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Heat rectification in molecular junctions
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Heat conduction through molecular chains connecting two reservoirs at different temperatures can
be asymmetric for forward and reversed temperature biases. Based on analytically solvable models
and on numerical simulations we show that molecules rectify heat when two conditions are satisfied
simultaneously: the interactions governing the heat conduction are nonlinear, and the junction has
some structural asymmetry. We consider several simplified models where a two-level §js®m
simulates a highly anharmonic vibrational mode, and asymmetry is introduced either through
different coupling of the molecule to the contacts, or by considering internal molecular asymmetry.
In the first case, we preseanalytical results for the asymmetric heat current flowing through a
singleanharmonic mode using different forms for the TLS-reservoirs coupling. We also demonstrate
numerically, studying a realistic molecular model, that a uniform anharmonic molecular chain
connecting asymmetrically two thermal reservoirs rectifies heat. This effect is stronger for longer
chains, where nonlinear interactions dominate the transfer process. When asymmetry is related to
the internal level structure of the molecule, numerical simulations reveal a nontrivial rectification
behavior. We could still explain this behavior in terms of an effective system-bath coupling. Our
study suggests that heat rectification is a fundamental characteristic of asymmetric nonlinear thermal
conductors. This phenomenon is important for heat control in nanodevices and for understanding of
energy flow in biomolecules. @005 American Institute of Physid©OI: 10.1063/1.1900063

I. INTRODUCTION From the theoretical perspective, different aspects of

Rectifiers, devices that transport current efficiently inheat transport in nanojunctions including single molecule de-
one direction of the applied bias, while blocking it com- vices were investigated in recent years. Some of these studies
pletely or significantly in the reverse direction, have beerthat are relevant to the present discussion are reviewed be-
commonly associated with electron transfdolecular elec-  10W.
tronics rectifiers, first proposed by Aviram and Ratridrave Historically, intramolecular vibrational redistribution
been studied and demonstrated in different metal-moleculdVR) phenomena in vibrationally excited molecules have
metal structure$:®> While different rectification mechanisms Peen subjects of intensive studies in the past two decades.
have been identified and discussed, the common featurEn® main objective of these investigations is to expose the
characterizing such molecular electronics devices is an urimportant vibrational pathways to chemical reactions and the
derlying structural asymmetry that leads to different potentiaPossibility to control such processEsThe key issues in
profiles along the junction for the opposite bias directions. these studies involve the transfer of vibrational energy be-

Motivated by the growing interest in nanomechanics_tween different molecular modes and the relaxation of local
construction and study of nanolevel mechanical devices—w&10de excitations to the rest of the molecular vibrational sub-
investigate theoretically the analogous concept of a molecuspace. Of particular interest are the recent investigations by
lar level heatrectifier, a molecular device that conducts en-Schwarzeret al*®*” of IVR in bridged azulene-anthracene
ergy current asymmetrica”y upon reversing the temperaturétructures. This work constitutes an important link between
bias. We discuss the origin of such heat transport asymmetrjy R measurements and the traditional concepts of heat trans-
essentially asymmetric phonon transfer for forward and report theory: the coefficient of thermal conductivity and dif-
verse temperature bias, its dependence on junction charactdisive versus ballistic modes of energy transfer.
istics, and its relationship to the way the temperature is dis- From a different perspective, there has been a long-time
tributed along the junction under steady-state operatiorgffort aimed at understanding the relationship between pho-
Other mechanical devices that have been discussed recenfigh transport in constrained nanosystems, specifically one-
are heat enginés® motors?*°and even a mechanical analog dimensional (1D) conductors, and the phenomenological
of a laser! Experimentally, nanostructures have become acFourier law of heat conductiod=-K VT, that connects the

cessible for heat transfer measureméfts enabling study heat fluxJ to the local temperature gradieWl through the

of the thermal conductivity of single molecules, e.g., a carthermal conductanck. The ultimate goal of these investiga-

bon nanotubé? tions is to derive this macroscopic law from statistical-
mechanics arguments, and find how it applies in the1 low-
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rather than the temperature gradi€implying that thermal In this paper we first give a detailed account of the sim-
conductivity diverges with increasing chain lengthhere plified model discussed in Ref. 36. We then extend the model
were many studies of “anomalous heat conduction” in 1Dto study heat rectification on a molecular junction with an
systems and models for recovery of the Fourier law werénternal structure. We show that heat rectification can occur
investiga’[ecﬁo‘25 For a recent review see Ref. 26. in junctions characterized by inherent structural asymmetry,
Quantum aspects of heat conductance were theoreticallys opposed to earlier studies where the asymmetry stemmed
investigated and experimentally manifested in recent yeargrom different couplings to the heat reservoirs. In all cases,
The existence of a universal quantum of thermal conducrnonlinearity, such as associated with anharmonic interac-
tance,g:ﬂzkéT/3h, has been predictéﬁand experimentally tions, is required as discussed above. We note in passing that
confirmed?® Here ks and h are the Boltzmann and Planck directionally biased heat conduction will be potentially use-
constants, respectively, aiids the temperature. For ballistic ful in electrical nanodevices where efficient heat transfer
phonon transfer, a two-terminal Landauer-type formula foraway from the conductor center is crucial for proper func-
thermal flux has been derivé@?**°and later generalized to tionality and stability. Similarly, directed energy flow in bio-
the four-terminal cas&. This relationship, an analog of the molecules, such as proteiffsmay play a role in controlling
Landauer formula for electrical conduction in conformational dynamics.
nanojunctiong,2 describes energy transfer between it The paper is organized as follows: in Sec. Il we study
(L), right (R)] thermal reservoirs maintained at equilibrium the rectification emerging from system-reservoir asymmetric
with the temperature®, andTg, respectively, in terms of the coupling. We analyze the simplest nonlinear conductor: a
temperature-independent transmission coefficigfi) for  two-level system(TLS), for which the heat conduction be-

phonons of frequency, havior can be resolved using analytic approximations. We
also exemplify rectification on a realistic molecular chain

J:f’]’(w)[nl_(w) - nr(w) Jodw. (1) using Langevin dynamics simulations. In Sec. Ill we show
that a molecule with an asymmetric internal level structure

Here ng(w)=(e%“-1)"L B.=(ksTe) % K=L,R (h=1) are  Can operate as an asymmetric heat conductor molecule made

the Bose Einstein distribution functions characterizing the®f Unéqual two separate segments. Section IV concludes.

reservoirs.
Because7Z(w) is temperature independent for ballistic ||. RECTIFICATION: ASYMMETRIC SYSTEM-BATH

transport, Eq.(1) is symmetric to interchanging the reser- COUPLING

voirs temperatures. Consequently, systems obeying this ex-

pression, for example, harmonic chains, cannot show recti- _Here we present ana_lytlcal and numerical results that
fying behavior irrespective of any structural asymmetry. A|nd|cate that an anharmonic molecular system coupled asym-

natural question is then what are the minimal Conditionsmetrically to two thermal baths can operate as a heat rectifier.

needed in order to manifest heat rectification. Similar con-'/é Study two anharmonic models. The first is essentially a
lization of the spin-boson modein which a two-

cerns were raised for molecular level electrical rectifiers,genera . e .
where it was established that in order to exhibit diodelike!SV€! System is coupled to two equilibrium boson baths main-

behavior the junction has to combine geometric asymmetr

ﬁlned at different temperatures. Such a two-level system
with a characteristic voltage drop distribution across the mo- ay be a truncated version of a general anharmonic system,
lecular bridge®™®>* It is important to note that this depen-

e.g., an anharmonic vibration or a local molecular libration,
dence on the electrostatic potential distribution that itself deyvhere at low temperature only the lowest quantum states are
pends on the bias direction is a manifestation of electron

relevant. We study two variants of the model and show that if
electron interaction, i.e., of nonlinear interactions in theasymmetry is built into either one by employing different
junction.

spin-boson coupling strengths for the two baths, thermal rec-
In this work we focus on heat transfer in nanojunctions

tification naturally sets in. We also study heat transfer
and show that similarly to the electrical case, two condition§hrough a chain oN

identical anharmonic oscillators con-
are required foheatrectification: first, the conducting chain necting asymmetrically two heat baths by using the classical
needs to have some built-in asymmetry and, secondly, nor{'

_angevin dynamics. Also in this case, with no spectral trun-
linear interactions should govern the energy transfer. Wheffation involved, we fmo! _rec'_ufymg transport behawor._T_hls
these conditions are both satisfied, they may result in aﬁhows that thermal rectification is a general characteristic of
internal temperature drop across the molecule with differen'fmharmon'C asymmetric molecular junctions.
temperature profiles for forward and reversed temperature
biases. Terraneet al®® had demonstrated these effects on aA. Spin-boson model |
lattice made of a highly nonlinear region sandwiched be- . .
tween two anharmonic and asymmetric domains using clas- A TLS. may be cons.|der'ed_as a mOdeI. of the highest
sical Langevin simulations. Recently, we have also theoreti?nharmo.mcny' We describe |ts.|nte'ract|0n with two thermal
cally analyzed similar effects on a simplified two-level baths using a spin-boson Hamiltonian,

system simulating a single highly anharmonic vibrational — H =Ey|0)0| + E1|1)(1| + Hg + Hyg, (2)
mode® There, in analogy to Ref. 37, the system asymmetry

was introduced by imposing different coupling strengths to H;=H, + Hg; Hc= >, w,—a;raj; K=L,R, (3
the L andR thermal reservoirs. jeK
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Hwe = BJO)(1| + B[1)(0]; B=B_ +Bg, (4) ki =T (w)[1+n(w)], Kkr=Tr(wo)[1+ng(wo)], (9)

whereajT, a; are the boson creation and annihilation operatorsvherel’, andI'g are the temperature-independent rates given
associated with the phonon modes of the two harmonic bathsy
and By are the bath operators, e.g., for a linear coupling -
model, I =52 dfdw-w), K=LR (10
me jekK
B«=Bl=>ax, x=Q2w)Yal+a), K=LR. (5

KooK o ! e In what follows we assume that heat transfer is domi-

o o ) nated by resonance energy transmission and that dephasing

Asymmetry is incorporated by taking, # ajr- AN IMpor-  nracesses are fast enough so that the dynamics is fully de-
tant attribute of this model, shared by most studied transpoidiped by the master equatid8). The heat conduction
models of this kind, is that the transport processes at the tWBroperties in this limit are then obtained from the steady-
system-bath interfaces are independent of each other and cgfyte solution of this equation.

be handled separately to a very good approximation. Consider first the harmonic modéN— ). A steady-

Itis convenient to regard the mod@)—5) as a special state solution of Eq8) is obtained by putting?,,=0 for all n.

case of anN equally spaced states system with nearest- . . n i
neighbor coupling through the two heat bathéyg On searching a solution of the fori,«y" we get a qua

=E,’}';11v’71(8|n—1><n| +BYnyn-1]). In particular theN— o dratic equation foly whose physically acceptable solution is

limit with equal-energy spacing corresponds to a harmonic- B k e PLoo + ke Preo (11

oscillator bridge connecting the baths. Equati@h corre- y= k. + kg )

sponds in the latter case to the bilinear coupling model with . _

the oscillator-bath interactions given Ib,s==,4axx (K This leads to the normalized state populations,

=L, R). x |.z,/2the coordinate of the bridge oscnlator_am;i P.=(1-y)y", (12)

=aj(2mwg)*'* where m and w,=E;-E, are the oscillator

mass and frequency, respectively. and to the average steady-state populafissing the linear
The reduced dynamics in the space of Kevel system  coupling form, Eq.(9)],

can be derived following standard procedures, e.g., the Red- o

field approximatiof” for the weak system-bath coupling - _ T +Trng

e on for _ 9 Pr=Xnp, : (13)

limit. The resulting kinetic equations for the state probabili- n=0 r+T

ties, in the Markovian limit and assuming that coherences

can be disregarded on the relevant time scale, can be writté’r‘ﬁhere the thermal distributions and the rate coefficients are
in the unified form evaluated at the frequenay,. The steady-state heat flux is

_ obtained from
Ph=- [nkd +(n+ 1)kuxn]Pn +nkyPp-1

+(n+ DkgXoPre1, (6) 1= -wogl (ki Py~ ki Py-1€71%0)
where X, =4, o for the two-level(n=0,1) system andX,=1 %
for the harmonic-oscillatofn=0,...,%) case. The rate con- = wp 2, N(KgP,, = kgPp_1€7AR20) | (14)
stants for vibrational excitation and relaxation are given by n=1
(" o N where the positive sign indicates current going from left to
k= f_w dre*0(B(n)B(0)), right. Using Egs(9), (11), and(12) we find
r.r
. J= oo (0 =R, (15)
kg = f dre“o(B'(7)B(0)). () RTTL

This is a special case of Eql) [with T(w)=I" T'r(I",
The average is done over the thermal distributions of thet TR *8(w—wo), consistent with our resonance energy-
baths. Equatior(6) is obtained irrespective of the fact that transfer assumptign which obviously cannot exhibit any
the average ifi7) may involve several baths kept at different rectifying behavio?? Analogous results are obtained for
temperature8! Specifying to the case of two baths with tem- €lectron transmission through double barrier resonance tun-
peratures, =1/kgB, andTg=1/ksr and to linear coupling, neling device$>**where in the wideband regime the electric
and assuming that there is no correlation between the tweurrent is proportional t&" I's/(I'r+I')), ' g is the elastic

thermal baths leads to coupling to the leads, irrespective of inelastic effects.
) Next consider the two-level casd=2. The two steady-
Pn=—[nk_+nkg+ (n+ 1)(k ee0 + kge Pro0) X 1P, state equations obtained from H@) yield
+(n+ 1) (K. + kp) X Py + N(K €7PL20 + ke PROO)P, k& BL20 + ke PrRo0
L T KR AN n+1 L R n-1 p,= |__ R i . P,=1-P,, (16
(8) k (1 +e7720) + k(1 + € Fre0)

with and the analog of Eq14) is
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\] = - a)o(kL Pl - kL Poe_BLwO) = wO(kRPl - kRPOe_BRwO) .

(17)
This leads to
ki k(€70 — e7Preo)
J= 18
PO (1 +e7PLoo) + k(1 + e Froo) (18
and, using Eq(9), results in
I'I'r(n,=n
J= wp RN~ NR) _ (19)
(1 +2n) +TRr(1+2ng)

Equation(19) is an expression for the energy current through
our two-level system. In contrast with the harmonic-
oscillator resul{(15), Eq.(19) is not antisymmetric under the
exchange off, andTyif I #'. Indeed, defining the asym-

metry parameteg such that

I =T'(1-y), Tr=T'(1+y), -1<y<1, (20
we find
AJ=J(T =Ty Tr=T) + IT =T, Tr=Tp)
'x(1 -2 (n,—n.)?
[Qs} X( X)( h c) (21)

- (1+n,+ nc)2 - Xz(nh - nc)2’

J. Chem. Phys. 122, 194704 (2005)

200
T, K]

300

FIG. 1. Heat rectification by a TLS bridge in the linear coupling model,
described by Eq92)—(21). The ratioAJ/J, is plotted againsT, while the
hot reservoir is kept at a fixed temperaturg;=150 K (dasheg, T,
=300 K (full) and T,,=450 K (dash-dottel] w,=200 cm?, andy=1/2. The
inset showsAJ for the three cases.

rectification ratio against the asymmetry paramgtéor dif-
ferent TLS frequencies. Note that the valuelbfs not im-
portant when we consider rectification ratio, and that the heat

where T, and T,, are the temperatures of the cold and hotcurzent_lfor the symmetricl' =I'r system is at the
reservoirs andh, andn;, are the Bose—Einstein thermal dis- 10 cm/s range.
tributions calculated at the respective temperatures. This re-

sult shows several interesting features:

(@

(b)

(©
(d)

In the deep quantum limiff},, T.<< wy/Kg, rectification

verse temperatured,J ~ wq(e0ksTh— g o/keTe)2,

In the opposite, highly classical limif., Tp> wy/Kg,
Eq. (21) yields AJ~ wAT?/ (T +T,)?, with AT=T,
—-T., implying that asymmetry increases linearly with
(AT)? and wo. The same dependence GAT)? is ob-
tained in theAT— 0 limit.

In the intermediate regimé,, T,,~ wy/Kg, rectification
decreasesvith wg, AJ~ AT?/ wy.

Noting that sigifiAJ) =sign(y) it follows from Eg. (20)
that the current is larger when the bridge links more
strongly to the colder reservoir than when it links more
strongly to the hotter one. This behavior can be under-
stood by defining an effective, temperature-dependent
coupling constaan=FK(1+Z1K); K=L, R. Then the
heat current from Eq(19) can be recast in the form
similar to the harmonic expressid@h5),

T
J= w= L R|:

ForI' >T'g and T > Tg, for example, the energy cur-
rent is proportional to the effective coupling at the right
side, orJ« T, in the classical limit. When reversing the
temperature bias we gétcTy,. Thus the ratio between
the oppositely going currents ST,/ T,

n_—nNg }
(1+2n)(1+2ng) |

(22)

Figure 1 depicts an example of this behavior. Shown i{
the ratioAJ/J, (with Jy=|J(x=0)|) plotted against the tem-

B. Spin-boson model I

Next we consider another variant of the two-bath spin-
decreases exponentially with the frequency and the inboson model, taking the Hamiltonian to be

H = Eg|0)(0] + Eq|1)(1| + Vg 1/0)1| + V1 o/ 1)(0|

+ 2 opfa+
jeL,R

0.1

-
30.05
<

> %j(aglOX0| + ay j1)(1)). (23
jeL,R

The two boson bathd, and R, are maintained at different
temperature§| and Tg. Note that if T =Tg, i.e., when the
TLS is coupled to a single thermal bath, E3) represents
a standard spin-boson Hamiltonian used, e.g, in the electron
transfer problem. Using the small polaron transformatfon,

gt
td
s ~
»” AN
s’ \
/
I' \\
/ A Y
I' \
4 \
! )
4 RTTTTIoN \
’ “‘_-- ., '\
4 o *, [}
4 "“ *a (Y
(4 R4 e,
1) ., \}
[} K ., \\
/f, .»' “\\
Q.’ .'O
0.2 0.4 0.6 0.8 1
X

IG. 2. The raticAJ/J, vs the asymmetry parametgifor several two-level
ridges characterized by different level spacieg: dashed line wq

peratureT., while keepingT,, fixed. In Fig. 2 we show the peratures ard,=400 K andT.=300 K.

=200 cn1; full line wy=400 cm?; dotted linewy=600 cm™. The bath tem-
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H=UHUY, U=Uy,, (24)
where, forn=0, 1,

Uy =exd—inXn|Q,), Q,=05+0Ff, (25)

QR =12 \j@ ) (K=LR), Nyj=(20) 2y
jeK
(26)

leads to

H= Eol0X0] + Eq|1)(1] + Vg 1|0)(1]€"* + Vy ¢ 1)(0]e™

+ > wjala + Ha, (27)
jeL,R

where 0=0,-0¢ and Hgy=—(1/2%w;*(aj;|0X0|

J. Chem. Phys. 122, 194704 (2005)

, » 2 wlkgTx—0 K
DK = 2 ()\1’1' - }\OVJ') (,!)J- [ZnK(wJ-) + 1] E— 2kBTKEM .
jeK
(34)

Equations (28)—(34) provide an extension of the Marcus
nonadiabatic rate expressié‘ﬁm the case of two reservoirs
maintained at different temperatur&, andEy, are the cor-
responding reorganization energies.

Next consider the steady-state heat current in this model.
What makes this a unique transport problem is the nonsepa-
rability of the system-bath couplings that makes the proce-
dure that leads to Eq17) unusable. Instead we note that
C.(wp) and Cg(wg) are essentially the rates affected by each
thermal reservoir separately and that from E80) C(wp)
=7, dwC (wy—w)Cr(w). It follows that the procesgl)
—|0) in which the TLS loses energy, can be viewed as a
combination of processes in which the system gives energy

+a7,|1)(1]) may be henceforth incorporated into the zero-® (or gains it if o <0) to the right bath and energy,—w to

order energies.

the left one, with probabilityC, (wy—w)Cgr(w). A similar

The Hamiltonian(27) is similar to that defined in Eqs. analysis applies to the procel@s— |1). The heat flux calcu-
(2)<(4), however, here the system-bath couplings appear a@ted_as the energy transferred per unit time into the right
multiplicative factors rather than as additive contributions inbath is therefor

ated with these couplings are nonseparable. The dynamick= |Vo,1|2

the interaction term, therefore the transport processes associ- Jw
may still be readily handled. For small (the “nonadiabatic

limit”) the Hamiltonian(27) implies again rate equatio(®)
with the ratesky andk, given by

kg = Vo 1/*Clwo),

where wy=E;—E, and C(wg) = [, dte “OtE(t) with

ky = Vo,1/°C(= wp), (28)

E(t) — <eiQ(t)e—iQ(0)>
= (g1~ V1105 0-0g(0Ty,
x (glOr0-0g0]grilofo-agon (29)
This may be evaluated explicitly to give

C(t) =CL®CR®M), Ck(t) =exd- (], K=LR,
(30

=2 (N = NopH[1 + 2 (w))]

jeK

-[1+ng(wple = n(w)e“t, K=LR. (31

Explicit expressions may be obtained using the short-timéb(
approximation(valid for EjeK()\l,j_)\O,j)2>1 and/or at high
temperature whereupond(t) is expanded in powers df

keeping terms up to ordef. This leads to

[ oa _(wo—Ek,l—Eﬁ,l)z}
=\ e o |

where(K=L,R)

En = 2 (\1j = Noj)%w;, (33
jeK

dwwCgr(w)[C(wg— ®)P; + Ci (- wg— w)Pg]

= |Vo,1|2f dww[Cr(w)C\ (wy — ®)P; — Cr(- )

XC(- wp+ w)Py], (35)

where Py=C(wg)/[C(wg) +C(-wg)] and P;=1-P, are the
steady-state probabilities that the system is in state 0 or 1,
respectively.

Equation (35 can be evaluated numerically. Further
progress on the analytical level can be made by invoking the
short-time approximation in whicl(w) takes the form

Cy(w) = (D2) M2 exf - (0 - Ef)Z(2D2)], K=L,R.

(36)
Using this in(35) leads to

A L R\2 2.2
V27 e (w0~ Ey - E?2D+D)

J=4kgVo 42
8l Vo (D? + D2)372 1 4 g2uo(EG+ERN(DZ+D?)

XELER(T - TR). (37)

It is convenient also to takEk,l:EM(l—)(); Eﬁ:EM(lﬂ()
|=<1), which implies D?+D2=2kgEy(Ts—xAT) where
AT=T -Tg; Ts=T, +Tg. This leads to

27V 42 (w0 = 2Ey) /4kgE (TsXAT)
T [KeEy(Te— YAT)PZ 1 +e20kaTs 18T

Equation (38) indeed implies asymmetric heat conduction
provided that symmetry is broken by taking different cou-
plings to the two baths, e.g., by taking#0. This is illus-
trated in Fig. 3 where the ratidJ/J, is displayed against.

It is seen that the heat conduction asymmetry can be quite
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point we study next the heat conduction properties of a

T model system akin to a realistic molecular chain. The system
ob==""" s includes a 1D highly anharmonic molecule composedNof
identical units linking two reservoirs and R maintained at
- T, and Tg. Anharmonicity is entered by using Morse-type
302 interactions between nearest atomic neighbors on the chain
~ and, as before, asymmetry is included by taking different
coupling strengths of the molecular chain to theand R
-04 reservoirs.
The model Hamiltonian is given by
0.6 N N-1
0 0.2 04 , 06 0.8 1 H=(2m) > p2+ >, Dle s ed - 1]2
FIG. 3. Heat rectification of a TLS bridge for a nonseparable coupling, - -
described through Eq&23)—(38). The ratioAJ/J, is plotted as a function of + D[e_a(xl_a) - 1]2 + D[e_a(b_x'\‘) - 1]2 (39)
x for we=200 cn* andEy, =100 cm* (dashegl andE,,=3000 cm? (full).
The reservoir temperatures afg=400 K andT,=300 K. supplemented by damping and noise terms operating on par-

ticle 1 andN to simulate the effect of two thermal baths. The
large, with its magnitude and sign strongly dependent on th&duations of motions are

system parameters. Whéiy, > o, the heat flux is dominated ) 10H
by the terme (o~ 2Ew¥4eEn(TsXAT) that is bigger wherAT N T 2,3,...,N-1,
is negative than when it is positive, hence the negative asym- '
metry in AJ. The same behavior is expected in the opposite, 1 9H
Ey < wg, limit. However, when By, = oy andwy=KkgTsg, J is Xy =———— =y X +FL(1), (40
dominated by the terfkgEy(Ts— xAT] 32 implying a posi- maoxy
tive asymmetry, as seen in Fig. 3. 1 oM
Another interesting characteristic of this model is the Sy = — = —— — yeky + Fr(b).

strong dependence of the rectification ratio on the reorgani- m dXy

zation energyEy, as seen in Fig. 4. Here we find that strong In these equationa and b are constantsm is the particle

ling impli ification. Thi
coupling implies strong rectification. This strong dependence;nass, and the Morse parametérsx.q and a are based on

on the coupling strength manifests the main difference of %Ufhe alkane C-C stretch motion as detailed below Introducing
model Il from model |, Eqs(2)—(21), where the ratiaAJ/J, a N
parametew to represent the level of anharmonicity in the

does not depend on the coupling strenfth Eq. (10)]. potential, we useD=88/,2 kcal/mole, a=1.88 A, xeq

=1.538 A, and m=mg,,,=12/6.02< 10?3 g. In standard
C. Classical Langevin dynamics models for alkane force field=1.*® Here we artificially in-
. . crease the system anharmonicity by taking 1. The other
The spin-boson-type models discussed above representy ge| parameters are the friction constapt(K=L,R) and

examples Of very e_mharmomc_: syst(_ams that are §|n”_|pl he bath temperaturd andTg. The latter enter through the
enough to yield detailed analytic solutions and thus insigh luctuating Gaussian random forcBg(t), K=L, R that rep-

about the heat rectification phenomenon. It should be empha}ésent the effect of the thermal reservoirs and satisfy

sized that this phenomenon is the rule, not the exception, i _
anharmonic heat conduction. In order to demonstrate thizFK(t)FK(o»_ZZKKBTKﬁ(t)/m' _ .

We takey, =y(1-x) and yg=9(1+Y), |x|<1, and as in
Figs. 1-4, study the ratio betweehl=J(T =Ty;Tg=T,)
+J(T_ =T¢; Tr=T,) andJo=|J(x=0)| where the heat current
J is calculated as the average over sites df
:<_Xi(&Hi+l,i/aXi)> with Hi+l,i =D[e_a(xi+1_xi_xeq)— 1]2 The av-
erage is done over steady-state trajectories computed by in-
tegrating Eq. (40) using the fourth-order Runge—Kutta
method. Steady state is determined to be established when
the computed heat current is the saifwgthin numerical
noise at all sites.

The results of the calculations based on this model, dis-
played in Figs. 5 and 6, show that the intrinsic nonlinearity
of the model is enough to induce asymmetry in the thermal

100 500 1000 _1500 ,2000 2500 3000 conduction of the asymmetrically couplégh # yg) bridge.
Eplem™] This indicates that rectification through asymmetric chains is
FIG. 4. The ratioAJ/J, plotted againsEy, for y=0.55 andw,=200 cn1t a general property Of highly an.ha.rmonic systems. Figure 5
(full), w,=400 cm® (dashedi w,=600 cn? (dotted, and w,=1000 cm*  Shows that the rectification ratio increases when the chain
(dot-dashell The reservoir temperatures afg=400 K andT,=300 K. anharmonicity is artificially increased, while Fig. 6 presents
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FIG. 5. The asymmetry in the thermal conduction plotted as a functian of F|G. 7. The temperature profile for tie=80, v=6,y=50 ps?, y=0.5 case
for a classical chain oN atoms characterized by Eq®9) and (40). The

with T =T,; Tr=T, (full), T_=Ty; Tr=T, (dashey, whereT,=300 K and
parameters used ane=50 ps?, T,=300 K, T,=0 K, andN=20. The force T.=0 K. '
field parameters of Eq(39) were modified by taking v=5full), v=6
(dasheg, and v=6.75dotted.
on the heat conduction behavior of the corresponding junc-
the rectification obtained for different chain sizes. The in-gogt' el:qer: nV;I]Z rdn?sgiréti)t?/ aarr?t(ijwlti?ﬁ:rrzi?é erglrﬁzrssasf]gt?; the
creased rectification by longest chains demonstrates that th ich is now symmetrically coupled to the left and rig'ht
contr_lbutlon Of anharmo_nlc interactions to the thermal trans'thermal reservoirs. Our simplified model consists of a mol-
port is becoming more important for longer mOIGCUIeS.' I:'gTecuIe made of two coupled nonidentical spatially separated
ure 7 demonstrates _that the temperature .drOp.S’ essentially IIg’egments’;\l and M, each taken to be an anharmonic system
early along the ¢ hain central dor_nam, W't.h dn‘feren_t SIOIOesand each represented by local states that are eigenstates of
under the opposite temperature biases. This stands in contrqﬁg isolated segment. The molecule sits as a bridge connect-
with harmonic chains where the temperature deviates frorﬂ]g Wo macroscopic. heat reservoirs of different tempera-
the average valudT, +Tg)/2, only at the edge¥’ tures, see Fig. 8. We take each of the two molecular seg-
ments to couple directly to its neighboring reservoir, so that
the M(N) molecular residue is coupled to the ldfight)
IIll. RECTIFICATION BY INTERNAL ASYMMETRY reservoir of temperaturg (Tg). Direct thermal coupling be-
OF ANHARMONIC MOLECULAR MODELS tween the reservoirs is assumed small and is disregarded in
In the examples discussed above asymmetry was incoRUr following treatme_nt. Therefore, energy can be transferred
porated by taking different coupling strength between theP€tween the reservoirs only through tieN contact.
two thermal baths and the bridging unit. Obviously, separat- FOr simplicity we assume that the temperature is low
ing the overall system into these components is to some ex@nough so that each segment can be represented by its two
tent a matter of choice, and what appears as asymmetry iqwest e[genstates, i.e., each vibrational manifold is trun-
the contacts on one level of description may constitute strucc@ted to include only the two lowest-energy statm;,} and
tural asymmetry of the extended bridging unit in another| My of segmenM anq|no) and|ny) of segmenn, with the
Practically, structural asymmetries in molecular bridges ar&orresponding energi€s, andg, (k=0,1). These states are
easily introduced, and it is of interest to explore their effectdaken orthogonal, i-e-ﬁmi7m1>=<ni|nj>:5i,j (j=0,1;i=0,1)
and complete in the sense tHa [m;)(my| and ={_g[n;)(n|

0.08

0.06 N

M

_<0.04
~
3

0.02

0 L}

0 0.2 0.4 X 0.6 0.8 1

FIG. 8. A schematic representation of the model system described in Egs.
FIG. 6. Same as Fig. 5 with v=6. Full, dashed, dotted, and dot-dashed line@2)—(55): two molecular specie® and N whose vibrational spectrum is
correspond toN=10, N=20, N=40, and N=80, respectively, withy truncated to include only the two lowest states. The molecule is placed
=50 ps?, T,=300 K, andT,=0 K. between two heat reservoirs of different temperatures.
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are unities in their respective subspaces. Asymmetry is intro-  H,,_,, = V|b)(c| + V|c)(b], (48)

duced by takingoy # wn: wn=En ~Ep; om=Em ~Em (see

Fig. 8. Ho=> wala +> wal 49
For definiteness tak® > T and assume that both tem- ® 2 al 2 %8s 49

peratures are low enough so that the bridge occupies mainly
its ground state. Energy transfer through the system may be F = F{[|a)(c| + |b)(d|] + F.[|c)(a| +|d)(b]]
viewed as a three-step process, N
L 5 . + Fgl|a)(b| + |e)(d[] + Fel[b)(al +[d)c]]. (50)
|Mong)— [MyNg)— Mgy )— [Mgno) . (41)  Let C be the matrix that diagonalizes the molecular Hamil-

. . [ =Hp+ ie.
In step 1 the left heat reservoir excites ttlesegment to tonianHs=Ho+Hy-n, 1€,

the upper vibrational staten;) while theN segment remains Hs=C'DC, (51)
in its ground state. Step 2 is a— N energy-transfer pro-

cess in whichM returns to its ground state whild is ex- whereD is the diagonal eigenenergy matrix. The matx

cited. Finally, in step 3 returns to its ground state, trans- transforms between the diagonal b.a65>||>|j>|d>) and t.he
ferring its energy to the right heat reservoir. A model local ba3|5(|g>|b>|c>|d>). For the details see the Appendix. In ,
Hamiltonian that describes this process consists of fouf'® Néw basis the molecular states are uncoupled and transi-
terms, tions between them can be caused only by their mutual in-
teractions with the thermal baths.

H=Hg+Hg+F=Hy+Hy_y+Hg+F. (42) Next we calculate the heat current flowing through the
system. We focus on the regime of incoherent transport, as-
suming that dephasing is fast so that the dynamics can be
described by rate equatioisiaster equationfor the popu-

— Ml + NN, lationsPss=(a,i,,d) of the diagonalized states. This master

"o ,% Em"|mj><mjl j:Eo,lEnj|nJ><nJ|’ (43 equation takes the form

The system Hamiltoniaklg includes the truncated seg-
ment Hamiltonians and the intersegment coupling,

I-Da = (k=__>a+ kR a) Pi + (k}_—>a + kJR—>a) P] - (kle_l—>i + kg—»i

Hyi-n = VImg, ng){my, Nl + V[my, ng)(mg, ny|. (44) -
+K +KR P

The Hamiltonian describing the thermal bdtt is repre- a~] - ham)lh A
sented as before by a collection of harmonic oscillatégs . L R L R L R
=3, waa+3,wa'a. The molecule-reservoirs couplirfgis Pi= (Ko + Kai)Pat (kg + kg ) Pa = (Ka T Kia
given by +k g+ K Py, (52)

F = F{Imo)(my| + F[my)(mg| + FEIng)(n| + Felng)(ngl, . . . ) . ) .

(45) Pj=(Ka_j + Ka_j)Pa+ (Kg_; +Kg_)Pg— (K a+ K 4

o +k g+ KR )Py,
whereF¢(K=L,R) are the bath operators. A specific model i-at ko))
for this interaction can be, for example, . L R L R L R
Pg=(ki_g+ Kk aPi+ (K_g+KgP; = (Kg_i +Kg_i
a
Fe=2 %(aﬁa,—), K=LR. (46) G+ kG )Py,
jeK N Wj

o _ _ where the explicit expressions for the rates constants are

The coefficientsq;(j=1,r) are the molecule-reservoir cou- given in the Appendix. For example, the rate Coefﬁcié;ﬂi

pling strengths. While in Sec. Il asymmetry was incorporatedfor the |a)— |i) excitation process driven by the left heat
by taking a;(jel) # a;(jeR), here they are taken to be the reservoirs is

same. With this form of the coupling, Eg€5) and(46), the 5

. . -~ i o
preseqt model is closely related to the first spin-boson con k'e'Hi — 27T|C2,3|ZPL(Ei,a)nL(Ei,a) el ) (53)
figuration of Sec. Il, see Eq$4) and (5). Indeed we show 2w E .

below that these two heat transport models are related. ) ) ) ]
We proceed by defining the four statega) It is expressed in terms of the matrix elementofdefined

=[mo,NgY, |bY=[ My, Ny, €Y =[ My, o), [ =|my,ny)). These are in Eq. (51), theL reservoir density of modes; (E), the ther-

eigenstates of a system comprising the two uncoupled mdn@l occupation of the bath statesE), and the system-bath
lecular segments with energi€s=Ey, +Eq; Ey=Eq +Eq; coupling strengthy, all calculated at the energy difference
Ec=Em, +Eny Eq=Em +Ep. I states|a) and |d) both TLS Eiva:Ei_Ea' uti ; , . ‘
are in their ground or excited vibrational states, respectively, The _steady-fstat_e S0 _utlon of Ep2) is obtained b.y tak-
whereagb) and|c) represent states in which one segment is 9 the_t_lme derlvatlve_s n Ec{5_2)_ to zero anfl gpplymg the
excited while the other is in its ground state. The di1‘ferentprObabIIIty conservation COHdItIOer0+ Pml‘l' Pno+Pn1

components of the Hamiltonia@2) in this representation =1 that implies that each segme_nt mus_t occupy elther the
are lower or the upper state. In the diagonalized basis this con-

dition is translated intd®,+P;+P;+Py=1. The heat current
Ho = EjJa)(a| + Ep|b)(b| + E.|c){c| + E4d)Xd|, (47) s defined in the incoherent regime as the net heat exchange
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] ) ) FIG. 10. Rectification ratio as a function f. The hot bath is maintained at
FIG. 9 The ratioAJ/Js plotted against the frequeneyy, for different fre- T,=150 K (dashedt T,=300 K (full); T,=500 K (dot-dasheji Other pa-
quencies of thé\ componentioy=200 cm* (dashedl wy=600 cn* (full), rameters ares, =1000 cn?, wy=300 cm?, and w,=400 cn?. Inset: the

and ©\=1000 cm' (dot-dashef T,=500K, T.=300K, and  sum of the(oppositely going heat currents for the corresponding cases.
;=400 cn’. Inset: the functiory(w)=we e vs w for cutoff frequency

;=400 cnl,
2
T,
K —L| nu(@)p(®) = kwe ™ n (v), (57)
between the molecular segments and the reservoirs. It is ° ° o |, " pL -
given by multiplying the microscopic rate of population e _ 2/6 3
transfer by the energy transferred. In the following expres—\l\/herew_ES Es, and K_I.\IB(WQ' [2e),, is assumed to be
. : : equal for the two reservoirs and for all modes. In the calcu-
sion the heat current is calculated at the left contact and Rtions depicted in Figs. 9 and 10 we have takenl and
sign notation is adopted by which positiyeegative terms '

o ; have used the cutoff frequencies in the range @f
represent excitatiofrelaxatior) processes on the molecule, =200-800 crmi. With these parameters the resulting rate
J= [(k;ﬂiEi,a"' k;ﬂ

EjaPa+ k- 4EqiPi +k}_~>dEdej] constants are aboyt0-300n, (w) cmit for w in the 100
—[K-_E P+ K- E P+ (K Ey + K5 Eq)Pg] 1200-cm”* range. P

i—aFi.aPi + Ki_aEjaPj + (kg_iEq; + ki Eqj)Pal- Figure 9 shows the rectification ratieec AJ/Jg as a func-
(54)  tion of the level spacingwy, of the left TLS segment for

| e iated with the heat fi different wy values: 200, 600, and 1000 ¢ The param-
Consequently, a positivé is associated with the heat flux ,..<\/=50 cntl, T,=300 K, T,=500 K, andw,=400 cni*

from left to right. An equivalent expression fdr can be are used in this calculation. The lirfe0 is also plotted to

written at the right contact, enable easy identification of points of no rectification. We
J=-[(K E .+ kg:j Ejo)Pa+ KR EqiP;i+ kJF:dEd,j Pi] find that.the ratiof phanges its sign from posi'tive to negative
R R R R and again to positive as the frequenay is varied. Note that
+ (K% aEiaPi + K aEj Py + (KgiEqi + Ky jEq ) Pal- positivef means that in absolute values, the current is larger
(550  whenT_>Tg than in the opposite case.

o i In spite of this apparently complicated dependence on
At steady state Eq$54) and(59) yield identical results. wy, this behavior of the rectification ratibis in accordance

The rectifying behavior of the model is next analyzed in\yith the results of the first spin-boson model presented in
terms of the ratiof =AJ/Js where AJ=J(T.=Tp;Tr=Tc)  gec. |I. There we found that the heat current is larger when
T =T Te=Tp) and I =T =Tp;Tr=To|+[I(TL  the bridge links more strongly to the colder reservoir than
=T¢; Tr=Ty)| and whereT,, and T, denote the high and low \hen it is coupled more strongly to the hotter one. This
temperatures that characterize the thermally biased junctiogyseryation holds also here, however, in the present case, the
In the limit f=0 there is no rectification, whilg|=1 implies  effective molecule-bath couplings, as expressed by the asso-
full rectification, where heat can be transferred only in onegjateq rate coefficients, e.g., E(57), have a complicated
direction. Figures 9 and 10 present our results. The typicalycture. As a simplification we note that for the range of
parameters used atey, wy=100-1000 cm" and coupling  temperatures and frequencies used, the thermal fagtis
Vin the range of 10-50 ¢ In the calculation of thermal ot the order of one. The system-bath interaction can therefore
rates, such as Eq53) (see the Appendix we employ the e fyjly absorbed in the frequency-dependent funciita)
Debye model for the reservoir density of modes, = weloc 5o thatké,ﬂsocy(w), see Eq(57). This function is

2 plotted in the inset of Fig. 9 forw,=400 cm™. Below its

d W/ W, —
pr(w) = Ne, 3 ‘o, K=LR. (56)  maximum atw=w, the functiony(w) gets the same value at
¢ two different frequencies. For example(w=200=y(w
HereNg is the number of the reservoir modes andis the  =700). We expect therefore that for these two frequencies the

Debye cutoff frequency, taken to be identical for the twoeffective system-bath coupling should be similar. This infor-
reservoirsL and R. Within this model the rate coefficient mation enables us to interpret the behaviorfah Fig. 9:
(53) becomes while the frequency of the right TLS segment is held fixed,
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i.e., the effective interaction to the right reservoir is constantposed either through different coupling to the contacts or by
the frequency of the left TLS segment is varied, modifyinginternal molecular asymmetry. In the first model anharmonic-
effectively the coupling strength to thie bath. Thus, for ity results from the character of a two-level system and
wn=200 cn, the effective coupling to the bath is smaller asymmetry stems from different interaction strengths with
than that to theR bath if wy, <200 cnT!, larger than it for the thermal baths. Two variants of this spin-boson model
200< wy; <700 and again smaller fow,,>700 cnil. For  were considered: separable, where the reservoirs interact ad-
these ranges we expect therefgsemilarly to the separable ditively with the bridge, and nonseparable. For both cases
single TLS modelto obtain positive rectification ratio, nega- approximate analytical solutions for the heat current/
tive and again positive values, respectively. Indeed we find inemperature-bias characteristics of the junction were ob-
Fig. 9 (dashed lingthe following ranges of behavior: tained. We have also demonstrated numerically, using Lange-
f>0 for 0< wy < 200, vin _dynamics simulation.s, that an anharmonic molecg!ar
chain coupled asymmetrically to the thermal baths, rectifies
f<0 for 200< wy < 580, (58) heat, and that this effect is stronger for longer chains. Asym-
f>0 for wy > 580. metrical coupling to the two thermal reservoirs can be imple-
mented by using different thermal contacts, either through
different coupling strengths or through the differences in the
Debye temperatures of these contacts. The latter affects the
atching between the vibrational spectra of the bridge and
e reservoirs. Finally, we have considered a model where
asymmetry is related to the internal level structure of the
molecule. In the example studied this asymmetry reflects the
asymmetrical spatial organization of molecular nuclear mo-
éions. We have explained the nontrivial rectification behavior
of this model in terms of an effective system-bath coupling.

behavior. . e
In conclusion, we have found that heat rectification is a

It should be emphasized that the above argument is OnIKasic roperty of any realistic asymmetric junction, since
qualitative. First, the frequency dependence of the occupa- property y y J '

tion factors in the rate constant cannot really be ignored\g”br"’m(g:'?aI :lzmhfarmomcnyf IS la(ljways p:ﬁ§erllFe3 a]E Eorr?e .de-
particularly not in the low- or very high-temperature re- ree. Liearly, for a practical device, tis Kind of benavior

gimes. Also, the actual calculation is done in the diagonal-ShOUId bgg optimized by controlling  the — structural
ized representations where the states are coupled to both h%ff\rameter '
and cold reservoirs, and arguments based on the local state
representation picture can provide only qualitative, though
intuitively appealing, understanding. ACKNOWLEDGMENTS

Finally, Fig. 10 presents the temperature dependence of ) ) )
rectification. We get the results similar to those observed in ~ This research was supported by the Israel National Sci-
Fig. 1 for the separable TLS with the asymmetrical coupling €Nce Foundation, by the U.S.—Israel Binational Science
The inset shows for reference the absolute valuabf Foundation and by the Wolkswagen Foundation.

To conclude this section we emphasize three observa-
tions: (i) asymmetry in the present model was incorporated
via inherent molecular asymmetry that indirectly controls theaAPPENDIX: DERIVATION OF THE MASTER EQUATION
effective molecule-bath couplingi) Even in the presence of [EQ. (52)] AND THE RATE CONSTANTS
such structural asymmetry rectification will not be observed
when the effective system-bath couplings at the right and left We derive here the master equation E§2) from the
contacts are the saméii) Large rectification ratios appear Model Hamiltonian Eqs(47)—50) and give the explicit ex-

for wy > wy O wy> wy. However, for such cases the abso- Pressions for the rate constants. We start by diagonalizing the
lute current) may be small. molecular HamiltonianHg, defined in Eqs(47) and (48),

given in terms of the statda),|b),|c),|d). Note that only the

states|b) and|c) are coupled to each other, while the states

|a) and|d) are already eigenstates of the system Hamiltonian.
While most theoretical investigations on nanowire trans-DiagonalizatiorHs=C™'DC leads to the new four eigenvec-

port focus on electronic conduction properties, thermal transtors denoted bya),|i),|j),|d), related to the old basis through

port characteristics of these devices are also of interest for

various applications. We have focused here on molecular

level heat rectifiers, showing partial inhibition of heat flow in _ _

one direction of the temperature bias, due to asymmetric [b) = Ca4li) + C24J).

nonlinear interactions. This effect cannot exist in harmonic (A1)

chains, even in the presence of structural asymmetry. Taking ey = Cg 4li) + C3 4D,

into account anharmonic interactions, we have described

several types of heat rectifiers, where asymmetry was im- |d) =|d),

The same rule is obeyed far,=600 cni? (full line), where
here asy(600 ~y(250), we expect to get zero rectification
also for wy, =250 cm™. For 250 cm!< wy <600 cm?, the
effective coupling between the left bath and its neighborindlg
TLS segment is stronger than the corresponding coupling o
the right andf should be negative, as indeed observed in Fig
9. Similar arguments can explain the dashed-dotigd
=1000 cm? curve. Smaller values of the coherent coupling
V and larger cutoff frequencies lead basically to the sam

IV. CONCLUSIONS

&) =a),
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whereC;; are theij elements of the transformation matfx The elements of the diagonal matbxare the relevant molecular
energy levelskg,, E;, Ej, andEy. The system-bath interaction term, E§0), is next written in terms of the diagonalized basis,

Filla)(c| + b)d[1=F{ AiXd]+Cp glixdl],

F[lc)al +|d)bl] = FL[Cs JiXal + Cs djXal

(A2)
Filla)(bl + [ex(d[] = FELC; Jai| + C dax(j| + C JiXd| + C3 iXd]],

Frl|b)(a| + [d){c|] = FH[C, diXal + C, )@l
The complete Hamiltonian in its diagonalized form is

H:HB+HS+F, (A3)
where the bath terrhlg is given in Eq.(49). The system Hamiltonian is
Hs=Edaxal + Eli)il + E|li)i| + Eqd)dl. (A4)

The molecule-reservoir coupling terms are givefA2). The master equations describing the dynamics of the molecular states

are written next. We assume that the dynamics is well described by the states population and that coherent effects can be
neglected. Systematic derivation of the system equations of motion is done by applying the Redfield appro%ﬁmegmx-

ing the nondiagonal terms of the density matrix, assuming their fast decay. This leads to the rate equations,

= (ko K DP + (K +KE )P = (kg +KE + kG +KE )Py,
( ai T *}i)Pa + (klaﬂi + k('?*»i)Pd - |*>a+ k|Fi>a + k14>d + k|*>d) Piv (A5)
( a—>J aﬂ])P + (kd*)J + kd*)])Pd ( Jﬂa+ kJF:a"' k]*)d + kjﬂd) P]’

Pa= (K + KX g)P + (K + KR )P = (Kg i + K5 + kg +KE )Py,

where P,, (k=a,i,j,d) are the state populations. The rate Note that though in principle we have to trace over both
coefficients are given as Fourier transform of the bath correreservoir degrees of freedom, in practice in the linear cou-

lation functions. For example, pling model we trace always only on one of the thermal
. baths: in Eq(A7) over thelL reservoir and ifA8) over the
Ha =|c, 3|2f e—iEj,at<FL(O)FI(t)>dt. (A6) R side. There are no mixed contributions such(ﬁgF@ -
—e since these terms are zero for the system-bath interaction

model (45) and (46). In the limit where the coupling/ is
small compared to the vibrational frequencies, the following
inequalities hold:

In the linear coupling model, using E@L6), this leads to
. 312
K_a=Cs, 3|2f e B>
—o0 | 2(l)|

_ ) E, >E, E >E, (A9)
x{n (w)e” " +[n () + 1]e}dt

]

Antirotating wave terms are therefore neglected and the rate

=[Cs, 3|22 {nL( Eja)0Ejat w) constant(A7) is written as
+[n(Ej o) + 1]8(Ej o — @)} (A7) ol
I.‘ = 2 f + . _I
and an analogous expression at the right side, K-a Cad [ (B 2) + e (B o ’”I:Eja’ (AL0)
k'.a=1C 3|2f e Ei(FR(0)FL()dt wherep, is the density of states of tHe reservoir. The rest

of the rate constants in the master equati@ks) are calcu-
lated in an analogous way. They depend on the diagonaliza-

=c,, 3|22 ja tion element<C, the molecule-reservoir coupling parameters
o, and «, the reservoir density of vibrational statps(E),
+ 1]5(Ej,a— wp)}. (A8) K=L, R, and the bath thermal distribution. Denoting
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af af
MEBE= ——| ., REBE= (A11)
2w| E Zwr E
The rate constants i(A5) then take the form
KS i = 27\ (E; &) o (Ei NG (Ei DI C2. 428,k
+[Cp 426k k],
kgﬂj = 2N (E;j 2)pi(E;j Nk (E; | C3 9261
+[C; 4%6r k],
K'.q = 27\ (Eq ) o (Eg )Nk (B )[1C2 2261k
+[C; 4%6r k], (A12)
k}:d = 2\ (Eq ) pi(Eq )Nk (Eg ) C2.4761 «
+[C3 d? SRkl
and
K =Ki ,e%Fa, pg=adij, K=LR. (A13)
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