximate the leiaddification by including frequency-dependent coefiitse
As the temperature increases or the surface is degradedftednismatch model will apply where scattering then @scu
as aresult of the diffusion of materials at the interface, e difference in transmission becomes related to thereifice in
the phonon density of states between the two materials asguih diffuse scattering is elastic. When inelastic saatiy is

dominant at the interface, the phonon transmission depeedmn frequency is reduced and no rectification will be olesr

These findings suggest that new materials can be used tapragivanced passive thermal control of localized transport
by exploiting nanotechnology. If no scattering occurs atititerface (low temperature and planar interface) the ritadg
of the rectification should be related to the ratio of maximaltowable phonon frequencies of the two materials. If only
elastic scattering occurs at the interface (planar intejfthe magnitude of the rectification should be related éa#itio of
the phonon density of states of the two materials. At higheterature and/or level of degradation of the interfacdastic
scattering will dominate and mitigate any thermally regtif) behavior. These mechanisms essentially result in actéxh
of transport compared to the bulk material. Therefore thesehanisms cannot in general be used to improve transport

favorably in a given direction; they can only be used to reduansport in a given direction.
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Table 1. Parameters used for the different materials in the simulations [31]. For potentials between different atoms, the energy parameter
€12 = /€1€2 and the length parameter 012 = (01 + G2) /2

Material Parameter Value | Material Parameter Value
Kr £(J) 225x 1072 | Ar £(J) 167x 1021
o(m) 365x 1010 o(m) 34x10°10
a(m) 5.69x 1010 a(m) 53x10°10
mkg)  139x10°%° mkkg)  6.63x 1026
reut(m)  9.49x 10710 reut(m)  884x 10710
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Fig. 1. Schematic of the interfaces studied via molecular dynamics simulations (From left to right: perfect interface, coarse diffuse interface,
fine diffuse interface, single unit cell step interface, hemispherical interface and ellipsoidal interface)
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temperature of 50 K from the LAMMPS package
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