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Quantum heat transfer: A Born-Oppenheimer method
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We develop a Born-Oppenheimer-type formalism for the description of quantum thermal transport across
hybrid nanoscale objects. Our formalism is suitable for treating heat transfer in the off-resonant regime, where,
e.g., the relevant vibrational modes of the interlocated molecule are high relative to typical bath frequencies,
and at low temperatures when tunneling effects dominate. A general expression for the thermal energy current
is accomplished in the form of a generalized Landauer formula. In the harmonic limit this expression reduces to
the standard Landauer result for heat transfer. In the presence of nonlinearities, multiphonon effects are realized.
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I. INTRODUCTION

Describing nonequilibrium transport in quantum models,
incorporating many-body interactions, is a challenging prob-
lem. Theoretical treatments and numerical tools have been
traditionally developed for examining the charge transfer
scenario [1]. However, in recent years thermal transport in
nanoscale objects has become a topic of major fundamental
and practical interest, relevant, e.g., for realizing electronic
and mechanical molecular devices [2], and for resolving
mechanisms and pathways of energy flow in biomolecules [3].
In modeling such systems one typically considers an impurity
object, a subsystem, e.g., a molecule, bridging two thermal
reservoirs, representing solids or large residues in a protein,
each maintained at a fixed temperature.

What tools are available for studying quantum heat transfer
in interacting systems? While classical molecular dynamics
simulations can incorporate anharmonic interactions to all
orders [4,5], they are restricted to high temperatures. The
alternative Green’s function technique [6,7] describes quan-
tum effects, however, anharmonicity is only perturbatively
included. Mixed quantum-classical simulations [8,9] are valid
only at high temperatures or at weak interactions. Furthermore,
utilizing these approaches one typically gains only numerical
results, impeding a clear resolution of transport mechanisms.
Other tools of limited applicability are the generalized
Langevin equation method [10,11], restricted to harmonic
models, Schrodinger equation dynamics [12], suitable for a
class of simple models, the master equation technique at
weak [13] and intermediate [14] system-bath interactions, and
exact quantum simulations on simplified models [15].

The Born-Oppenheimer (BO) approximation [16], rec-
ognizing time scale separation in molecular systems, is a
cornerstone in quantum chemistry, allowing one to calculate
molecular structure and dynamics. In this paper we adopt this
principle and develop a general framework treating quantum
thermal transport in (potentially strong) interacting systems
driven to a steady state by a temperature bias. The method is
applicable in the off-resonant regime, where the characteristic
frequencies of the impurity object are high relative to the cutoff
frequencies of the reservoirs, or the baths’ temperatures are
low, below the subsystem energy spacing [17]. For instance,
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consider an electronic spin surrounded by nuclear spins
subjected to an external field, a molecule of high vibrational
frequency coupled to solids with low Debye frequencies,
or a high-frequency heat source inside a protein with low-
frequency bonds as thermometers [18]. Our method provides
transparent analytical results, allowing a clear resolution of
transport mechanisms: For weakly coupled (subsystem-bath)
setups we develop a compact expression for the heat current in
the form of the generalized Landauer formula. For harmonic
models this expression reduces to the elastic Landauer’s result
[19]. In the presence of nonlinear interactions contributions of
multiphonon processes are clearly identified.

II. MODEL AND METHOD

Consider a small subsystem placed in between two thermal
reservoirs with each maintained at a fixed temperature T,
(v = L, R) (see Fig. 1). The total Hamiltonian is given by

H = Hg(q) + H.(Qr) + Hr(Qr)
+Vi(q, Q1)+ Vr(q.0r), (D

where Hg(q) is a subsystem Hamiltonian, H,(Q,) stands
for the v heat bath, and V,(gq,0,) separately couples the
subsystem and the v reservoir. The coordinates Q; and Qg
are vectors, consisting of many environmental degrees of
freedom (DOF). Similarly, ¢ may enclose several subsystem
DOF. Note that g and Q both include displacements and mo-
menta. In particular, a bipartite interaction model is assumed,
Vi(g,0,) = S(g)B,(Q,), with S as a subsystem operator and
B, an operator in terms of the reservoirs’ coordinates.

A. Adiabatic evolution and the Born-Oppenheimer
approximation

In isolated molecules, the “traditional” BO approximation
relays on the mass separation of electrons and atomic nuclei.
In this context, one assumes that the electron cloud instantly
adjusts to changes in the nuclear configuration, and that
the nuclei propagate on a single potential energy surface
associated with a single electronic quantum state.

Here we utilize this principle in the context of nonequi-
librium nanoscale energy transfer. Consider the Hamiltonian
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FIG. 1. (Color online) (a) A scheme of our setup (top), including
a subsystem, e.g., a molecular chain, connecting two solids.
Panel (b) exemplifies the vibrational spectra p(w) of the isolated
solids and molecule, demonstrating that the characteristic frequencies
of the impurity object are high relative to the cutoff frequencies of
the reservoirs.

(1) in an off-resonance limit, where the subsystem charac-
teristic frequencies are high relative to the frequencies of
the reservoirs [17]. This implies a time scale separation,
as the subsystem dynamics is fast, while the bath motion
is slow. A BO-type approximation can thus be employed
following two consecutive steps. First, the fast variable is
considered: We solve the subsystem eigenproblem fixing the
reservoirs configuration, acquiring a set of potential energy
surfaces which parametrically depend on bath coordinates. In
the second step we adopt the adiabatic approximation and
assume that the baths’ coordinates, the slow variables, evolve
without changes on the subsystem state. We then solve the
vibrational heat transfer problem from L to R, on a fixed
potential surface. We now follow this procedure using the
generic Hamiltonian (1). Fixing the bath coordinates, we define
the “fast” Hamiltonian (Q counts DOF from both reservoirs)

Hy(g,Q) = Hs(@)+ ) _ Vi(q,Qu), )

and solve the time-independent Schrodinger equation

Hy(q,Q)Ign(q.Q)) = Wa(Q)lgn(g,Q)), 3)

to acquire a set of “potential energy surfaces” W,, and states
|gn(q,Q)). As we exemplify below, W, mixes the left and right
system-bath interaction terms in a nontrivial way. Assuming
that the surfaces are well separated, we make the adiabatic
ansatz and write the total density matrix as

p(1) = |8n(q. @) p5(Q.1)(gn(q, O)I, “4)
where the bath density matrix obeys the Liouville equation
pE(Q.1) = e ol pp(0)e! o, 5)
h = 1, with the effective Hamiltonian
Hpo = Hi(Q1) + Hr(QRr) + Wu(QL,Qr). (6)

Here pp(0) = pr x pr is a factorized initial condition with
o, = e /T Tr [e~H/Tv], the equilibrium-canonical distri-
bution function of the v bath. Thus, in our scheme, as we
propagate the baths’ density matrix on a particular potential
energy surface W,,, an explicit study of the subsystem motion
is not required, unlike standard master equation methods
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[13-15,20]. Equation (5) dictates a correlated dynamics for the
reservoirs, leading to the generation of quantum entanglement.
In what follows, we assume that the baths evolve on the ground
potential surface, thus we discard the index n in Egs. (4)—(6).
For brevity, we also omit references to coordinates.

B. Heat current

We now study the heat transfer dynamics within the
effective Hamiltonian (6). In steady state, the heat current
operator, e.g., at the L contact, can be defined as [21]

Ju = ilH, W1, )
with the expectation value

JL(t) = Tr[Jp pp(0)] = Tr[e' ™' J e 5ol pp(0)].  (8)

The left expression is written in the Schrodinger picture;
the second is in the Heisenberg representation. The trace is
performed over the two baths’ degrees of freedom. When
system-bath couplings, absorbed into W, are weak, the time
evolution operator can be approximated by the first order term

t
oot — e-f<”L+"R>f(1 —i / W(t)dt>, ©)
0

and the current (8) reduces to
t
50 = =i [ T Wlpeprldr. (10)
0

Here W(t) and J, (1) are interaction picture operators, O(t) =
st Qe8! with Hp = H; + Hg. We are interested in
steady state quantities, J = J.(t — 00), if the limit exists.
Expression (10) can be further customized, recalling the
bipartite interaction model for the original Hamiltonian (1),
by formally expanding W, the eigensolution in Eq. (3), in
terms of B,

W = ZalelO{RsbBZ [ Blbe

a,b
=2 2 > vy (BL),, (BR) , lkp)msl. (1)

a,b k.m p,s

The coefficients «y , and ag , absorb the subsystem param-
eters. The powers a and b are integers. |k) and |m) are the
many-body states of the left reservoir with energies E; and
E, (ie., H, =) Elk)(k|). Similarly, |p) and |s) are the
many-body states of the right reservoir with energies E, and
E;. It can be shown that terms containing contributions of
either By, or Bg do not add to the current, thus only compound
terms are taken into account. Returning to Eq. (10), and
employing Eq. (11), we obtain

1 e )
/= Z1.ZR ZZ/O dt[%,,: EkmelEkM[aL’aaL’“/(BZ)km

a,b a',b’

() s B3,
DS

y (BZ/)S.peiEp:le_ﬂRE” + c.c.:|, (12)
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where, e.g., Z; = Y, e PLEx is the L bath partition function;
B,=1/T,, kg =1, and E;, = E; — E,,. Time integration
can be readily performed, leading to the steady state heat

current
=5 ZZ/ » do[k" (kP ()
JT

a,b a',b
— K@k ()], (13)

where the sum over the pairs (a,b) and (¢’,b") is determined by
the particular expansion (11). The excitation (4) and relaxation
(—) rates are given by

kg‘f)(w) =2n Z“LﬂaL,a’[(BZ)km (Bz,)mk]i

e PLEk
X 8(Ek -

En F w) (14)

satisfying detailed balance, k' a)( ) = k(a/’a)(a))e"s”" We
have introduced here the short notation [(Bf )km(B“ YT
to denote matrix elements when E; > E,. Similarly,
[(B} )km(B“ )mk]~ describes the E; < E,, case. Analogous
expressions hold for the R rates.

Equation (13), a “generalized Landauer formula” [19], is
the main result of our paper. The net heat current is given as the
difference between left-moving and right-moving excitations;
nevertheless, unlike the original treatment [19], this formula
can incorporate anharmonic interactions absorbed inside the
rates k,+(w) in a nonperturbative way. We emphasize the
broad status of Eq. (13): It does not assume a particular
subsystem or a specific system-bath interaction form, B,,
both contained in W. It is valid as long as (i) there ex-
ists a time scale separation between the subsystem motion
(fast) and the reservoirs dynamics (slow), and (ii) system-
bath interactions, given in a bipartite form, are weak [see
Eq. (9), [22]].

III. EXAMPLES

We apply our general result (13) on several mod-
els of particular interest: (a) a fully harmonic model,
(b) adopting nonlinear system-bath interactions, and (c)
assuming a spin subsystem, representing an anharmonic
impurity.

A. Harmonic model

We show that Eq. (13) reduces into the standard Landauer’s
result for harmonic systems [10,19]. In second quantization,
the elements of Eq. (1) take the form

Hy= w;bl bo;. Hs=Qblb, V, =SB,
jev
(15)
=b'+b), B, = Z)\v,j(bv,j + bl,j)'

jev

The subsystem comprises a single mode of frequency €2, bI’ ;
(by,;) are the creation (annihilation) operators of the mode
j in the v bath, and b and b are the respective subsystem
operators. A, ; are system-bath interaction energies. Solving
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the eigenproblem (3), we obtain the ground-state potential
surface

Q B2
W:E_H’ By = By + Bg, (16)

including the zero-point motion. In practice, only terms
melding the L and R baths’ DOF contribute to the cur-
rent. The mixed term here is —2B; Br/<2, thus the ex-
pansion (11) comprises a single element, with oy =

aR = i\/g and a =b = 1. This leads to the transition

rates [Eq. (14)],

kS (@) = —F v(@)ny (@),
(17
KD (@) = 51“ v(@)[ny(w) + 11,

where n,,(w) = [e“/T — 1]~ is the Bose-Einstein distribution
function and I',(w) = 27 Zjev k‘%’jS(a) — wj) encloses the
interaction strength. Using these rates, the expectation value
of the current [Eq. (13)] reduces to

2 f IL(@)Tr()
T Jo Q2

J = [n1(w) —ng(@)lo do. (18)
This is the celebrated Landauer formula for heat conduction
[19] in the BO limit, assuming the relevant subsystem’s
frequency is above the populated baths’ modes, further
utilizing the weak-coupling approximation [Eq. (9)]. It can
be obtained from the exact result

J = ;/T(w)[m(w) —nr(@)]wdo, (19)

. 2 .
with 7(0) = g j(f-ri & [10], when (i) T, < Q

(weak coupling) and (ii) 2 > w, (off-resonance condition).
Here w, is the reservoirs’ cutoff frequency [17]. For conve-
nience, we omit the reference to frequency in I',(w). Note
that in the opposite limit, when the baths’ spectral window
extends the molecular vibrations, w,. > 2, the exact result
(19) reduces to a resonant energy transfer expression, J =
SZFFLI]E [n(2) — ngr(2)]; here I', is evaluated at the (local
oscﬂlator) frequency 2. This expression describes a hopping
motion, with energy flowing sequentially from the L bath
into the subsystem, then into the R contact. This process is
dictated by the subsystem energetic window, yielding J o< €2.
In contrast, Eq. (18) accounts for a coherent, deep tunneling
energy transfer mechanism and the current decays with the
energetic barrier as J o 1/ Q2.

B. Nonlinear system-bath interactions

We next generalize the harmonic result by modifying
the model (15), replacing the interaction operator B by an
exponentially repulsive form

B _ eiZ Ay (b| +bvl)’ (20)

appropriate for the relevant off-resonance case [23]. Formally,
the ground state potential surface is still given by Eq. (16), with
the newly defined B, . For simplicity, we assume an (identical)
Einstein-type model for the reservoirs spectra, represented by
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a single frequency wg. Under this assumption, the relevant
rates [Eq. (14)] are given by [23]

an, 2% VS s
ki (@) = 522 Z S), o @s) + 1]
p=0
X n,(wp)’ " 8(Fw — (25 — p)wp). (21)

Assuming that A is small, we maintain only single-phonon and
two-phonon contributions, resulting in the heat current

87 Qwp)rt 1t
J = @{a)gﬁxi(m —ng)+ %
x [ni(ng + 1)* — ng(n, + 1)2]}. (22)

The Bose-Einstein functions are evaluated at frequency wp.
This expression generalizes the harmonic result (18), accom-
modating multiphonon processes; the second term describes
tunneling of a two-phonon combination.

C. Anharmonic subsystem

We next investigate the heat current behavior in the eminent
spin-boson model. We modify Eq. (15) by using Hs = 5o,
S = oy, representing a nonlinear impurity bilinearly coupled
to two phonon baths. Recent studies have analyzed this model
perturbatively [13,14] and have simulated it exactly [15].
Solving Eq. (3), the lowest potential surface is given by
(Bx = BL + Bg)

W=—\/B:+e/d=—€/2—By[e+BL/e+ -,

(23)

thus, to first order, the heat current is identical to the harmonic
result [Eq. (18)], with € replacing 2. Incorporating the next
term, O(Bé /63, the current (13) includes, besides single-
phonon effects, contributions from multiphonon processes.
For example, the product k(2 2)(a))k(2 2)(co) is responsible
for the absorption or scattering of two phonons in the left
bath,

1
k(@) oc = 3 1+ nu@)ll] +ni ()b — o — or)
Ll

1
+ = D21+ nu@)ln (b — o + o),
LU

(24)

followed by a two-phonon emission process at the right
end. Figure 2 presents the frequency components of the
heat current [the integrand of Eq. (13)], where we assume
a spectral density, S(w) = > j Af’ j(S(a) — wj), peaked around
a specific bath frequency, wp =2, with a hard cutoff at
w =3 [see panel (a)]. We identify three contributions in
J(w): A dominant, single-phonon element at w ~ wg, a weak
two-phonon contribution at w ~ 2wp, and a rudimentary
three-phonon current [see panel (b)]. Weaker system-bath
interactions, reflected in smaller S(w) values, will further
minimize the contribution of multiphonon processes. We note
that in the resonant regime, when a hopping mechanism
dominates, the heat current across harmonic junctions is higher

PHYSICAL REVIEW E 83, 051114 (2011)

5 30 :
Sis @ N
4 0 RN
0 2 , 4 6
3, - 4
5 01
S (b) \
2, Al
1r m/ 1
% 2 4 6 8
(O]

FIG. 2. (Color online) Frequency components of the heat current
J(w), for a spin subsystem bilinearly coupled to heat baths.
Multiphonon processes are observed [see also panel (b)]. The
parameters € = 6, Tp = 1, and Tz = 0.5 were used with the bath
spectral function S(w), depicted in panel (a), identical at the two
ends.

than its anharmonic counterpart due to a saturation effect
[13]. In contrast, in the off-resonance case anharmonicity
enhances the current allowing for multiphonon processes.
Similar conclusions were drawn in a classical heat transfer
study [24].

IV. SUMMARY

We have presented here a general BO-type formalism for
describing heat transfer in nonequilibrium interacting quantum
systems. In the applicable nonresonant limit energy propagates
across the structure in a tunnelinglike motion, keeping the sub-
system population intact. In the weak-coupling limit a compact
expression for the thermal current has been accomplished,
bearing the structure of a generalized Landauer relation, yet
incorporating multiphonon effects. In the harmonic limit our
formula reduces to known results. Admitting anharmonic
effects, we have reached simple analytic expressions, reflecting
the underlying transport mechanisms. For molecular chains,
the scaling of the thermal conductance with length and internal
interactions could be readily determined, reflected in the
potential energy surface W. The inclusion of nonadiabatic
effects by utilizing a surface hopping approach [25] will
be the subject of future studies. The method described here
is complementary to existing techniques, which are treating
anharmonicity perturbatively [6] or enforcing a Markovian
approximation [13]. By incorporating quantum effects and
nonlinearities it opens new ways for describing vibrational
or electronic energy dynamics in organic materials [26],
biomolecules [3], and superconductors [27].

ACKNOWLEDGMENTS

L.-A. Wu has been supported by the Ikerbasque Foundation
Start-up, the CQIQC Grant, the Basque Government (Grant
No. IT472-10) and the Spanish MEC (Project No. FIS2009-
12773-C02-02). D.S. was supported by an NSERC discovery
Grant.

051114-4



QUANTUM HEAT TRANSFER: A BORN-OPPENHEIMER METHOD

[1] G. D. Mahan, Many-Particle Physics (Plenum Press, New York,
2000).
[2] E. Pop, Nano Research 3, 147 (2010).
[3] Proteins: Energy, Heat and Signal Flow, edited by D. Leitner
and J. Straub (CRC Press, Boca Raton, FL, 2009).
[4] S. Lepri, R. Livi, and A. Politi, Phys. Rep. 377, 1 (2003).
[5] A. Dhar, Adv. Phys. 57, 457 (2008).
[6] J.-S. Wang, J. Wang, and J. T. Lii, Eur. Phys. J. B 62, 381
(2008).
[7]1 N. Mingo, Thermal Nanosystems and Nanomaterials 118, 63
(2009).
[8] J.-S. Wang, Phys. Rev. Lett. 99, 160601 (2007).
[9] G. Stock, Phys. Rev. Lett. 102, 118301 (2009).
[10] D. Segal, A. Nitzan, and P. Hinggi, J. Chem. Phys. 119, 6840
(2003).
[11] A. Dhar and D. Roy, J. Stat. Phys. 125, 801 (2006).
[12] M. Michel, G. Mahler, and J. Gemmer, Phys. Rev. Lett. 95,
180602 (2005).
[13] D. Segal, Phys. Rev. B 73, 205415 (2006).
[14] T. Ruokola and T. Ojanen, Phys. Rev. B 83, 045417
(2011).

PHYSICAL REVIEW E 83, 051114 (2011)

[15] K. A. Velizhanin, H. Wang, and M. Thoss, Chem. Phys. Lett.
460, 325 (2008); J. Chem. Phys. 133, 084503 (2010).

[16] M. Born and R. Oppenheimer, Ann. Phys. 84, 0457 (1927).

[17] Our scheme is valid for Ohmic baths, if their temperatures are
low, below the subsystem energy spacing. In such cases bath
modes overlapping with subsystem vibrations are not populated
and the dynamics is controlled by off-resonance bath modes.

[18] M. Schade et al., J. Phys. Chem. B 113, 13393 (2009).

[19] L. G. C.Rego and G. Kirczenow, Phys. Rev. Lett. 81,232 (1998).

[20] H.-P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, Oxford, 2002).

[21] L.-A. Wu and D. Segal, J. Phys. A: Math. Theor. 42, 025302
(2009).

[22] The formalism could be readily extended beyond the weak-
coupling limit by including higher order terms in Eq. (9).

[23] A. Nitzan, Chemical Dynamics in Condensed Phases
(Oxford University Press, Oxford, 2006).

[24] Y. Zhou and D. Segal, J. Chem. Phys. 133, 094101 (2010).

[25] J. C. Tully, J. Chem. Phys. 93, 1061 (1990).

[26] G. D. Scholes, Annu. Rev. Phys. Chem. 54, 57 (2003).

[27] F. Giazotto et al., Rev. Mod. Phys. 78, 217 (2006).

051114-5


http://dx.doi.org/10.1007/s12274-010-1019-z
http://dx.doi.org/10.1016/S0370-1573(02)00558-6
http://dx.doi.org/10.1080/00018730802538522
http://dx.doi.org/10.1140/epjb/e2008-00195-8
http://dx.doi.org/10.1140/epjb/e2008-00195-8
http://dx.doi.org/10.1007/978-3-642-04258-4_3
http://dx.doi.org/10.1007/978-3-642-04258-4_3
http://dx.doi.org/10.1103/PhysRevLett.99.160601
http://dx.doi.org/10.1103/PhysRevLett.102.118301
http://dx.doi.org/10.1063/1.1603211
http://dx.doi.org/10.1063/1.1603211
http://dx.doi.org/10.1007/s10955-006-9235-3
http://dx.doi.org/10.1103/PhysRevLett.95.180602
http://dx.doi.org/10.1103/PhysRevLett.95.180602
http://dx.doi.org/10.1103/PhysRevB.73.205415
http://dx.doi.org/10.1103/PhysRevB.83.045417
http://dx.doi.org/10.1103/PhysRevB.83.045417
http://dx.doi.org/10.1016/j.cplett.2008.05.065
http://dx.doi.org/10.1016/j.cplett.2008.05.065
http://dx.doi.org/10.1063/1.3483127
http://dx.doi.org/10.1002/andp.19273892002
http://dx.doi.org/10.1021/jp906363a
http://dx.doi.org/10.1103/PhysRevLett.81.232
http://dx.doi.org/10.1088/1751-8113/42/2/025302
http://dx.doi.org/10.1088/1751-8113/42/2/025302
http://dx.doi.org/10.1063/1.3475927
http://dx.doi.org/10.1063/1.459170
http://dx.doi.org/10.1146/annurev.physchem.54.011002.103746
http://dx.doi.org/10.1103/RevModPhys.78.217

