PHYSICAL REVIEW A 95, 023610 (2017)

Unifying quantum heat transfer in a nonequilibrium spin-boson model with full counting statistics
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To study the full counting statistics of quantum heat transfer in a driven nonequilibrium spin-boson model, we
develop a generalized nonequilibrium polaron-transformed Redfield equation with an auxiliary counting field.
This enables us to study the impact of qubit-bath coupling ranging from weak to strong regimes. Without external
modulations, we observe maximal values of both steady-state heat flux and noise power in moderate coupling
regimes, below which we find that these two transport quantities are enhanced by the finite-qubit-energy bias.
With external modulations, the geometric-phase-induced heat flux shows a monotonic decrease upon increasing
the qubit-bath coupling at zero qubit energy bias (without bias). While under the finite-qubit-energy bias (with
bias), the geometric-phase-induced heat flux exhibits an interesting reversal behavior in the strong coupling
regime. Our results unify the seemingly contradictory results in weak and strong qubit-bath coupling regimes
and provide detailed dissections for the quantum fluctuation of nonequilibrium heat transfer.
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I. INTRODUCTION

Efficient realization and smart control of quantum energy
transfer are of fundamental importance in various fields,
ranging from molecular electronics, to quantum heat engine,
to quantum biology [1-5]. In particular, information and
heat flow have been extensively studied in thermal functional
devices, spawning phononics [6,7], where phonons are flexibly
manipulated in analogy with electronic current in modern
electronics [8—13]. In accordance with the second law of
thermodynamics, it is known that heat energy will naturally
transfer from a hot source to a cold drain driven by the
thermodynamic bias (e.g., temperature), without an external
driving field. Considering external modulations, the optimal
mechanism of dynamical control can be unraveled in phononic
thermal systems [14-17], even to pump heat against the
temperature bias.

The prototype for describing nanoscale heat transfer medi-
ated by quantum junctions is the nonequilibrium spin-boson
(NESB) model [8,18], which was originally proposed in the
study of quantum dissipation [19,20]. The NESB model is
composed of a two-level system (i.e., qubit) interacting with
two bosonic thermal baths under temperature bias. Many meth-
ods have been proposed to study the microscopic mechanism
of quantum heat transfer in the NESB model. Particularly, the
Redfield approach has been extensively applied to analyze
the weak qubit-bath coupling regime, mainly due to the
effective expression and clear physical picture [14,15]. The
contribution of two thermal baths to the heat flux is additive,
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which means that only incoherently sequential heat-exchange
processes between the qubit and baths are considered. As
such, the limitation of the Redfield approach is exposed
in the strong qubit-bath coupling regime, where the heat
flux is nonlinearly dependent on the system-bath coupling
strength. In sharp contrast, the nonequilibrium nonteracting-
blip approximation (NIBA) is applicable in the strong coupling
limit to analytically treat multiphonon processes [9,21-23],
where nonadditive and cooperative phonon transfer processes
are included. Particularly, the appearance of turnover behavior
of heat flux as a function of the qubit-bath coupling strength in
the NESB model was confirmed by the NIBA, as well as by the
multilayer multiconfiguration Hartree [24], quantum Monte
Carlo schemes [18], and the nonequilibrium Green’s func-
tion method [25-27]. Recently, the nonequilibrium polaron-
transformed Redfield equation (NE-PTRE) has been proposed
by the authors to analytically unify the steady-state heat flux in
the weak and strong coupling limits, and the parity classified
transfer processes have been unraveled [28].

From the dynamical control perspective, the time-
dependent modulation of heat transfer in the NESB model
has also attracted tremendous attention, enriching the transfer
mechanisms [14—-17,29-33]. The typical realization of the
dynamical modulation is the adiabatic quantum pump, which
was originally proposed by D. J. Thouless to study the
effect of Berry-phase-induced quantization on closed-system
transport [34]. In analogy, as the NESB model is adiabat-
ically and periodically driven by control parameters (e.g.,
bath temperatures), a geometric-phase-induced heat flow will
contribute to the heat transfer [15,16]. However, previous
research unraveled the seemingly contradictory results that,
in the weak qubit-bath coupling limit, the geometric-phase-
induced heat flux remains finite, independent of the qubit-bath
coupling strength under the unbiased condition [15], whereas
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the counterpart in the strong coupling limit becomes strictly
0 [16]. The statement of seemingly contradiction or seemingly
contradictory results below has the same meaning as expressed
herein by default. Thus, natural questions are raised: What
happens in the intermediate qubit-bath coupling regime? and
Can we propose a theory to unify the geometric-phase-induced
heat flux in the weak and strong coupling limits?

In the present paper, by including the full counting
statistics, we introduce a generalized NE-PTRE to analyze
the geometric-phase-induced heat flux in the NESB model.
Our NE-PTRE is able to accommodate both the sequential
transfer picture in the weak coupling limit and the multiphonon
involved nonlinear collective transfer picture in the strong
coupling regime. The geometric heat pump is investigated
under both unbiased and biased conditions, and the seemingly
contradictory results in the weak and strong coupling limits
are clearly unified. Moreover, the effect of the qubit energy
bias on the geometric heat pump is analyzed in typical
system-bath coupling regimes. This work is organized as
follows: in Sec. II, we introduce the NESB model and the
NE-PTRE scheme that dissect the phonon transfer details.
Then in Sec. 111, by introducing the full counting statistics, we
develop the generalized NE-PTRE and systematically analyze
the counting measurements of NESB transport. In Sec. 1V,
first we investigate the steady-state heat flux and noise power
as functions of the coupling strength and qubit energy bias.
Then we focus on the geometric-phase-induced heat flux in
both the unbiased and the biased cases, and comparisons with
Redfield and nonequilibrium NIBA are clearly demonstrated.
The final section (Sec. V) provides a concise summary.

II. NONEQUILIBRIUM SPIN-BOSON SYSTEM
A. Model

Following Ref. [28], the NESB model in Fig. 1, consisting
of a two-level qubit coupled to two phononic thermal baths at
different temperatures [8,15,18-20], is described as

A €0 . A RN NN
Hy = 50+ 50+ Z wkb,t’vbk,v
k;v=L,R
+ > G0unbl, + 2 b, (1)
kyv=L,R

FIG. 1. Schematic of the nonequilibrium spin-boson model,
composed of a central two-level qubit (purple circle) coupled to two
individual thermal baths (red and blue regions), with temperatures
T, and Tk, respectively. Wavy red (blue) arrowed lines describe the
interaction between the qubit and the Lth (Rth) bath. For the driven
nonequilibrium spin-boson model, the system parameters appear to
be time dependent, e.g., T, (¢) and Tg(2).
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where the qubit is specified by the Pauli operators &, =
[1)(1] —]0)(0] and &, = |1)(0] 4 |0)(1]|, with |1(0)) the ex-
cited (ground) state. € is the energy bias, and A is the tunneling
strength between two states. 13,T< v (l;k,v) creates (annihilates)
one phonon with energy wy and momentum  in the vth bath,
and A, describes the coupling strength between the qubit and
the vth bath.

To study the qubit-bath interaction beyond the weak
coupling limit, it is helpful to transform the original Hamil-
tonian Hy in Eq. (1) under the polaron framework by H =
UtH,U [9,16,35], where the unitary operator is given by
U = ¢/%:8/2_ with the collective phononic momentum operator

=20 ) LR (A“bT — %”l;k,v). Thus, the transformed

Hamiltonian becomes H = ﬁs + I:I;, + Vsb. Specifically, the
reorganized two-level qubit is shown as

A €0 . T]A n
H; = EUZ + TUX, (2)

where the renormalization factor is given by [9,16]

n= (coslg‘)

—exp< z/

with the wvth bath spectral function J,(w)=4mw),
|Ak,v|28(w — wy), the Bose-Einstein distribution n,(w) =
1/[exp(Byw,) — 1], and the inverse of the vth bath temperature
By, = 1/kgT,. The noninteracting phonon baths are charac-
terized as H, = > LR H,, with H, = Dk a)kl;,t vék,v- The
qubit-bath interaction is expressed as ’

[n (o) + 1/2]> 3)

A

A A A
Vb = l(cos B — )6y + sin BG, ], “4)

of which the thermal average vanishes, i.e., (‘7sb) = 0. Hence,
it may be appropriate to perturbatively obtain the equation
of motion for the two-level qubit in the polaron picture. It
should be noted that in many traditional approaches including
many- phonon processes, e.g., the NIBA, the system-bath inter-
action V = 3 (cos Bax + sin Bay) is directly perturbed [9,16].

However, actually V should not be treated as a perturbation
due to the nonnegligible contribution of (V) # 0. In contrast,
Vi, =V — (V) in Eq. (4) may be properly perturbed in
accordance with the perturbation theory [28].

In this paper, the spectral function of phonon baths is
characterized as J,(0) = Ta,0'w, e~/ which is typi-
cally considered in quantum transfer studies of nanojunction
systems [20,35-39]. «, is the system-bath coupling strength
of the order o, ~ |)\k,v|2, and w, , is the cutoff frequency of
the vth phonon bath. Without loss of generality, we consider
the superohmic spectrum s = 3 in this study. Hence, the renor-

malization factor is specified as n = exp{—)_,_; po[—1+
ﬁwl(l/ Buwe.,)1/2}, with the trigamma function v, (x) =

> @ +x)2 Moreover, in the weak coupling limit o, < 1, the
normalization factor n becomes 1, while in the strong coupling

regime o, >> 1, it vanishes (n = 0).
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B. Nonequilibrium polaron-transformed Redfield equation

We note that the PTRE method was originally developed to
study quantum dissipative dynamics [35-38,40], with a single
bath. Here we handle a system coupled to at least two baths at
nonequilibrium. It is known that the reorganized system-bath
interaction be can be treated as a perturbation [28]. Based
on the Born-Markov approximation and the second-order
perturbation theory, we obtain the NE-PTRE as

A

il A o N
L= AN+ Y. Y TN P@)p. B

ot l=e,0 w,0'=0,£A
+Hec, (5)

where p is the reduced density matrix of the qubit in the
polaron picture, A = Veg +n?A? is the energy gap in the
eigenbasis, and ﬁg(,,)(w) is the eigenstate transition projector
(see [41]), of which the relation to Pauli matrices is given by
Gyyy(—7) = szO’ A 136(0>(w)e"“”. The transition rates are

— T}A ? > iot = Q(T)zn-H
F”“‘”‘(T) /0 dre ;(2n+1)!’ ©
(AN [ e Q@)

I (w) = (7> /0 dre ; R (7)

with the collective phonon propagator Q(t) = Y, _, & @u(0),
and

Ou(r) = / da)ia;){nv(w)ei‘“ 1+ ny(@)]e7).
0

Tw
®)

From expressions of the correlation functions I, (w), it is
clearly shown that phonon transfer processes are classified
by the even- and odd-parity contributions. Specifically,
,(t) describes the transfer processes including odd
phonon numbers from two baths. The lowest order term
I'D(w) contains the terms @[QL(CO)—I—QR(Q))], with
the individual bath contribution Q,(w) = ffooo dte'“T Q,(1)
at the transition energy w = £A, so that the lowest odd
parity exhibits sequential-tunneling behavior depicted
in Figs. 2(a) and 2(b) [8,15] while TI'.(w) shows
cooperative heat transfer processes involving even phonon

FIG. 2. Representative processes involving phonons in quantum
heat transfer: (a), (b) single-phonon sequentially incoherent pro-
cesses, QO (w) and Q g(—w), respectively; (c), (d) two-phonon cotun-
neling processes, Q (@) Qr(—w) and Qr(w)Q(—w), respectively.

PHYSICAL REVIEW A 95, 023610 (2017)

numbers. The corresponding lowest order even term
I'{D(0) describes the cotunneling effect at Figs. 2(c)

and 2(d) [42], which contains "% [** dwQ; () Qr(—w) =

BA [ dw Q1) Qr(—) + Qr(@)Q1(~w)]. This
demonstrates the physical picture that as the left bath releases
thermal energy w, the right bath gains the equivalent quanta
simultaneously, and the two-level system only has the virtual
processes of excitation and relaxation so that it remains intact.
Apparently, these contributions from two baths are involved
nonadditively. Moreover, we can obtain an arbitrary order
contribution to heat transfer processes systematically by
applying the Taylor expansion.

Particularly, without bias (¢p = 0) the steady-state densities
can be obtained analytically in the local basis, where the
diagonal and off-diagonal terms are [28]

Pii = Py =1/2, )

_ 1 Re[['(—=A)] — Re[T',(A)]
 2Re[[y(—=A)] + Re[[,(A)]
with the element P;; = lim,_, o (i|0(?)|j) (|i) depicts the qubit

state), energy gap A = nA, and Re[I',,)(w)] the real part of
Fo(e)(a))-

(10)

Py = Py

III. FULL COUNTING STATISTICS OF THE NESB MODEL

We study the statistics of the transported heat Ag, =
> i Wk Anyg, in the NESB model, from the system to the vth
phonon bath during a time interval 7, with Any , the change
in phonon number to the initial one with momentum k. The
specific measurement of Ag, can be conducted as follows:
Initially at time ¢ = 0, we introduce a projector K 7 = 190){qol
to measure the quantity ﬁu =Y a)kls;i vﬁk,v in the vth bath,
giving go = D, win,(0). After a finite time 7 of evolution
of the system coupled to thermal baths, we again perform the
projection K, ¢ = |gz){(g:| to obtain the measurement outcome
gr = Y wxhk, (7). Hence, the number difference is given by
Any , = ng (7)) — ng,,(0). Meanwhile, the joint probability of
measuring g at ¢+ = 0 and g, at t = t is defined as [43]

Prlqe.q0] = Tryp{ Ky e 7 Ry poRyoe ™K, ), (11)

with the trace over both the qubit and the thermal baths. Based
on the joint probability Pr[g;,qo], we introduce the probability
of measuring Ag, during the time interval t as

Pri(Ag:) = ) 8(Agr — (g — go)IPrlgr.qol.  (12)

97,490

Then the cumulant generating function of the statistics can be
defined as

G:(x) = ln/qurPrf(Aqr)eiqu’, 13)

with x the counting-field parameter.

To quantitatively express the cumulant generating function,
we introduce the NE-PTRE accompanied by the full counting
statistics. Assuming that the quantum system is connected
to two baths (labeled L and R), we measure the transported
heat from the system to the Rth bath, in the context of the
x-dependent NE-PTRE. Then we add the counting projector
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to the Hamiltonian Hy in Eq. (1) to generate Ho(x) =
eixHr/2 I_}OeixHRﬂ [43,44], written as

. €, , A h b
Hy(x) = 50z + 5 O + Z w"b’j‘*vbk’v
kyv=L,R
n Z 6Z(eixwk5"R/2)Lk,vE}:,v +H.c.). (14)
kw=L.R

Similarly to the transformation scheme in the NE-PTRE [28],
we perform a generalized polaron transformation result-
ing in H, = U; Ho(x)U,, with the unitary operator U, =

€i%:B1/2 and x -dependent phonon collective momentum Bx =

2i Zk’v(e"x“’k‘s"’*/z%ﬁl’u — H.c.). As such, the transformed

Hamiltonian is expressed as I:IX =H + H, + \7sb( x). Partic-
ularly, the reorganized qubit-bath coupling is modified by the
counting field as

N A N oA
Var(x) = E[(COS B, — )6, +sin B, 6,], (15)

which includes both the information on the counting mea-
surement and the multiphonon nonlinear processes. Whereas
I—AIS and I:Ib remain unchanged, it should be noted that the
thermal average of the interaction term vanishes (Var()) =0
due to the parity symmetry. Moreover, the magnitude of
the second-order correlated contribution of \A/Sb(x) is quite
small, compared to H, at Eq. (2). Hence, the perturbation
of V(x) can be properly carried out, like the derivation
of Eq. (5). Considering the Born-Markov approximation, we
perturb Vsb( x) up to second order and obtain the generalized
NE-PTRE in the context of full counting statistics,

ap O A
L =i+ Y Y
I=e,0 w,w'=0,+A

x Pi(0)py Pi(w) — [T, +(@) Pi(0) P(@)py +Hoc.1},
(16)

(M@ + T, ()]

where p, is the reduced two-level system (qubit) density oper-
ator under the counting field, ﬁ; (w) is the eigenstate transition
projector [41], and the energy gap is A = V€3 + n?A”. The
transition rates are expressed as

nAN® [
Fgg(w)=<7)/ dte [coshQ(ot — x) — 1], (17)
nAO N
F;{G(w)=<7>/ dte'®sinhQ(ot — x), (18)
0

where the modified single-phonon propagator becomes Q(t —

x) = Q1(t)+ Or(t — X).

IV. RESULTS AND DISCUSSION

In this section, we apply the generalized nonequilibrium
polaron-transformed Redfield equation with an auxiliary
counting field, to study the steady-state heat transfer, as well
as the geometric-phase-induced heat transfer under adiabatic
time-dependent modulations.

PHYSICAL REVIEW A 95, 023610 (2017)

A. Steady-state heat transfer

By rearranging the NE-PTRE in the Liouville space [28],
the equation of motion for the two-level qubit in Eq. (16) is
expressed as

d A
37 1P = —Lylpy), 19)

where the vector form of the density matrix is |py) =
(PN, P Plo. Pi1T with P = (i|py|j), and £, is the Li-
ouvillion superoperator. In the absence of the counting-field
parameter (x = 0), the element of the density operator Pl?;
reduces to the conventional P;;. Based on the dynamical
equation, (19), the reduced density matrix at time ¢ is given
by o, (2)) = exp(—ﬁxt)|px (0)), with |p, (0)) the initial state.
Hence, the cumulant function can be expressed as Z,(¢) =
(Ilpy (1)) [44], with the unit vector defined as (I| = [1,1,0,0].
Consequently, the cumulant generating function after long-
time evolution can be obtained by G,(x) = %ln Z,(t), and
the corresponding nth cumulant of heat current fluctuations
can be generated as J"(1) = (Q")/t = 3;(?)’(()’5)| 4=0- When
external modulation is absent, i.e., £, is time independent, if
we focus on the steady-state solution, the cumulant generating
function is simplified to G(x) = —Eo(x), where Ey(x) is
the ground-state energy of the superoperator ﬁx- The cor-
responding left and right eigenvectors are denoted (®, | and
|, ), which fulfill the normalization relation (®,|W¥,) = 1.
In particular, the steady-state heat flux is the first cuamulant

J=— aﬁ?%) | ,—0, and the noise power is the second cumulant
@ _ _ *Ex)
T = =0 =

1. Unbiased condition: ¢y = 0

We first investigate the steady-state heat transfer in Fig. 3,
where the system parameters are time independent. Without
bias (€9 = 0), the authors have shown in Ref. [28] that the
heat flux can be analytically solved over a wide system-bath
coupling regime by applying the NE-PTRE.

—1

(@) Wile -
= 3
—1
g &
> =
g waz - - - 0=0.01
S 2 - =g =2.61meV = == 0=0.2
10 0 o= .
so=5.22mev _______________ -
0.02 0.1 o 1 5 0.1 e [meV]1 5
10’ 0
d
10’ @ .
g g | T
B =
S
g Eﬂ 0’} ---a=001
,::10 = == 0=0.2
&_J A —‘-‘80:2.61 meV &.;) et ]
r 80:5.22 meV | L __-- -
10’(’) ] .
0.02 0.1 o 1 5 80 [meV]

FIG. 3. Behaviors of the steady-state heat flux and noise power:
(a), (b) with varying system-bath coupling strengths and (c), (d) with
tuning of the qubit energy bias, respectively. Other parameters are
A =522meV, w. =26.1 meV, T, = 150K, and T = 90 K.
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Here, we show the full counting statistics of heat transfer
at steady state by analytically exhibiting the counting field
based on the cumulant generating function (G,). Since
G, corresponds to the ground-state energy (Eo(x) = —Gy),
based on the analysis in Appendix A, we obtain the ground
eigensolution in Liouville space as

Y — \/Y)% — (XX)* + (X,)?

Eo(x) = (Xe — XX) + 5 (20)
The contributing term from the even parity is
XX =T} ,(0)+ T _(0), 21

and X, = X[|,—o, with the transition rate I'_(w) given in
Eq. (16). The terms from the odd parity are given by

2

o=1,0=%A

Z sgn(w)oT'Y (w),

o=%,0=%A
with sgn(£A) =+1 and A =nA. Y =Y,|,—0 and X, =
X |y=o. Consequently, the heat flux can be expressed as
N /°° [Re[FO(A)]Co(—A,w’)+Re[Fo(—A)]Co(A,w’)
87 J_oo Re[T,(A)]+Re[[,(—A)]
+ Ce(O,a)/)i|a)/da)’,

Y, = I} (o), (22)

XX = (23)

(24)
!

2
oA

Re[I",(=A)]Co(A,w) + Re[T'o(A)]Co(— A, @)
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where the rate probability densities are specified as

o0 i , o0
Cw,0) = / dye X /
- —o0

o0
Co(a),a)’)zf dxe_ix“’//
- —o0

oo
at energy w = 0, £A. This analytical expression, Eq. (24), of
the steady-state heat flux without bias is found to be identical
to the counterpart in Ref. [28]; the turnover behavior of the
coupling strength is exhibited in Fig. 3(a) (dashed blue line).
Physically, C.(0,&’) and C,(+A,w’) describe the even- and
odd-parity components of the transfer process, respectively.
For example, C,(A,w") describes the process in which the quit
releases energy A by relaxing from the excited eigenstate to
the ground one, so that the right bath absorbs energy o’ and
the left one obtains the left A — @’. As such, the number of the
state change of the qubit is odd, e.g., n times excitation and
n + 1 times relaxation lead to a relaxation as the final action.
And C,(0,w) describes the process where the qubit has an even
number of virtual state changes, i.e., n times relaxation and n
times excitation, so that the central qubit remains intact and
undergoes no energy change. But still, the right bath absorbs
energy ' and the left bath gains —o’ (i.e., releases ).
Similarly, the shot noise is obtained as

dte'“T[coshQ(t — x) — 1],

(25)

dteTsinhQ(r — x) (26)

ez

o Re[[,(A)] + Re[[o(—A)]
[, do[Co(A,0) — Co(—A,0)]w

(Re[T,(A)] + Re[[,(—A)])3

8

o0

[Re[[,(—A)] /

—00

We find that the first term on the right-hand side of Eq. (27) is
the main contribution to the shot noise, of which the spectral
distribution is the same as that for the heat flux in Eq. (24).
Hence, the nonmonotonic turnover behavior is quite similar to
the heat flux, as shown in Fig. 3(b).

2. Biased condition: €y, # 0

Next, we extend our analysis of steady-state behaviors to
the biased condition (g # 0). The heat flux shows the same
nonmonotonic turnover behavior as « increases, i.e., the flux
increases in the weak and moderate coupling strength regimes
(o < 1) and decreases in the strong coupling regimes (o 2 1),
shown in Fig. 3(a). Interestingly, in the weak coupling regime
(¢ <1), the heat flux is enhanced by enlarging the qubit
energy bias €y, whereas as the coupling strength enters into
the strong regime (o 2 1), the heat flux remains constant
for changing energy bias. To confirm these results, we select
typical coupling strengths to clearly demonstrate the influence
of the energy bias on the heat flux, in Fig. 3(c).

Moreover, we look into the second-cumulant heat fluc-
tuation, i.e., the noise power, in Fig. 3(b). Similarly to the
steady-state flux, the shot noise of the heat flux also exhibits the
same turnover behavior. As the system-bath coupling strength
increases, the noise power is enhanced by the energy bias in

+ cg(o,w)]w2

dw , [ do
—Cy(Awj —Re F,,(A)]/; —Co—A ) } Q27

oo

(

the weak coupling regime, whereas the noise power becomes
nearly independent of the bias in the strong coupling regime.
These behaviors are clearly depicted in Fig. 3(d). Therefore,
we conclude that both the steady-state heat flux and the noise
power are tuned in a similar way by either qubit-bath coupling
or qubit energy bias.

B. Geometric-phase-induced heat flux

As the system is periodically driven by external fields, e.g.,
modulated by two bath temperatures 77 (g)(f), as schematically
shown in Fig. 1, the Liouville superoperator becomes time
dependent ﬁx (t). The effect of the geometric phase will
additionally contribute to the heat flux [15,16,45-48], demon-
strated in Appendix B. Thus, in the adiabatic modulation limit,
there clearly exist two components making up the generating
function as

lim Z, (1) = €9 = exp({Gayn(X) + Geeom(OI).  (28)

Specifically, the average dynamical phase is expressed as
Gayn(X) = —#+ fOT” dtEy(x.t), where T, is the driving pe-

riod, and Ey(x,t) is the eigenvalue of ﬁx(t) with the
minimal real part. It results in the dynamical heat flux

Jagn = ﬁGdyn(XN y=o0- The geometric phase contribution
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of the generating function is described by Eq. (B9) in
Appendix B,

1 [ d
Ggeom(x)=—T—p/0 dt(%(ﬂlgl‘lfx(t)), (29)

where |W,(¢)) ((®,(t)]) is the corresponding right (left)
eigenvector of Ey(x,t). Assuming that the two system pa-
rameters u(¢) and u,(#) are periodically modulated [which
are two driving bath temperatures 7pg)(t) in this work],
the geometric phase in Eq. (29) is specified as Ggeom(x) =
_TLF f[du,@x%wx) —l—duz(d)Xl%NJX)]. According to
the Stocks theorem, Ggeom(X ) can be reexpressed as

1
Ggeom(X) = _T_ [/ duldMZ}—x(MLMZ)v (30)
14 Uuy,un

where
Fyug,uz) = (3, Py |0, Wy ) — (0, P |0, Wy ). B1)

It is noteworthy [49] that F, (u1,u,) has the meaning of
curvature in the parameter space (u,u7) of the ground state of
the quantum Liouville superoperator L 5 - Itis of pure geometric
interpretation and independent of the driving speed (in the
adiabatic limit). Mathematically, G geom( ) is an analog of the
adiabatic Berry phase in quantum mechanics [50], where in
the latter case the wave function obtains an extra phase after
a cyclic evolution. Similarly, in the full counting statistics of
our driven systems, the cumulant generating function G geom(X )
(analog of phase) in the exponent of the characteristic function
Z, (analog of wave function) also obtains an additional
term. Both extra terms share a similar geometric origin from
the nontrivial curvature in the system’s parameter space.
As such F, (uy,uz) is a Berry-like curvature and we term
Ggeom(x) the geometric phase contribution, which generates
the nth cumulant of the geometric-phase-induced heat current
fluctuation, as [15,16,45]

](") _ 8nGgeom(X)
geom a(ix)” =0
= —L// duldMZ?—nfx(ulvMZ)l)(:& (32)
Ty JJuyun A x)"
Tl(1le)t geometric heat flux is given by the first cumulant Joeom =
Jgeom'

1. Unbiased condition: ¢y = 0

Here, we first investigate the geometric heat flux without
bias (€9 = 0). It is known that in the weak qubit-bath coupling
regime, the geometric-phase-induced heat flux is finite and
independent of the coupling strength [15]. This mainly results
from the fact that with weak qubit-bath coupling the transition
rates between the two-level qubit and the phononic baths
are linearly dependent on the coupling strength, exhibiting
additive transfer processes. On the contrary, the geometric heat
flux vanishes in the strong qubit-bath coupling regime upon
applying the nonequilibrium NIBA method [16]. The left and
right eigenvectors corresponding to the ground-state energy are
givenby |W,) = 1[1,1,0,0]” and (®,| = [1,1,0,0], which are
clearly independent of the system parameters and result in the
zero geometric heat flux according to Eq. (30). It was proposed
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FIG. 4. Adiabatic modulation by two bath temperatures without
bias (o = 0): (a) geometric-phase-induced heat pump Qgeom =
Jocom * T3 (b) coherence (Pj) in the local basis. The two bath
temperatures are specified as 7;.(7) = (150 +90cos 2,7) K and
Tr(z) = (150 +90sin 2,7) K, with the period T, =1 ns. Other
parameters are A = 5.22 meV and w, = 26.1 meV.

that these two approaches describe different physical pictures
within the same NESB system and do not conflict with each
other [16,28].

Based on the y-dependent NE-PTRE, Eq. (16), we try to
explicitly unify these limiting results, as shown in Fig. 4(a). In
the weak system-bath coupling regime, the geometric heat flux
approaches the upper limit within the Redfield scheme. As the
coupling strength increases, the geometric heat flux is strongly
suppressed and asymptotically decreases to 0, which finally
becomes identical to the result in the nonequilibrium NIBA.
The underlying mechanism can be understood by analyzing
the coherence Pjo(t), since the populations (Pyy,P;;) are
constant. We find in Fig. 4(b) that the coherence is suppressed
monotonically by increasing the qubit-bath coupling strength,
finally resulting in the constant quasi—steady state in the strong
coupling limit [16]. It is proposed that without bias (eg = 0),
multiphonon processes degrade the formation of the geometric
phase. Therefore, this seeming contradiction is clearly solved
within the framework of the NE-PTRE accompanied by a
counting field.

Moreover, compared to the dynamical heat flux [28], the
system-bath coupling plays a distinct role in the geometric
heat flux. For the dynamical flux, in the weak and intermediate
coupling regimes, multiphonon processes are helpful in gen-
erating steady-state heat flux, mainly due to the robustness of
the transition rates. However, in the strong coupling limit, the
large system-bath interaction weakens the transition rates due
to the quantum Zeno-like effect and, finally, suppresses the heat
flux. Hence, the nonmonotonic behavior of the dynamical heat
flux is clearly demonstrated. For geometric flux, increasing
the system-bath coupling strength will only monotonically
decrease the geometric heat flux, which implies that the
instantaneous state of the qubit is inclined to remain intact,
which is independent of temperature modulations, as we have
discussed above.

2. Biased condition: €y # 0

Next, we analyze the geometric heat flux under finite energy
bias (€9p#0), as shown in Fig. 5(a). In the weak coupling limit,
the geometric heat flux is equal to that from the Redfield
scheme. The existence of coherence Pj, is also crucial to
enhance the geometric-phase-induced heat flux, which is
similar to the unbiased case in Fig. 4. As the coupling strength
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FIG. 5. (a) Geometric-phase-induced heat pump Qgecom =
Jecom % T, under finite energy bias of the qubit (¢, = 2.61 meV); (b)
influence of the qubit energy bias on the geometric-phase-induced
heat pump, with modulation of the two bath temperatures; (c) log-log
relation between €y and Q gcom in the strong coupling regime (a = 4);
(d) linear relation between Qgeom and « in the strong coupling regime.
Parameters are the same as in Fig. 4.

increases, the geometric heat flux decreases sharply and even
becomes negative. The corresponding coherence is strongly
suppressed, which leaves only the populations to contribute to
the geometric heat flux. Then the behavior of the geometric
heat flux is consistent with the result within the nonequilibrium
NIBA in the strong coupling regime [16]. As a result, we
conclude that the NE-PTRE is also applicable to unify limiting
coupling results beyond the unbiased condition.

Next, we turn to analyze the influence of the qubit energy
bias on the geometric heat pump in Fig. 5(b). In the weak
qubit-bath coupling regime (e.g., « = 0.01), the geometric
heat pump shows monotonic enhancement with an increase in
the energy bias. As the interaction strength is modulated to the
intermediate coupling regime (e.g., « = 0.2), the geometric
heat pump is also positively enhanced by the increasing
energy bias, which is similar to the counterpart in the weak
coupling case. If we further increase the coupling strength
(e.g., « = 4), the geometric heat pump becomes negatively
enhanced, which is quantitatively distinct from that in the
weak coupling regime. This observation clearly demonstrates
different physical pictures in these two limiting interaction
regimes.

We admit that it is beyond our ability to analytically provide
a comprehensive picture in a wide system-bath coupling
regime for the biased case. Here, to understand the geometric
heat flux reversal, we focus on the strong interaction limit,
which is consistent with the nonequilibrium NIBA framework.
Combined with the counting filed, the equation of motion for

the qubit is expressed as
L)k wDE e
dt \ P —Ki(x) K(—e) )\P§)’
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with the population P[)l.( = (i|p, ()|i). The transition rates are
given by

o0
Ki(X) — (A/Z)Z/ dtheiieol+QL(l)+QR(l—X), (34)

—00

with K (£e€9) = K+(x)|y=0, 7 and Q,(¢) given in Eq. (3) and
Eq. (8), respectively. Thus, the eigenstate energies are directly
obtained as

E+(x) = 5{[K(e0) + K(—€0)]
+ VIK(eo) — K(—€)> + 4K COK_(x)}. (35)

The corresponding right eigenstates are given by

W) = 2K_(x).A=(C01" (36)
with  the coefficients Ai(x)=[K(ey) — K(—€p)] F
\/[K(eo) — K(—eq)? + 4K GOK_(x). Accordingly,
the left eigenstates are
2K A
( f| i 2K+ (x),A+(x)] (37)

T AYTGO) + 4K GOK ()

In the strong qubit-bath coupling limit, it is known that the
Marcus approximation becomes applicable [9,51]. Marcus’s
theory was originally proposed for the electron transfer
rate in the donor-acceptor species. And it works at high
temperatures kg T > €y and/or the strong qubit-bath coupling
regime [52]. It can be approached by the short-time expansion
of 0,(t)inEq.(8)as Q,(t) = E)TT — I, Tyt? — Tt [54], with
the effective coupling strength I', = f %da) = 20, p-
Consequently, the transition rates combined with the counting

parameter are simplified as K4 (x) = K(Zxep)ML(x), with the
standard rates

K (deo) = A% T exp [_ (€0FTLFT k) }
0 4 VI T, +TrTg A Ty +TrTg)

(38)

and the factor

. TpTpTRTR : 1  *e-TR )
Mi(X) = eilEOX LT +TRTR [IX(TL+ TRrTR )‘H( ] (39)

In the absence of the counting field (x = 0), the factor
Mi(x =0)=1, and the modified transition rates K.(x)
decrease back to the standard expressions K (Z¢p) in Eq. (38),
respectively. Moreover, we consider the weak qubit energy
bias regime, i.e., €9 <K {I"y,kpT,}. Then the transition rate in
Eq. (38) can be approximately expanded up to first order of €
as

€0
2T Ty, + TrTg)

: _ A/ 3 ) (CL+TR)? :
with K = TV T AT eXp[_4(FLITLgr15RTR>]' Accordmg to
the definition in Eq. (32), the geometric-phase-induced heat

flux is obtained as

2 [ Tl + Tr)?
Jgeomz_e_()// T, dTp L R T R)4. 41)
T, JJ1,. 1% 8Ty + TrTRr)

K (deg) ~ K0|:1:|: T+ FR)j|» (40)

This expression clearly confirms the reversal (negative) be-
havior of the heat flux in the strong coupling limit, shown in
Fig. 5(a). Moreover, the power-law feature of the energy bias
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is analytically exhibited in Eq. (41), which is in excellent
agreement with the numerical result as Jeeom™ — 63 0£0.02.
shown in Fig. 5(c). If the system-bath couplings are 1dentlcally
selected as o), = ag = «, the geometric heat flux is expressed
as Jgeom™ — aeg based on Eq. (41), and numerically confirmed
in Fig. 5(d), which coincides with the numerical results in
Fig. 2 of Ref. [16], that Jgeom is linearly dependent on the
coupling strength o and quadratically dependent on the qubit

energy bias €.

V. CONCLUSION

In summary, we have investigated the geometric-phase-
induced heat pump in the nonequilibrium spin-boson model by
periodically modulating the temperatures of two thermal baths,
which is beyond the traditional Redfield and nonequilibrium
NIBA schemes. With the development of the nonequilibrium
polaron-transformed Redfield equation (NE-PTRE) approach
in the context of full counting statistics, the cumulant
generating function is clearly demonstrated; it consists of
both dynamical phase and geometric phase contributions.
In the absence of an external driving field, the influences
of qubit energy bias on the steady-state heat flux and the
corresponding noise power have been analyzed. In the weak
and moderate coupling regimes, the energy bias monotonically
enhances both the steady state heat flux and the noise power,
while in the strong coupling regime, these two observables
become independent of the energy bias. This clearly demon-
strates the same role of the energy bias in affecting the heat
flux and the noise power.

Next, we have analyzed the geometric heat pump without
bias by varying the qubit-bath coupling strength over a
wide regime. In the weak system-bath coupling limit, the
geometric heat flux is positive finite, which is equivalent to the
counterpart within the Redfield scheme [15]. As the coupling
strength increases, the geometric heat flux shows a monotonic
decrease and, finally, approaches strictly 0, which is identical
to the result based on the nonequilibrium NIBA [16]. We
have also studied the geometric heat pump under the biased
condition. We found that the geometric heat pump decreases
quickly as the qubit-bath coupling increases and shows
reversal behavior in the strong coupling regime. Moreover,
the analytical relations of the geometric heat flux with the
system-bath coupling and the energy bias have been obtained.
The results based on the NE-PTRE also show consistency
with the counterparts from the Redfield and nonequilibrium
NIBA schemes, in the weak and strong coupling regimes,
respectively.

Therefore, we conclude that this unified theory is applicable
to obtain the geometric heat flux in the nonequilibrium
spin-boson model, under both unbiased and biased conditions.
Moreover, we have analyzed the influence of the qubit energy
bias on the geometric heat pump. The geometric heat flux is
negatively enhanced in the strong qubit-bath coupling regime,
which is in sharp contrast with its counterpart in the weak
coupling case, exhibiting positive stabilization. We hope that
these results will have broad implications for smart control of
energy transfer in low-dimensional nanodevices.
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APPENDIX A: ANALYTICAL EXPRESSION OF THE
STEADY-STATE CUMULANT GENERATING FUNCTION
WITHOUT BIAS

Without bias (€p = 0), the Liouvillian dynamics of the
reduced density matrix in Eq. (19) under the framework of full
counting statistics is expressed as [%V’x) = —ix loy), where
the evolution matrix is specified as

a —a, by, ¢y
s | —ay a ¢y by
Ly = dy ey a fy (AD)
ey dy fx a
The matrix elements are written as a, = X!+ %, b, =
— X3+ X0 ) o =35Xoq + X)), dy=3(X) 4 —
Y
Xo), ey =3Xos — XS ), fy=—X!++%, and a=

ay|y=o, with the coefficients

XY =T} (0)+T}_(0), (A2)
Yy =TS (M) +TE (—A)+TL (A 4TS _(—A), (A3)
XL =TLL(A) —TE(—A), (A4)

and X, + = X} .|y—0. The modified transition rates '}, ()
are shown in Eq. (16).

To find the eigenvalues of the evolution matrix, we set
det(L, — AI) = 0, which results in

(a—1)?= (ay fy +bydy +cyey)

+[(ay — fi)la —A) + (cydy + byey)].  (AS)

For one branch, the solution is given by

Y
P _ — XX —
Ay = (Xe X€)+ 2

ﬁ/ Y2 — (XL, = XL 4 (Xos — X02)2/2, (A6)

and for the other branch, it is given by

Y
M= (Xe+XX)+ =

2
w12 -

Hence, the ground-state energy is obtained as Eo(x) = A
Since the cumulant generating function is given by G, =
—Eo(y), it is specified as

XXy + XL )+ (X + X0 2)2/2. (AT)

Gy = (XE = X) = S+ DP (P2 (AY

with X = X¥, — X} _and X, = XJ|, 0.
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APPENDIX B: INTRODUCTION OF THE GEOMETRIC
PHASE AND CUMULANT GENERATING FUNCTION

Considering the time-dependent superoperator I:X(t) with
the counting parameter, which is not Hermitian, we obtain the
quasi-eigensolution as

LyIWn(x.0)) = E.(x DY (x,1),
(GnGGDIL (1) = (9u (X DIEn(x,1), (B1)

where A,(x,t) is the instantaneous eigenvalue of ﬁx(t),
and |¥,,(x,1)) ((¢n(x,t)]) is the corresponding normal-
ized right (left) eigenvector, which obeys the relation
(Du (X )| Yn(x-1)) = 6n.m- Inanalogy with the seminal Berry’s
solution, we can express the wave function in the basis

{Ia(x,1)} as
Ipx(t)>=zan(t)e><p [—/ Elz(Xsr)dT]|‘/fn(th)>~ (B2)
n 0

By substituting Eq. (B2) into the dynamical equation, (19), we
obtain the evolution equation of a,(¢):

da, !
> e [— | En<x,r>dr}|wn<x,z>>
n t 0

==Y ayt)exp [—f En(x,r)dt:|
n 0

Then, by left-multiplying the eigenvector (¢, (x.f)| by
Eq. (B3), we find that

d
Zl/fn(th)) (B3)

da, (1) d
pTa —am(t)<¢m(x,t) Ewm()(?t)>
— Y auyexp ( - / [En(x.7) — Em(x,r)]dr>
n#m 0
d
X <¢m(x,t) E%(X,Z)>- (B4)

It should be noted that the eigenvalue E,(x,r) generally is a
complex value. Hence, the long-time behavior of the reduced
qubit system is mastered by only the eigenmode m = 0, of
which the eigenvalue E((x,t) owns the smallest real part.

PHYSICAL REVIEW A 95, 023610 (2017)

In the adiabatic limit, the second term on the right-hand
side of Eq. (B4) can be approximately ignored due to the de-
cay factor exp(— fot[En(X,r) — Eo(x,70)ldt) (Re[E (x,T) —
Eo(x,7)] > 0for n#0). We obtain the expression of @, (¢) after
long-time evolution (r— 00) as

ao(t) = exp ( - /0 <¢0(X,T)

with a((0) the initial-state coefficient. Then, if we consider the
adiabatic cyclic evolution over a long time period T),, the wave
function can be specified as

T,
Loy (1) = eXp(— TL/O dt [Eo(x,f)

P

d
d—¢o(x,f)>df>ao(0), (B5)
T

d
d—%(x,r)ﬂ)ao(onpx(()». (B6)
T

+ <¢0(XJ)

Consequently, the generating function can be obtained as
Zy (1) = (Il py (1))

t [T
%exp(—T—](; df|:E0(X7T)
p

d
+<¢0(X,f)|El/fo(xJ)>Dao(0)(llpx(0)). (B7)

Finally, the cumulant generating function in the long-time limit
can be described by two contributing terms as

InZ, (1)

GG = Jim = Gayn(0 + Geom(0);  (B)

and the factor limHoo%ln(ao(O)(Ile(O))) becomes neg-
ligible. Here, Ggayn(x) is the dynamical phase factor,
written as Ggyn(x) = —Ti fOT” Eo(x,7)dt, while Ggyn(x)
originates from the geometric phase contribution, writ-
ten as Geeom() = =7 5" (00l £ Wo(x, T))d7. In the
text, we use |W,())((®P,(1)]) in Eq. (29) to replace
[Vo(x,1))({(Po(x,1)]). The geometric-phase-induced cumulant
generating function is reexpressed as

1%
Ggeom(X) = _F‘/.S <<Dx(7:)
p

d
E\le(t)>dr. (B9)
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beyond weak system-bath coupling regime: A polaron
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The concept of polaron, emerged from condense matter physics, describes the dynamical interac-
tion of moving particle with its surrounding bosonic modes. This concept has been developed into
a useful method to treat open quantum systems with a complete range of system-bath coupling
strength. Especially, the polaron transformation approach shows its validity in the intermediate
coupling regime, in which the Redfield equation or Fermi’s golden rule will fail. In the polaron
frame, the equilibrium distribution carried out by perturbative expansion presents a deviation from
the canonical distribution, which is beyond the usual weak coupling assumption in thermodynam-
ics. A polaron transformed Redfield equation (PTRE) not only reproduces the dissipative quantum
dynamics but also provides an accurate and efficient way to calculate the non-equilibrium steady
states. Applications of the PTRE approach to problems such as exciton diffusion, heat transport
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and light-harvesting energy transfer are presented.

Keywords polaron transformation, strong coupling, quantum transport, non-equilibrium steady
state
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property of equilibrium states and the negligible back
action from the system to the bath. In this case, the
second-order perturbation theory leads to a master equa-
tion of the Redfield or the Lindblad type [1-4], which is
convenient for analytical investigation and not computa-
tionally expensive for numerical implementation. How-
ever, in many physical systems of current interest, the
system-bath coupling (SBC) is comparable to the sys-
tem internal couplings, hence the weak coupling approx-
imation is not justified. The typical examples are the
excitation energy transfer process in solid quantum dots
[5, 6] and photosynthetic complexes [7-10]. There are
a number of non-perturbative techniques to obtain the
numerically exact dynamics; examples include the hier-
archy master equation [11, 12], the quasi-adiabatic prop-
agator path integral (QUAPI) [13], the density matrix
renormalization group [14], the numerical renormaliza-
tion group [15], the multi-configuration time-dependent
Hartree approach [16, 17] and the stochastic path inte-
grals [18, 19]. However, these methods are computation-
ally demanding and non-trivial to implement for large
systems. In addition, much of the recent efforts focus on
the short-time non-Markovian dynamics (i.e., dynamical
coherence), which is relevant for laser-induced coherence
but not for the long-time behavior.

Therefore, we need a method which is formally simple
and physically transparent, meanwhile goes beyond weak
SBC regime without loosing accuracy. Polaron, a basic
concept in condense matter physics, which describes the
quantum (quasi-) particle interacting with the deformed
lattices through electromagnetic interaction [20, 21] (as
illustrated in Fig. 1), is exploited to achieve this goal.
Initiated by Silbey and coworkers, a variational polaron
transformation method was applied to study the bath
renormalisation effects on the tunneling matrix elements
in the spin-boson model (SBM) [22, 23]. Further, this
approach is used to investigate the excitation migra-
tion in molecular crystals, covering both the coherent
and incoherent transport preterites [24]. Recently, a
polaron transformed second-order master equation has
been derived to study the dynamics of open quantum

00O H OO

SRCYAX R
Fig. 1 TIllustration of polaron formed with a charged particle sur-

rounded by a polarized crystal medium.
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systems at strong coupling [25-28]. This approach ex-
tends the regime of validity of the master equation to
stronger system-bath couplings, provided that the inter-
nal couplings (or tunneling matrix elements) are small
compared to the typical bath frequency (i.e., the bath re-
sponse is fast on the system time-scale). The main idea
of the polaron transformation approach is to describe
the system in the polaron frame such that the system
is dressed by the environment. The dressed system (or
polaron) takes the major effects of the system-bath in-
teraction into consideration, hence the reduced SBC is
weakened to the regime that the second-order perturba-
tion theory is applicable.

In this review, we mainly focus on the polaron effects
on the equilibrium and non-equilibrium steady states of
multiple-level open quantum systems. The transient dy-
namics of an open quantum system reveals its dissipative
and dephasing properties, as well as the short-time be-
havior in the presence of control or driving against the
noise. However, many systems such as the natural pho-
tosynthetic complexes and the artificial quantum nano-
devices, the open systems continuously operate at their
equilibrium or non-equilibrium steady states. In these
cases, we are only interested in the long-time states of
the open quantum system whose properties are constant,
two aspects of which will be addressed in this paper:

(i) To investigate properties of the equilibrium steady
state beyond the weak SBC regime, the polaron transfor-
mation can be directly applied to the canonical density
of matrix of the total system. Then a perturbative ex-
pansion with respect to the normalized SBC reveals the
polaron effects on the reduced density of matrix (RDM)
of the open system [29, 30], which results in the non-
canonical state of the reduced system [30-32].

(ii) Another interesting issue arises when the quantum
system is surrounded by the non-equilibrium environ-
ment. The characteristics of the non-equilibrium steady
state are closely related with the transport quantities,
such as the diffusion constant [28], the energy transfer
flux [33] and the transfer efficiency [34]. The polaron
transformed Redfield equation (PTRE) is suitable for
these non-equilibrium problems. The SBC effectively ob-
tained from the polaron transformation is weak enough
to introduce the perturbative approach, then the result-
ing Redfield equation is easily manipulated to yield both
the dynamics and the steady states in a broad SBC
regime.

In Section 2, we present the general expression for the
variational polaron transformation using the SBM as ex-
ample. The full polaron transformation which is accu-
rate for the fast bath case is straightforwardly obtained
by setting the variational parameter equals to the SBC

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)
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strength. In Section 3, we obtain the equilibrium steady
state by the perturbative expansion in the variational
polaron frame. The comparisons with other perturbative
methods and the exact numerical calculation are also
presented to clarify the valid parameter regimes. The
PTRE is introduced in Section 4, by which both the
dynamics and the non-equilibrium steady states can be
studied beyond weak coupling regime. In Section 5, three
specific topics on the excitation transport and energy
transfer are studied via the PTRE: the coherent quan-
tum transport in disordered systems, non-equilibrium
energy transfer via a two-level quantum dot, and non-
equilibrium properties of a three-level heat engine model.
We summarize the polaron approach and its application
in Section 6.

2 Polaron transformation of the spin-boson
model

We introduce the polaron transformation via the SBM,
which is the simplest dissipative model used to inves-
tigate the energy transfer in light harvesting systems
[35, 36], decoherence in atom-photon interaction systems
[37], tunneling phenomena in condensed media [38, 39],
charge transfer [40], and quantum phase transitions [41,
42]. The SBM describes a two-level system (TLS) cou-
pled with a multi-mode harmonic bath. The SBM Hamil-
tonian is written as (we set i = 1 in the following)

€ A
Hiop = 50.+ 500 + zk:wkbzbk +o0. ;gk(bz + by,
(1)

where 0; (i = x, y, z) are the Pauli matrices, € is the en-
ergy splitting between the two local energy levels, and A
is the tunneling matrix element. The bath is modeled as
a set of harmonic oscillators labeled by their frequencies
wg, and their coupling strength to the TLS are denoted
by gi.

Though the SBM model is formally simple, it displays
the competition between coherent (tunneling dominates)
and incoherent (bath dominates) effects. Despite its sim-
plicity, the SBM has not been solved exactly so far. Com-
paring with the non-trivial analytical investigation base
on path integrals [38, 39] and the numerically exact but
computationally demanding methods (such as the hier-
archy master equation [11] and the QUAPI [13]), the
polaron transformation method is clear in physical pic-
tures, accurate in a broad range of SBC strength, and
can be easily extended to multilevel systems.

For generality, the variational approach of polaron
transformation is adopted here, which extends the valid-

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)

ity of the original full polaron method to the slow bath
regime [22, 23, 43]. The variational polaron transforma-
tion is generated by

U = exp(—ioc,B/2) (2)

with the bath operator B = 2iy", L& (bf — b)), which
displaces the bath oscillators in the positive or negative
direction depending on the state of the TLS. The vari-
ational parameter f; determines the magnitude of the
displacement of each mode, when f; = 0 the displace-
ment is zero. If we set fr = gi, the variational polaron
transformation reduces to the full polaron transforma-
tion. The variational method allows us to determine an
optimal value of fj between 0 and g, making the trans-
formation valid over a wide range of parameters. The ef-
fects of the polaron transformation act on the SBM can
be illustrated by a double-well in the coordinate space
(see Fig. 2). The polaron transformation displaces the
effective potential for each local state, and further renor-
malizes the tunneling rate and the SBC strength. By
choosing fi properly (see below), the high-order SBC
are involved in these renormalized parameters, thus the
second-order perturbative calculation with the effective
SBC is able to give the accurate result.

Applying the transformation to the total Hamiltonian
in Eq. (1), we have

Hiot = UH1onUT = Hy + Hy, (3)

where the free Hamiltonian is Hy = Hg+ Hpg. The trans-
formed system Hamiltonian is given by

7 € An fk
Hs = §Uz+701+;w_k(fk—29k) (4)

and the bath Hamiltonian remains unaffected, Hp =
>k wkblbk. The last term in Eq. (4) is a constant hence
can be removed. The tunneling rate is renormalized by
the expectation value of the bath displacement operator,

Fig. 2 Polaron effects in the SBM in the coordinate space. The
dashed line illustrates the effective potentials for the local states,
which are induced by the boson bath and presented as harmonic
wells. The polaron transformation U displaces the potential wells
(solid line) and renormalizes both the tunneling rate and the SBC
strength.
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A, = kA, where

K = (cos B) 7.

2

_zzi_%coth (%)] (5)

k

= exp

and () 7, represents the average over the bath canonical
density matrix pg = e A5 /Trgle=#HE]. The trans-
formed interaction Hamiltonian becomes

H;=0,V, + oyVy + 0.V, (6)
where

Ve = ?(costn), (7)

Vy = ésinB, (8)

Vo= (gk — fx) (b, + br). (9)

=[]

The interaction Hamiltonian is constructed such that its
thermal average is zero, Trg[H; exp(—(Hp)] = 0.

Following Silbey and Harris [22, 23], we determine the
optimal values for the set { f;} by minimizing the Gibbs-
Bogoliubov—Feynman upper bound on the free energy
[44-46]

1
Ap = -3 InTrsyple 7] + (Hy) g (10)

where ( ) 7 denotes the average over the canonical state
with respect to Hy. Since (ﬁﬁg() = 0, the upper bound is
solely determined by the free Hamiltonian H,. The vari-
ational theorem states that Ag > Ap where Ap is the
true free energy of Hior. Therefore, we seek for the min-
imal of Ap with respect to fi by solving dAg/dfi = 0.
The minimization condition leads to

fre = grF (i), (11)

-1
F (wg) = [1 + uii/l coth (%) tanh (%)} ,(12)

where A = /€2 + A2. In the continuum limit, the renor-

malization constant can be written as

K = exp [2 /Ooo dwJ @), (w)? coth (%’)} . (13)

T w?

where the bath

Ty 5 920 (w — wy).
super-ohmic spectral density with an exponential cut-

off,

spectral  density J(w) =
Throughout the paper, we use a

J(w) o ywiw 2ew/we, (14)

where ~y is the dimensionless SBC strength. The cut-off

110308-4

frequency is denoted by w., which governs the bath re-
laxation time 75 o< w !

Since F' (w) is also a function of x, the set of { f. } must
be solved self-consistently via Egs. (11) and (12). Never-
theless, without numerical calculation, the expressions of
F(w) and & have already shown insightful physics in two
limits: (i) When the bath is slow (A > w,) or the SBC is
weak (v < 1), we find F (w) = 0 and f; ~ 0, the polaron
picture is obviously not applicative in this limit since
the bath modes cannot follow the fast coherent oscilla-
tion of the system, thus the bath oscillators are barely
displaced. (ii) When the bath is fast (A < w.) or the
SBC is strong (y > 1), we find F (w) ~ 1 and fr ~ g,
i.e., the full polaron transformation is recovered. There-
fore, when dealing with the open system with fast bath,
we can apply the full polaron transformation by setting
fr = gx for simplicity without loosing much accuracy
(see Section 3.1).

3 Equilibrium distribution of the SBM via the
polaron approach

This section is dedicated to study the equilibrium state
of the SBM in the polaron frame, which is motivated
mainly for two reasons: (i) The calculation of the equi-
librium state of the SBM provides a benchmark to as-
sess the accuracy of only the second-order perturbation
theory (2nd-PT) in the polaron frames, without involv-
ing additional approximations, such as factorized initial
conditions and the Born-Markov approximation which
are generally invoked in the quantum master equation.
This investigation can clearly demonstrate how accurate
does the polaron approach depend on the bath proper-
ties, namely, the bath relaxation time and the coupling
strength. (ii) Equilibrium canonical distribution in sta-
tistical mechanics assumes weak SBC, while under real
physical conditions this assumption is usually invalid,
thus the equilibrium statistics is generally non-canonical.
By exploiting the polaron transformation with pertur-
bation theory, an analytical treatment is advocated to
study non-canonical statistics of the SBM at arbitrary
temperature and for arbitrary SBC strength.

3.1 Accuracy of the perturbation theory in the polaron
frame

First, we briefly introduce the second-order correction to
the equilibrium state of the system in the polaron frame.
The exact equilibrium RDM can be formally defined as
TI‘B [efﬂﬁtot]

P — (15)
’I‘I‘S-‘,-B[e_ﬁHtOt]

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)
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In this review, the operator with a tilde denotes it is de-
fined in the polaron frame, for example p = U'pU, where
p is the density matrix in the untransformed frame. Us-
ing the Kubo identity [47, 48], the operator exp|—3H ;o]
is expanded up to the second order in H; as

_ - B ~ ~
e*ﬁHtot ~ e*ﬁHo [1 _/ dﬁ/eﬁ,HoﬁIe*ﬁ,Ho

/ / B o e (5 =3V o 6= o).
(16)

The above expansion is similar to the Dyson expansion,
with 3 treated as imaginary time. Since <E[I>I:10 =0,
the leading order correction to pg is of the second or-
der in H;. Inserting the above expression into Eq. (15)
and keeping terms up to the second order, the system
equilibrium state is approximated as

0 2

pgfp() (5)+
(0 0
P(s) =e BHS/Zé)’

2)
(2 A Zs' i

T w0 "
where
A—nng;w/ / 434" Con (B — B")
xe s g, (5 om (B"),
Z(O) ’I‘rs[efﬁﬁs],
2§ = Trs[A], (18)

and Cppm (1) = (Vo (7) Vin) 7,
bath correlation function. The operators in imaginary
time are defined as O (3) = efHoOQe=PHo, The expres-
sions for the non-vanishing bath correlation functions
are shown in Appendix A. The full polaron result can
be conveniently obtained by setting F (w) = 1, then
the only non-vanishing correlation functions are C,, and

is the imaginary-time

Cyy. Furthermore, in this extremely strong coupling limit
v — 00, it can be seen from Eq. (13) that k — 0 and
the system becomes incoherent since the coherent tun-
neling element vanishes. As a result, all of the correlation
functions and the second-order corrections to pg vanish;
hence the equilibrium density matrix is only determined
by the energy splitting of the two local energy levels,
ps x exp(—efo./2). In the opposite limit, F (w) = 0
which corresponds to no transformation is performed and
C. is the only non-zero correlation function.

Since the populations of the TLS are not affected by
the transformation, Trg[o.ps] = Trglo.ps] = (0.), we
can directly compare the expectation value (o,) from
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2nd-PT in the original frame [F'(w) = 0], the full po-
laron frame [F'(w) = 1], and the variational polaron
frame [F (w) in Eq. (12)] with those obtained from the
numerically exact imaginary-time path integral calcula-
tions. Results of the transformed zeroth-order density
matrix, p( ) which depend only on the renormalized sys-
tem Hamlltonian Hg, are also included.

In order to get a good perspective on the accuracy of
2nd-PT in different frames depends on the properties of
the bath, we calculate the relative errors over the en-
tire range of the bath parameters. The relative error is
defined as

(02) pers = {02)p1
<UZ>PI

where the subscripts “Pert” and “PI” denote the pertur-
bative calculation and path integral calculation, respec-
tively. Figure 1 displays the respective errors of second-
order perturbation in the three different frames as a func-
tion of the cut-off frequency w. and the coupling strength
. As seen in Fig. 3(a), the usual 2nd-PT without trans-
formation breaks down at large . It is also less accurate
when the cut-off frequency is small, which corresponds
to a highly non-Markovian bath. On the other hand, the
2nd-PT in the full polaron frame fails at small v and
w, [see Fig. 3(b)]. These two approaches provide comple-
mentary behavior as a function of the coupling strength;
the full polaron method is essentially exact for large -,
while the usual 2nd-PT is exact for small 7. The varia-
tional calculation is valid over a much broader range of
parameters [see Fig. 3(c)], and combines the regimes of
validity of the full polaron result and the 2nd-PT in the
original frame. It becomes only slightly less accurate in
the slow bath regime around a narrow region of coupling
strength.

; (19)

(a)12 0.4(b)12 0.4
10 | 10

8 0.3 8 0.3

~6 02 =g 02
4 4

2 gll 2 gll

05 1 15 2 25 3 35 1.5 2 25 3 35
w? w?

(c) 12
10

Fig. 3 At A = 3, the relative errors of the second-order pertur-
bation theory, compared with the exact stochastic path integral
result as defined in Eq. (19), in (a) the original frame, (b) the full
polaron frame, and (c¢) the variational polaron frame. Obviously,
the variational polaron method is of high accuracy in the fast bath
regime over the entire range of coupling strength. Reproduced from
Ref. [29].
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The exact numerical method we applied here as bench-
mark is based on imaginary-time path integrals [18].
For the SBM, following the well-known Feynman-Vernon
influence functional [49]with the Hubbard-Stratonovich
transformation [39], it was shown that the influence func-
tional is unraveled by an auxiliary stochastic field. The
ensuing imaginary-time evolution of the density matrix
may then be interpreted as one governed by a time-
dependent Hamiltonian with a stochastic field. A pri-
mary benefit of this approach is that it generates the
entire RDM from one Monte Carlo simulation. Addition-
ally, any form for the bath spectral density J (w) can be
used. The details of the numerical algorithm can be found
in Ref. [18].

In the following of this paper, we will only consider
the bath with large cut-off frequency such that the full
polaron transformation can be safely applied. Without
making ambiguity, from now on when we use the word
“polaron transformation”, it actually implies the “full
polaron transformation” for brevity.

3.2 Non-canonical equilibrium distribution

To investigate the non-canonical statistics of the TLS
at arbitrary temperature and arbitrary SBC strength,
both the population and coherence of the RDM should be
compared with the canonical density matrix. In particu-
lar, we use the RDM in the system eigenbasis to quantify
the non-canonical statistics as well as the quantumness of
the open system. The agreement of the analytical treat-
ment based on the polaron transformation with the exact
stochastic path integral result is also verified.

Different from the diagonal elements pi' and pZ,
which are given above by (1 %+ (¢.))/2, the off-diagonal
element p¢? in the polaron picture is more involved be-
cause the o, operator does not commute with the polaron
transformation operator U. Nevertheless, we find

pst = Tr[o_prot] = Tr[6_ prot] = Tr[o_ cos Bpsor] (20)

indicating that pg can still be obtained from pt., but
not from pg. Because of the correlation between the sys-
tem and the bath, the first-order contribution of H; to
exp[—ﬁfltot] and hence to ptot is already nonzero (upon
thermal averaging). As such, it suffices to consider a first-
order perturbation theory in imaginary time for the total
density matrix in the polaron frame. With details elab-
orated in Ref. [30], we obtain p* ~ pls?(o) + pg(l), with

KA,
PE0) = T oA tanh(B4/2), Y

12 ?
Ps. (1) = — Z /0 dr Sy (1) Ky (7). (22)

n=x,y
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Here Sy, (7)= (00 (7)0-) 7, and K, (7)= (Vi (7) cos B) ;7.
are the correlation functions of the system and the bath,
respectively, which are given in Appendix A.

Instead of examining all the RDM elements, a single
quantity is used to characterize non-canonical statistics:
the smallest possible angle 6. It is the angle rotated (in
radians) on the Bloch sphere to reach the eigenstates of
Hg from the diagonal representation of the RDM. As a
function of the SBC strength ~ for a fixed temperature,
the theoretical results (solid line) are plotted in Fig. 4(a).
For small values of v, 8 is small, so the RDM’s diagonal
representation is relatively close to that of Hg. This is
expected, because for weak SBC strength, the equilib-
rium statistics should be canonical. As 7 increases, 6
increases, indicating that the RDM diagonal representa-
tion continuously and monotonously rotates away from
the eigenstates of Hg. To further elucidate the continu-
ous change in 6, an analogous angle, namely, the angle
that the RDM diagonal representation should be rotated
to reach the eigenstates of Hy, is also plotted with dashed
line in Fig. 4(a). For large values of v, we find k — 0,
the SBM reduces to a pure dephasing model. Therefore,
the RDM diagonal representation is seen to approach
that of H; (or o.), and the system equilibrium state
approaches exp(—ef0/2). For a varying SBC strength,
either weak or strong, the 2nd-PT polaron approach
and the numerically exact results agree, which confirms
that our analytical treatment for the RDM off-diagonal
elements performs equally well in the regime valid

(@) 12
1.0 "—.._ /
0.8 ‘s,
.. -~
= (.61 -, — System
0.41 .. -+« Interaction
In.-
O,é' "‘-‘-...,...".“
0 0.1 02
¥
b) 1.0
(b) p— sve00e P
0.8 .".n"‘"
0.61 — System
0.4 g «« Interaction
o J
021 s
% 5 0 0.2
kT

Fig. 4 (a) Coupling strength dependence of the angle to be ro-
tated on the Bloch sphere to reach eigenstates of Hg (solid line) or
H; (dashed line) from eigenstates of equilibrium RDM, for 8 =1,
e =0.5, and we = 5 (in units of A). (b) Temperature dependence
of the angle to be rotated on the Bloch sphere to reach eigen-
states of Hg (solid line) or Hy (dashed line) from eigenstates of
equilibrium RDM, for v = 0.1, ¢ = 0.5, and w. = 5. Solid dots
are numerically exact stochastic path integral results. Reproduced
from Ref. [30].
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for treating the RDM diagonal elements.

The equilibrium RDM considered here reminds us the
preferred basis discussed in decoherence dynamics [50]:
An equilibrium RDM is an asymptotic result of quan-
tum dissipation. Due to this interesting connection, the
particular diagonal representations of RDM as a result
of the non-canonical statistics can also be understood as
a remarkable outcome of nature’s superselection in open
quantum systems [51-54].

The temperature dependence of non-canonical statis-
tics at a fixed intermediate SBC strength v is depicted
in Fig. 4(b). For temperature lower than kgT = 1, the
RDM diagonal representation is further rotated from
that of Hg (solid line) but becomes closer to that of
H; (dashed line). Therefore, the non-canonical statistics
becomes more pronounced when temperature decreases.
When temperature increases, the deviation angle con-
tinuously changes in opposite directions, showing that
the RDM diagonal representation gradually moves away
from the eigen-representation of H; but smoothly ap-
proaches that of Hg. Numerically exact Monte Carlo
simulation results (solid dots) are also presented in Fig.
4(b), further supporting our theory.

4 Polaron transformed Redfield equation

Besides solving the equilibrium states, the polaron trans-
formation is also a powerful tool to study the dynamics of
open quantum systems at strong coupling via the second-
order master equation. Applying the polaron method to
study the dynamics of open quantum systems was first
proposed by Grover and Silbey [24], and it has gained
a renewed attention due to the recent interest in coher-
ent energy transfer in light harvesting systems [25-27]
and has been extended to study non-equilibrium quan-
tum system [33, 34], which we will introduce in Sec.V.
For non-equilibrium steady state, the non-Markovian ef-
fect is less significant so we will adopt the secular and
Markov approximation.

After the transformation, the system is dressed by po-
laron, then the master equation is obtained by applying
perturbation theory to the transformed system-bath in-
teraction. This approach extends the regime of validity of
the quantum master equation to stronger SBC, provided
that the tunneling matrix elements are small compared
to the bath cut-off frequency (A < we).

In this subsection, we use the SBM as example to intro-
duce the PTRE approach. For a multi-level system, the
PTRE can be generalized straightforwardly following the
same procedure [28]. The Hamiltonian of the SBM after
the full polaron transformation is given in Eq. (3) with

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)

fr = gi. The strength of the SBC is effectively weakened
by the polaron transformation. Specifically, Hj is of the
order of bath fluctuation and its thermal average is zero,
hence Hj is a reliable perturbative parameter. Based on
this consideration, the Born—Markov approximation is
applied to derive the PTRE for SBM in the Schrodinger
picture:
dps(t)

o —i[Hs, ps(t)]

_ /0 " 5T { [ [y (=), ps(®) @ pull}, (23)

which can be further written as

djs

— e
” i[Hs, ps]
- Z [ 57amsps + Lo PsTaTa
a,B=z,t
7]23_0(7',1/357'5 — F:ﬁTgﬁsTa]. (24)

Here we use a new set of Pauli operators 7, with respect
to the eigenbasis of the Hamiltonian Hg = Ar,:

=) (H = 1) (-, (25)
=) (=], = =) (+. (26)

The eigenbasis are defined with the local basis |1) and
|2) as

0 0
[+) =cos g |1>+sin§|2>, (27)

0 0
|—>=Sin§|1>—cos§|2), (28)
where tan = A, /e. The dissipation rates F;tﬁ are re-

lated to the half-side Fourier transformation of the bath
correlation functions

A
ra =5 |t g o, (29)
with
&, (t) = sinfcos B(t) — K, (30)

€4 (t) = —eF 1 cosf[cos B(t) — k] Fisin B(t)}. (31)

Therefore, the steady state of the system can be easily
obtained from Eq. (24) by solving dpg/dt = 0.

4.1 Steady states and equilibrium distribution

The expectations of the operators 7, in the steady state,
which contain all the information of the TLS in SBM
are displayed in Fig. 5. The dependence of the popula-
tion difference (r.) on the coupling strength v is plot-
ted with the blue solid line. It is found that the steady
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Fig. 5 The steady state of TLS as a function of the SBC strength
~. The steady states of the PTRE follow the canonical distribution
in the polaron transformed basis, which rotates with the coupling
strength . In the weak coupling limit, the system steady state
is the canonical distribution in the eigen basis (black dash line);
while in the strong coupling limit, the steady state is the canonical
distribution in the localized basis (red dot-dash line). The inset
shows the coherent term of the steady state, which is small in the
polaron transformed basis. We choose the parameters in units of
A: ¢ =0.5, wc =5 and 8 = 1. Reproduced from Ref. [34].

state RDM obtained from the PTRE coincides with the
zeroth-order perturbation result of the equilibrium state
in Eq. (17). The steady state distribution of the TLS
follows the Boltzmann distribution with respect to the
eigenbasis in the polaron frame

(r)) = — tanh(%ﬁ/l). (32)

It is reduced to the canonical distribution with re-
spect to the eigenbasis of Hg as lim,_o(r.) =
—tanh[8ve? + A%/2], and is reduced to lim,_,o (7;) =
— tanh[8¢/2] in the strong coupling limit, which is the
Boltzmann distribution in the local basis |1) and |2).

4.2 Validity of the PTRE

For an unbiased two-level system, we compare the result

y=0.02, p=0.2 1=0.02, =5

0.5

0 5530 %0 1030 306 4050
Time Time

: y=0.2. p=0.2 ; y=0.2, p=5

0.5 0.5

% 10 20 30 %1020 30 4050
Time Time

Fig. 6 Time evolution of the population dynamics of the state
|1) calculated from the PTRE Eq. (24) (symbols) and the time-
convolutionless second-order polaron master equation used in Ref.
[55] (solid lines). The parameters used are e; — ez = 0, A = 2 and
we = 3. Reproduced from Ref. [28].
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obtained from the above PTRE Eq. (24) with that
from the time-convolutionless second-order polaron mas-
ter equation without the secular and Markov approxima-
tions [55]. The results are plotted in Fig. 6, they show re-
markably good agreements for different temperature and
coupling strength. Moreover, as shown below, the PTRE
recovers the Redfield equation in the weak coupling limit
and the Fermi’s golden rule (or Forster theory) in the
strong coupling limit.

4.3 Weak and strong coupling limits

In the weak coupling limit, we have x ~ 1, thus the
eigenbasis |+) of the polaron transformed Hamiltonian
Hg become the eigenbasis of Hg = §0, + %az. In this
case the master equation in Eq. (24) with secular ap-
proximation is reduced to the Redfield equation

dpg+ ++ —=

g = TR+NMo)lps™ +I'N (do)ps™,  (33)
do§™ . o 1 -

[ZS = —1/10pJSr - F[§ +N (Ao)]szr ) (34)

where I' = 1.7 () sin® 0, 4y = V2 + A% and N (w) =
1/ [exp (Bw) — 1]. In the strong coupling limit, the co-
herence is quickly destroyed by dissipation, thus we only
need to consider the equations of the population. Ad-
ditionally, x ~ 0 for large ~, i.e., the eigenbasis of Hg
coincide with the local basis |1) and |2). As a result, Eq.
(24) becomes a kinetic equation governing the popula-
tion dynamics, which can be written as

dpg' = Ty ol 4 g p22 (35
a 11Ps 12P5 5 )
where
_l 2 A2 > ieT Q1) _
I, = 5 A /0 driR [e (e 1)} , (36)
_ 1 2 A2 > —ieT Q) _
Iy = 5124 /0 A [e (e 1)] , (37)
and
Q (1) :/ dw%[eos (wT) coth (Bw/2)
0
—isin (w7)]. (38)

The above transition rates I'1; and [}s are the same
as predicted from the Fermi’s golden rule. In summary,
the PTRE smoothly connects the weak and strong lim-
its, and provides a useful tool to study the intermediate
coupling region where there is usually no reliable approx-
imation method.

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)
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5 Applications of PTRE to exciton diffusion,
heat transport and energy transfer

The PTRE cannot only be used in calculating the steady
state and the dynamics of equilibrium systems, but also
apply to non-equilibrium problems such as exciton diffu-
sion in disordered system, heat transport through quan-
tum dot and energy transfer in heat engine model. The
steady states of these non-equilibrium processes are usu-
ally of special interests as they are closely related to
the measurable quantities in experiments. The PTRE
is a proper tool to study these problems in order to
bridge the gap between the standard Redfield equation
in weak coupling regime and the Fermi’s golden rule or
the noninteracting-blip approximation (NIBA) in strong
coupling regime.

5.1 Coherent exciton transport in disordered systems

Quantum transport in disordered systems governs a host
of fundamental physical processes including the efficiency
of light harvesting systems, organic photovoltaics, con-
ducting polymers, and J-aggregate thin films [56-65].
The PTRE approach to quantum transport allows us
to bridge coherent band-like transport governed by the
Redfield equation to incoherent classical hopping trans-
port described by the Fermi’s golden rule. The results
reveal that a non-monotonic dependence of the diffusion
coefficient can be observed as a function of temperature
and system-phonon coupling strength.

The system is extended from single TLS to a tight
binding model, described by the Anderson Hamiltonian
(see Fig. 7)

Hg = Zen In) (n| + Z I M) (1], (39)

n m#n

where |n) denotes the site basis and J,y, is the electronic
coupling between site m and site n. Here, we consider one
dimensional system with nearest-neighbor coupling such
that Jon = J(Om,n+1 + dmt1,n). The static disorder is

/ /\\ Boson bath
! \
f,-’ \'-.
D /[ ® \ p
g= ,f'; \\ [=——-
S \\
— // = | S— x
R \n___ io}i

Fig. 7 Illustration of the diffusion of a single excitation in one
dimensional system with static disorder and local bosonic noise.
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introduced by taking the site energies ¢, to be indepen-
dent, identically distributed Gaussian random variables
characterized by their variance o2 = &,¢,. The overline
is used throughout to denote the average over static dis-
order. We assume that each site is independently coupled
to its own phonon bath in the local basis. Thus,

Hp = ankblkbnk; (40)
nk

Hy =" gan n) (n] (b], + bok), (41)
nk

where w,,;, and blk(bnk) are the frequency and the cre-
ation (annihilation) operator of the kth mode of the bath
attached to site n with coupling strength g,r, respec-
tively.

Applying the full polaron transformation and following
the same procedure in Section 4, a second-order PTRE in
terms of the transformed SBC with Markov and secular
approximations is given by

dpvu (t)

dt = Z Ryy)l,/l,/p’vy/y/ (t), (42)
dp.(t _ i
p“T() = (*’LWV‘u + R#u,#v)p#y(t), v 7& L (43)

The Greek indices denote the eigenstates of the polaron
transformed system Hamiltonian, i.e., Hg|u) = E, |u)
and wy, = Eu — E~’,,. The Redfield tensor R, ., de-
scribes the phonon-induced relaxation, the detailed ex-
pressions are given in Appendix B. For the transport
properties studied here, only the population dynamics is
needed which is invariant under the polaron transforma-
tion since ppn (t) = pnn(t). In the presence of both disor-
der and dissipation, we find empirically that after an ini-
tial transient time approximately proportional to J3 3/,
the mean square displacement (R2(t)) = >, n?ppn(t)
grows linearly with time, where the origin is defined such
that (R2(0)) = 0. Within the timescale of the simula-
tions, the number of sites is sufficient such that no sig-

nificant boundary effect is observed. Then the diffusion
constant D can be defined as lim;_,o (R?(t)) = 2Dt.
The effect of the dissipation strength on the diffusion
constant is revealed as a non-monotonic dependence on
D as a function of v in Fig. 8, which is consistent with
the studies using the Haken—Strobl model [66, 67]. The
dissipation destroys the phase coherence that gives rise
to Anderson localization in one-dimensional disordered
system, allowing for transport to occur. Therefore, in
the weak coupling regime, the transport coefficient D in-
creases linearly with v, which is apparent from the Red-
field tensor R, ... In the opposite regime of strong
coupling, the dissipation strength effectively acts as
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Fig. 8 The diffusion constant as a function of the dissipation
strength . The dashed lines display the corresponding results from
the secular Redfield equation, while diamond symbols depict the
results of the Fermi’s golden rule rates. (a) Results for different
temperatures and a fast bath w. = 3. (b) Results for different cut-
off frequencies and T' = 10. The electronic coupling J = 1 sets the
energy scale. Reproduced from Ref. [28].

classical friction that impedes the transport leading D
to behave as a decreasing function of . Thus the co-
herence generated between sites is quickly destroyed and
the quantum transport reduces to a classical hopping dy-
namics between neighboring sites. The interplay between
static disorder and dissipation thus gives rise to an opti-
mal dissipation strength for transport. In Fig. 8(a), it is
seen that the maximal diffusive rate both increases and
shifts to smaller coupling strengths as the temperature
increases, since thermal fluctuations also assist the quan-
tum system to overcome the localization barriers in the
weak coupling regime. For comparison, we also include
the results from the standard secular Redfield equation
in the weak coupling regime. For small v and 7', the sec-
ular Redfield equation provides a reliable description of
the transport properties but starts to breakdown as -~y
(or T') increases leading to an unphysical D o 7.

Figure 8(b) depicts D as a function of v for different
bath cut-off frequencies. It is found that the large v scal-
ing of D is highly dependent on the relaxation time of the
bath. For a fast bath, the rates decrease approximately
as 1/~. However, as the bath frequency decreases, a tran-
sition from the 1/ dependence to 1/,/7 dependence is
observed. This can be rationalized by noting that in the
high temperature and strong damping regime, the dy-
namics is incoherent and can be described by classical
hopping between nearest neighbors. Then, the hopping
rate between sites m and n is accurately determined from
Fermi’s golden rule,

lep (D) = J2, K2, R / dte!dmnt[ed®) 1] (44)
and
110308-10

g(t) =2 /000 dw W) [cos (wt) coth (Bw/2) — isin (wt)],

W

(45)

where A,,,, = €,,—¢, 1s the activation barrier. In the slow
bath limit, the above expression reduces to the Marcus
rate

T Ié] B(rA — dyw?)?
k(A ~ =J%, | - ¢/ 4
2 (4) 2J \/ w3 P { 16myw3 , (46)

which captures the correct 1/4/4T dependence of the
rate. Defining the energy transfer time as the inverse of
the rate, 7r(A) = 1/kp(A), static disorder can be intro-
duced by averaging 7 (A) over the Gaussian distribution
of static disorder: 77 = [ dAP(A)7r(A) where P(A) =
(0'v/21) " Lexp(—A?/20'%) and 02 = A2, = 20%. The
disorder-averaged golden rule rate can then be obtained
using kr = 1/7F and is plotted in Fig. 8(b). While it
is seen to capture the correct scaling of D in the over-
damped regime, it significantly underestimates the trans-
port in the small and intermediate damping regimes. As
the dynamics becomes more coherent, the classical hop-
ping rate between sites provides a qualitatively incorrect
description of the transport.

5.2 Non-equilibrium heat transfer through quantum
dot

In presence of multiple baths with different tempera-
tures, non-equilibrium transport phenomena can also be
studied using the PTRE. For typical energy transport
far from equilibrium, two baths should be included with
a temperature bias, as shown in Fig. 9. The TLS with
Hamiltonian Hg in Eq. (1) couples to the two baths by

H[ =0z Z 9k,v (bz,v + bk:,'u)a (47)
kiv=L,R

where b,TC » (biw) creates (annihilates) one boson of mode
k in the vth bath. The Hamiltonian of the left (L) and
right (R) baths is given by Hp = Zk;u:L,kawbz,ubk»U'
This non-equilibrium spin-boson model (NESB) has been
used to describe the electromagnetic transport through
superconducting circuits [68], photonic waveguides with

Fig. 9 Schematic illustration of the non-equilibrium spin-boson
model composed by central two-level nano-device connecting to two
separate bosonic baths with temperature 77, and TR respectively.
Reproduced from Ref. [33].

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)



REVIEW ARTICLE

a local impurity [69], phononic energy transfer [70-
74] and Caldeira-Leggett model [75] in phononics [76],
Kondo physics and non-equilibrium phase transitions
[77, 78] in the field of condense matter physics, and even
exciton transfer embedded in the photosynthetic com-
plexes [10, 60, 79-81]. Moreover, as a minimal prototype,
it provides crucial insights into the optimal design and
potential applications of low-dimensional nano-devices.

The PTRE approach provides a unified interpretation
of several observations, including coherence-enhanced
heat flux and negative differential thermal conductance
(NDTC). Despite many approaches have been proposed
to explore energy transfer in NESB, each approach has
limitations. Typically, the Redfield equation only applies
in the weak spin-boson coupling regime [72, 74], whereas
the non-equilibrium version of the noninteracting-blip
approximation (NIBA) equation applies in the strong
spin-boson coupling regime.

Combining the polaron transformation and the count-
ing field [74, 82], we obtain the energy flux as

2 [ee]
J = ﬂ/ dww[Ce(0,w)

8T J_ o
Do(Ak)Co(—Ak,w) + ¢o(—A,)Co(Ay,w)
* Go(An) T Go(—2) ) (48)

where Ce(,)(w,w’) describes that when the TLS releases
energy w by relaxing from the excited state to the ground
one, the right bath absorbs energy w’ and the left one ob-
tains the left w —w’ if w > W’ or supply the compensation
if w < W'. And C¢(o)(—w,w’) describes similar dynami-
cal processes for the TLS jumping from the ground state
to the exciting one. While ¢, g)(w) is the summation be-
havior of these corresponding microscopic processes. The
details of the functions ¢,y and Cy(e) can be found in
Appendix C. Different from the single bath SBM case,
here the renormalization k is actually a product of the
ones from each bath: kK = Kk kR.

In the weak coupling limit, the renormalization fac-
tor is simplified to k ~ 1, then the unified energy flux
reduces to the resonant energy transfer expression

_A JL(A)Jr(A)(n —nR)
T2 (M)A +2n) + Jr(A)(1 + 2nR)’

with the average phonon number n, = n,(A) of the vth
bath, which is consistent with previous results of the
Redfield approach [72, 74]. In the strong coupling limit,
multiple bosons are excited from baths, and both the
renormalization factor x and the eigen-energy gap of the
TLS A, become zero. Hence, the energy flux can be fi-
nally expressed as

A2 [

C8r )

Jw

(49)

jw dWWOL(fw)OR(W)a (50)
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Fig. 10 The energy flux and quantum coherence represented by
(oz), as functions of the coupling strength. The solid black line
is from the PTRE, which unifies the Redfield result at the weak
coupling (the red dashed line) and the NIBA result at the strong
coupling (the dot-dashed blue line). The deviation of the unified
energy flux from the NIBA result at small + is characterized by
the quantum coherence o, (inset). Parameters are given by € = 0,
A = 522 meV, we = 26.1 meV, Tp, = 150 K and T = 90 K.
Reproduced from Ref. [33].

with the probability density of the vth bath C,(w) cor-
rectly recovering the non-equilibrium NIBA result.

The energy flux of Eq. (48) is plotted in Fig. 10,
which first shows linear increase with the SBC in the
weak regime, consistent with the Redfield. After reach-
ing a maximum, the energy flux decreases monotoni-
cally in the strong coupling regime, and coincides with
the NIBA result. The discrepancy of the NIBA and our
PTRE is due to the improper ignorance of quantum co-
herence o, of the TLS in NIBA. This coherence term
describes the effective tunneling within TLS so that it
enhances the energy transfer compared to the NIBA that
ignores it. Therefore, we conclude that the unified energy
flux expression of Eq. (48) provides a comprehensive in-
terpretation for energy transfer in NESB, because the
fluctuation-decoupling scheme not only describes the co-
herent SBC from the weak to strong coupling regime, but
also correctly captures the coherence within the TLS.

For the NDTC, the non-equilibrium NIBA scheme pre-
dicts its appearance in the strong coupling for NESB,
whereas the Redfield scheme predicts its absence in the
weak coupling. The NDTC can also be investigated by
the PTRE to identify its absence over the wide range of
temperature bias, even in the intermediate and strong
coupling regimes, which correct the previous observation
of NDTC under the NIBA in the classical limit. By tun-
ing one bath temperature, NDTC is absent across a wide
range of the temperature bias in the NESB model even
in the strong SBC limit. It should also be noted, if we
change two temperatures simultaneously, NDTC can still
occur in NESB. The detail discussion about the NDTC
via PTRE can be found in reference [33].
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5.3 Energy transfer via three-level heat engine model

Taking a three-level system as a generic theoretical
model, many interesting mechanisms can be well demon-
strated and understood. Recently, the sunlight-induced
exciton coherence is studied in a V-configuration three-
level model [83, 84]. An interesting idea is to consider
the energy transfer process from the perspective of heat
engine [85]. For example, the coherence introduced by an
auxiliary energy level can enhance the heat engine power
[86, 87]. The early work considering a three-level maser
model as a Carnot engine was carried out by Scovil and
Schulz-DuBois [88, 89], yielding the heat engine efficiency
1o and its relation with the Carnot efficiency. Later pa-
pers elaborately reexamined the dynamics of this model
by the Lindblad master equation and showed that the
thermodynamic efficiency 7 is achieved when the output
light-field is strongly coupled with the system [90-92].

We consider the energy transfer process in the three-
level system illustrated in Fig. 11. The site energy of
the ground state |0) is set to zero. The two excited en-
ergy levels |1) and |2) form a TLS, the Hamiltonian of
which is the same as Hg in Eq. (1). The energy trans-
fer takes place in the single excitation subspace: The
three-level system is firstly excited to state |1) by a pho-
ton field, then the excitation is transferred to state |2)
through A (mediated by phonon modes), and finally the
excitation decays to the ground state |0) via spontaneous
radiation. The pumping and trapping processes are mod-
eled by the interaction with the two independent photon
baths, which are coupled separately with two transitions
|0) < |1) and |0) < |2). The Hamiltonian of the photon
baths and their interactions with the three-level system
are given by

Fig. 11 The system is modeled by a three-level system: its
ground state |0) and the excited state |1) (]2)) is coupled with
the pumping (trapping) bath; the excited states |1) and |2) are
diagonal-coupled with the phonon bath; the internal transition
strength between |1) and |2) is characterized by A. The energy
fluxes Jp, Jv and Ji describe the energy exchange rate of the
system with the pumping, the phonon and the trapping baths,
respectively. The flux into the system is defined as the positive
direction. Reproduced from Ref. [34].
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Hy =" wpkalyaps + (gpraly [0) (1] +hec),  (51)
k

Hy= Zwtkalkatk + (gtkalk [0) (2] + h.c.), (52)
k

where w;, (¢ = p,t) is the eigen frequency of the bath
mode described by the creation (annihilation) operator
a;.fk (air), and its coupling strength to the excited state
is gir. We note that the rotating wave approximation is
applied in the system-bath interaction term. A phonon
bath with creation and annihilation operators bL and by,
of the bath mode wy}, is coupled to the TLS via diagonal
interaction with the coupling strength of fx. Thus, the
phonon part is described by

Hy = 3wl + (11) (1] = 12 20) S (fib], + hec.).
k

k
(53)

The steady state of the three-level system can be easily
obtained from PTRE and the steady state energy fluxes
defined are straightforwardly given as

A
To = evtplnppoo = (np + 1)pia) = =12 (np + 1R [pa],
(54)

A
T = e lmpoo — (e + 1)paa] = = (me+ DR pro].
(55)

where the steady state elements of RDM is denoted by
pij = (ilps(00)|j) for brevity, 7; and n,; are the corre-
sponding decay rate and average photon number for the
ith bath. In Fig. 12 we present the dependence of energy
fluxes on the coupling strength . In the extreme case
that the system bath coupling is switched off (y = 0),
there is no loss of excitation energy, which results in
|Jp| = |Jil, suggesting the input energy flux from the
pump completely flows into the trap through the three-
level system. When the coupling turns on, a portion of
energy flux leaks into the phonon bath thus |7,| > |J].
Both the pumping and trapping energy fluxes reach their
optimal values in the intermediate coupling region and
decrease to zero when the coupling strength is strong.
The energy transfer efficiency is defined as n =
|7/ Jp|. When the coupling strength v = 0, the en-
ergy transfer efficiency n = 1 because there is no loss of
energy flux. When the coupling strength gradually in-
creases, the efficiency decreases. However, after reaching
its minimum value, the efficiency starts to rise with -,
which is shown in Fig. 12(a). The increase of efficiency
assisted by noise was studied extensively in the context
of energy transfer in light-harvesting systems [93, 94].
As we further increase -, the efficiency grows beyond the
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Fig. 12 (a) The steady state pumping (red solid line) and trap-
ping (blue dashed line) energy fluxes versus 7. Both fluxes show
a maximal value in the weak coupling case and then quickly de-
creases to zero when -« increases. (b) The steady states efficiency
n is plotted with blue solid line as a function of . The dashed line
indicates the strong coupling limit 7. The results given by the
Redfield equation and the Fermi’s golden rule are shown with the
dashed-dot lines. The strong coupling regions are plotted in the
insets. We choose the parameters in units of A: ¢ = 0.5, w. = 5,
By =1, fp =0.02, Bt =1, and 7p = 7 = 0.01. Reproduced from
Ref. [34].

strong coupling limit 7y and then gradually approaches
this limit from above. The strong coupling region is plot-
ted in the inset of Fig. 12(a).

It is interesting to notice that the first term on the
right side of Eqgs. (54) and (55) depends only on the pop-
ulations of the three-level system, and the second term
represents the contribution of the off-diagonal terms (co-
herence in the local basis). In the strong coupling limit,
the steady state coherence in the local bases p15 vanishes,
then the efficiency is completely determined by the pop-
ulations:

~_ €2Ye[(ng + 1) p2az — 1t poo _€ (56)
e1vpl(np + 1)p11 — nppoo] €1
This result indicates that when the coherence is negligi-
ble due to the strong system-phonon coupling, the energy
transfer efficiency 1 approaches 7y, which is consistent
with the key result of Ref. [91]. We notice that Eq. (56)
shows that the net rate of pumping one excitation to |1)
equals to the net rate of trapping one excitation from
|2) to |0). When the coupling strength decreases, the ef-
ficiency is generally related to the phonon bath induced
coherence of the excited states [95]. If we require the sys-
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tem outputs positive energy, i.e., v (ng+1)p2a > Y100,
then R [p12] > 0 leads to the result n > g and vise versa.

In the local basis, the population and coherence are
coupled with each other due to the polaron effects: The
population inversion happens when R[p12] < 0 [Fig.
12(b)], hence n < n9. We plot the population difference
between states |1) and |2) in Fig. 12(b). In the inter-
mediate coupling region indicated between the two red
dots, the steady state population satisfies p;; < p2a (the
effective temperature associates with these two states is
positive), the corresponding efficiency 7 is less then 7
as shown in Fig. 12(a). On the contrary, outside this
intermediate region, i.e., when the coupling is either
very weak or very strong, the populations are inverted
p11 > pao (the effective temperature is negative); mean-
while 7 increases beyond 7.

As we discussed in Section 3, the non-negligible SBC
strength can induce the non-canonical equilibrium states,
which will further affects the heat engine performance.
In this section we show the PTRE is also powerful tool
to evaluate the performance of a three-level heat en-
gine model beyond the weak coupling limit. In partic-
ular, the non-negligible system-bath entanglement not
only modifies the steady state, resulting in population
inversion, but also introduces a finite steady state co-
herence that optimizes the energy transfer flux and effi-
ciency. Remarkably, there exists a quantitative relation-
ship between the efficiency and the steady-state coher-
ence, which in turn is proportional to the degree of pop-
ulation inversion. Taking into account of the behavior
of both the flux and efficiency, we are able to optimize
coupling and temperature in designing optimal artificial
energy transfer systems.

6 Summary

In this review article, we systematically introduce
the polaron transformation approach to describe non-
canonical equilibrium distribution and non-equilibrium
steady states in the open quantum system. By apply-
ing the polaron transformation, the open system of in-
terest is dressed by the surrounded environment which
is described by a set of displaced harmonic modes. The
residue coupling between the polaron transformed sys-
tem and the bath is thus suppressed to the weak cou-
pling regime, even though the SBC in the original frame
of reference is strong. Such advantages give rise to the
possibility of introducing the usual methods used in the
weak coupling open system in the polaron frame.

We studied the non-canonical equilibrium state of the
SBM. The second-order perturbation theory in the po-
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laron frame is used to obtain the equilibrium density
matrix. The second-order results in the original frame
are accurate only for weak SBC, whereas the full po-
laron results are accurate in the entire range of SBC for
fast bath but only in the strong coupling regime for slow
bath. The variational method is capable of interpolat-
ing between these two methods and is valid over a much
broader range of parameters. Further, the non-canonical
properties of the equilibrium states is revealed and the
eigenbasis in the polaron frame are considered as the
preferred basis for decoherence.

We then applied the polaron transformed Redfield
equation to solve the steady states of non-equilibrium
open systems. (i) In a one-dimensional disordered chain,
the diffusion coefficient is shown to be linearly pro-
portional to the exciton-phonon coupling strength in
the weak coupling limit, while in the strong coupling
limit, the diffusion coefficient depends on the phonon
bath relaxation time which is the character of the hop-
ping transport behavior. (ii) The heat transfer through a
two-level quantum dot which connects with two separate
baths was also investigated. The non-monotonic energy
flux and differential thermal conductance were calcu-
lated following a similar polaron approach. (iii) When
the three-level system is connected with three different
heat baths, a heat engine model is thus constructed to
study the steady state energy transfer flux and energy
conversion efficiency. The steady state coherence and
population inversion affect the efficiency obviously. In
both the weak and strong coupling limits, the PTRE is
coincidence with the Redfield equation and the Fermi’s
golden rule, which further verifies the validity of the po-
laron approach.

Acknowledgements D. Xu and J. Cao acknowledge the Na-
tional Science Foundation (NSF) of the US (Grant No. CHE-
1112825).

Appendix A Correlation functions in Eq. (18)

The non-vanishing bath correlation functions in Eq. (18)
are

ny (T) = %i (e¢(‘r) _ e—qﬁ(r)) : (A2)
(A3)
Cay (1) = =Cy (1)
110308-14

.sinh((ﬁ —27)w/2)
sinh(Bw/2)
(Ad)
where
B > dw J(w) " ycosh((B — 27)w/2)
¢(r) = 4/0 T w? Fw) sinh(fw/2) - (A5)

The correlation functions in the off-diagonal parts of
the RDM are given by

A2 esech(BA/2)
o242 242

+Asmh[§(5 — 27}, (A6)

Sz (T) {e cosh[g(ﬁ —27)]

Sy(r) = — %sech(ﬁ/l/2){cosh[

NS

(8 —271)]

e . A
+Z s1nh[§(6 —27)]}. (A7)

The bath correlation functions are K (1) = 2C,(7)/A
and K, (1) = 2iC,(1)/A. Note that the first-order correc-
tion here is again linked with the above-defined bath cor-
relation function C,,, (7). So, by construction, our per-
turbation theory for off-diagonal elements of RDM works
even better for stronger SBC coupling.

Appendix B Redfield tensor in Egs. (42) and
(43)

The Redfield tensor in Egs. (42) and (43) are given as

*
Ry v = Ly + F;u#,w'

751/11’ Z F#K,N#' - 5##/ Z F:m,nu’v (Bl)

Duvew =D mn e (ulm) nfv) (/| (0’ |")

mnm/’n’

><[(mn,m/n/ (Wu’u/)v (B2)

where K m/m (w) is the half-Fourier transform of the
bath correlation function

Konnmm (W) = /O h " (Vinn () Vi (0)) g, At (B3)

Appendix C Details in non-equilibrium
energy flux of Eq. (48)

The relaxation rate in Eq. (48) can be rewritten as

Dazhi Xu and Jianshu Cao, Front. Phys. 11(4), 110308 (2016)
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e @) = 2m) 1 [ A O (o) (&
The corresponding kernel functions are given by
AN 1 o / o / /
Ce(w,w)—EUZZiCL(w—w)CR(w)—(S(w ), (C2)
AN 1 o / o /
Co(w,w’) = iagioCL(w—w)CR(w ), (C3)
where
CEW) = / drel TEQx(7) (C4)

describes the rate density of the wth bath absorbing
(emitting) energy w(—w), obeying the detailed balance
relation as C(w')/CE(—w') = e®*". And

Qu(1) = /OOO dw J;fj;) [cos (wT) coth (B,w/2)

—isin (w7)].
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Abstract

We explore energy transfer in a generic three-level system, which is coupled to three non-equilibrium
baths. Built on the concept of quantum heat engine, our three-level model describes non-equilibrium
quantum processes including light-harvesting energy transfer, nano-scale heat transfer, photo-
induced isomerization, and photovoltaics in double quantum-dots. In the context of light-harvesting,
the excitation energy is first pumped up by sunlight, then is transferred via two excited states which are
coupled to a phonon bath, and finally decays to the reaction center. The efficiency of this process is
evaluated by steady state analysis via a polaron-transformed master equation; thus the entire range of
the system-phonon coupling strength can be covered. We show that the coupling with the phonon
bath not only modifies the steady state, resulting in population inversion, but also introduces a finite
steady state coherence which optimizes the energy transfer flux and efficiency. In the strong coupling
limit, the steady state coherence disappears and the efficiency recovers the heat engine limit given by
Scovil and Schultz-Dubois (1959 Phys. Rev. Lett. 2 262).

1. Introduction

With the rapid developments in measurement and manipulation of microscopic systems, quantum effects such
as coherence and entanglement are often utilized to enhance the performance of microscopic devices. Even in
biological systems, both experiments [1] and theoretical models [2, 3] reveal that the long-lived quantum
coherence may play an important role in highly efficient energy and electron transfer processes. How biological
systems, such as light-harvesting complex, preserve such long-lived coherence and how nature benefits from the
coherence are two key questions that define the emerging field of quantum biology.

Taking a three-level system as a generic theoretical model, many interesting mechanisms can be well
demonstrated and understood. Recently, the sunlight-induced exciton coherence is studied in a V-configuration
three-level model [4, 5]. An interesting idea is to consider the energy transfer process from the perspective of heat
engine [6]. For example, the coherence introduced by an auxiliary energy level can enhance the heat engine
power [7, 8]. The early work considering a three-level maser model as a Carnot engine was carried out by Scovil
and Schulz-DuBois [9, 10], yielding the heat engine efficiency 7, and its relation with the Carnot efficiency. Later
papers elaborately reexamined the dynamics of this model by the Lindblad master equation and showed that the
thermodynamic efficiency ), is achieved when the output light-field is strongly coupled with the three-level
system [11-13]. The quantum heat engine provides us a heuristic perspective to better understand the basic
physical processes in energy transfer and presents useful insight to enhance the efficiency and output power in
small systems [14—17].

In this paper, we study the polaron effects of a phonon bath on the energy transfer flux and efficiencyin a
generic three-level model. The energy transfer efficiency is defined as the ratio between the trapping and
pumping fluxes. The canonical distribution of a thermal equilibrium system requires a negligible coupling

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. The light-harvesting energy transfer process is described by a three-level system: its ground state |0) and the excited state | 1)
(12)) is coupled with the pumping (trapping) bath; the excited states |1) and |2) are diagonal-coupled with the phonon bath; the
internal transition strength between |1) and |2) is characterized by J. The energy fluxes 7, J, and J; describe the energy exchange
rate of the system with the pumping, the phonon and the trapping baths, respectively. The flux into the system is defined as the positive
direction.

between the system and its environment. As the coupling strength grows, the steady state of the system will no
longer be canonical [18-22]. This non-canonical state actually introduces the steady state coherence into the
system without refereeing to specific forms of light—matter interaction or designing exotic system
configurations. The bath-induced coherent effect is investigated by the polaron-transformed Redfield equation
(PTRE) [23, 24], which bridges both the weak and strong system—bath coupling regions. The difference between
the steady state efficiency and strong coupling limit 7, depends strongly on the phonon-induced coherence.
Taking into account of the behavior of both the flux and efficiency, we are able to optimize coupling and
temperature in designing optimal artificial energy transfer systems.

In this paper, we first introduce the three-level model and its non-equilibrium environment in section 2, and
then formulate the PTRE in section 3. In section 4, the polaron effects of phonon-bath on the energy transfer flux
and efficiency are studied in detail. We summarize our results in the last section. We leave the detailed derivation
and properties of the PTRE in the appendix.

2. Three-level system model

2.1.Model system

We consider the energy transfer process in the three-level system illustrated in figure 1. The site energy of the
ground state |0) is set to zero. The two excited energy levels |1) and | 2) form a two-level system (TLS, in the
following the TLS is referred to the two excited states), with the corresponding site energy ¢; and ¢,. The
transition due to the dipole—dipole interaction is characterized by J. Then the three-level system is modeled by
the Hamiltonian H as:

Ho= X lipil + 201) (21 + [2) (1. M
i=1,2

We are interested in the transfer process in the single excitation subspace: the three-level system is firstly excited
to state | 1) by a photon field, then the excitation is transferred to state |2) through J (mediated by phonon
modes), and finally the excitation decays to the ground state |0) via spontaneous radiation. The pumping and
trapping processes are modeled by the interaction with the two independent photon baths, which are coupled
separately with two transitions |0) < |1)}and |0) « |2). The Hamiltonian of the photon baths and their
interactions with the three-level system are given by

H, = prka;kapk + (gpka;k [0) (1] + h.c.), )
k

H, = Zwtka;;{atk + (gtka:k [0) (2] + h.c.), 3)
k
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Figure 2. Realistic examples which can be studied by the three-level model with different heat baths. (a) In the photosynthesis process,
the three-level system works as an antenna that captures the energy from sunlight and then transfers to the reaction center. (b) Three
eigenstates manifolds in photoisomerization. The bright states are pumped by the light field, then the populations relax to the
intermedium and product states in the phonon environment. (c) The heat transfer in nanoscale can also use the three-level system as a
bridge connecting the high temperature and low temperature heat baths. (d) In the electron transport problem, electrons tunnel
through double quantum dots which can be described by a three-level system. The quantum dot connects with a source and a drain.

where wy. (i = p, t)is the eigen frequency of the bath mode described by the creation (annihilation) operator
a ;( (a;n), and its coupling strength to the excited state is g;z. We note that the rotating wave approximation is

applied in the system-bath interaction term. A phonon bath with creation and annihilation operators b and by
of the bath mode wyy is coupled to the TLS via diagonal interaction with the coupling strength of f;. Thus, the
phonon part is described by

Hy = wab{ b + (1) (1] = 12) (2D DO(fb{ + hec). )
k k

This microscopic three-level system immersed in the non-equilibrium environment was studied as a
quantum heat pump phenomenologically without considering the details of the system—bath coupling [10]. In
the case that the phonon bath is replaced by a single driving mode strongly coupled to the system, the dynamic
steady states have been solved and the efficiency is given by 1, = €,/ ¢, [12, 13]. Inreality, the three-level model
can be realized in both nature and laboratory. Taking the energy transfer process in photosynthetic pigment for
example (figure 2(a)), different baths could arise from different sources: the pumping light field (such as the sun-
light photons) is considered as a high temperature boson bath; the trapping bath is formed by the surrounding
electromagnetic environment which models the energy transfer to the reaction center; and the phonon bath
with inverse temperature (3, describes the phonon modes coupled with the excited states. In addition, such a
three-level (or more intermediate energy levels) system is used to describe photoisomerization (figure 2(b)),
nanoscale heat transfer [25] (figure 2(c)) or photovoltaic current in double quantum dots [26] (figure 2(d)).

In this paper, we focus on the effects of the phonon modes on energy flux and efficiency. Usually when the
system—phonon bath coupling strength is not weak, the Bloch—Redfield equation approach cannot be applied.
Therefore, we will introduce the PTRE [23, 24], which gives reliable results from the weak to strong coupling
region using super Ohmic bath spectrum with large cut-off frequency w, to study the bath-induced coherent
effects of this quantum system. The validity of the PTRE has been verified by comparing with the numerical path
integral method [21] and time-convolutionless polaron master equation [27, 28].

2.2. Definitions of energy flux and transfer efficiency
We are interested in the energy transfer flux and efficiency of the three-level system at its non-equilibrium steady
state. The steady state solution can be obtained by the master equation formally written as

dp(¥)

dt = (‘CO + ‘cp + [-:v + ‘Ct)p(t)> (5)




10P Publishing

NewJ. Phys. 18 (2016) 023003 DXuetal

which describes the dynamics of the reduced density matrix (RDM) p (¢) of the three-level system. The Liouville
operator £, denotes the non-dissipative term, £, £, and £, denote the dissipation effects associated with the
pumping, phonon coupling, and trapping, respectively.

To quantitatively investigate the energy transfer process, we define the steady state energy fluxes by
calculating the energy change of the three-level system

E(o0) = Trs[d[:i f) Ho]h_m = S TRlLilp(00) 1 Hol
i=p,v,t

=5+ I+ I (6)

It can be shown that Tr,[£oHy] = 0. The three energy fluxes J;, i = p, v, t are defined with respect to their
corresponding dissipation operator £;. These energy fluxes have clear physical meanings of the energy exchange
rate with the pumping field, phonon environment, and trapping field, respectively. In this work, we are
interested in the steady state, in equation (6) the fluxes are calculated with p (c0), which is obtained by solving
p(t) = 0. Straightforwardly, we define the energy transfer efficiency by

Ji(o0)
Tp(00)
which is the ratio between the output and the input energy fluxes.

Without losing generality, we assume the pumping (trapping) bath is weakly coupled with the system and
can be described phenomenologically by the local Liouville operator of the Lindblad form

, @)

Lilpl= %[(m + 1)Q0; pO;" — {007, p})
+ n; 20;" pO; — {O; O, pP]1, ®)

where i = p, t refers to the two photon baths, 5, and #; are the corresponding decay rate and average photon
number, and the system operators are defined as O, = [1) (0], O;" = [2)(0|. The system—phonon bath
coupling will be treated more rigorously as we are interested in how this coupling affects the energy transfer over
abroad range. To achieve this goal, we apply the PTRE equation, which will be introduced in the following
section.

3.PTRE

The Redfield master equation is valid up to the second-order perturbation of the system—bath interaction. In
order to go beyond this weak coupling limit, polaron transformation is introduced to incorporate the high-order
system—bath interaction into the dynamics of the system. Here we focus on the coupling strength between the
system and phonon bath, and the polaron transformation is only related to the two excited states. Therefore it is
convenient to consider the TLS first, then the resulting Liouville operator describing the TLS dissipative process
can be incorporated into the dynamics of the three-level system.

We employ the Pauli matrix o, = |1) (2| 4 |2)(1|and 0, = |1) (1| — |2) (2|, and define the polaron
transformation

A = e ioB2[eiB'/2 — F, + A, + V, 9)

where H' = Hy, + H, is the Hamiltonian of the TLS with the phonon bath, the collective bath operator is
B= ZiZk (fb{ — fk*bk)/ka and

. € J
Hy = =0, + “koy, 10
0 20 250 (10)
_— i | f?
Hy = wubiby — > ——, (11)
k Kk Wk
V= é[ox(cosB — K) + 0, sinB]. (12)

The transformed system-bath interactionis V and € = ¢; — ¢,. The expectation value of the bath operator

k= "Try [pz cos B]

N 1
_exp[ j; dwwwz(nv(w)—kz)] (13)

is subtracted from V as a renormalization factor, with pg = exp(— Gy Hp) / Try[exp(— B, Hy)] the thermal state
of the phonon bath and 1, (w) = [exp(B,w) — 1]7! the average phonon number. The spectrum function is

4
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chosen to be super-Ohmic as

JWw) = 47> |fiP6(w — wy) = anwiu; temw/ v, (14)
k

where w. is the cut-off frequency and « is a dimensionless parameter characterizing the system—bath coupling
which is proportional to \/w, (\is the reorganization energy). It can be verified that the thermal average of V is
zero, i.e., V is of the order of bath fluctuations and thus is a reliable perturbation parameter. Based on this
consideration, the Born—-Markov approximation is applied to derive the PTRE in the Schrodinger picture as

do(®) . - -
—— =—i[Hy, p\()] — Y [Timmipl(t) + Tipl (7T
dt ij=z,%
— T5mpl ()75 — Dfripl(6)7l. (15)

Here, F?j[ is defined by the bath correlation function. We denote pg (p,) as the RDM of the TLS in the polaron
(local) frame, and define a new set of Pauli operator

=+ (+ = 1=)(—I, (16)
T+:|+><_|r7—:|_><+|r 17)

where Hy |+) = €5 | £ ). The detailed derivation of the PTRE can be found in appendix A.

The PTRE was firstly introduced by Silbey and coworkers [23, 24], and has been widely used in solving the
strong system—bath coupling problems. The validity of the PTRE in the whole range of coupling strength
requires the bath cut-off frequency should be much larger than the internal coupling strength, w, > J; if
w. < J,the PTRE only works well in the strong coupling regime [21]. To extend the valid regime of the polaron
approach even for small w, a variational polaron transformation can be applied, where f; in the bath operator B
is substituted with a variational parameter [21, 24, 29]. Moreover, it will be shown in B that the results given by
PTRE are consistent with those given by the Redfield equation in the weak coupling limit and the Fermi’s golden
rule (or Frster theory) in the strong coupling limit [21, 25, 26]. Therefore, the PTRE smoothly connects the two
limits, and provides a useful tool to study the intermediate coupling region where there are usually no reliable
approximation methods.

For further discussion on the property of the entire three-level system with the other two weakly coupled
photon baths, equation (15) for the two excited states is transformed back into the local basis and rewritten as
[b®]; = Zmn (L )j,mm Lo, (£) Iun- Then the expressions for the Liouville operator £, are obtained
accordingly. The relations between the elements of pg (t) and p, () are also given in appendix A.

The Bloch-form equation of the three-level system is derived following from equation (5). One thing should
be noted, the population conservation of the TLS gives [p,(£) 1 + [p,(t) ]2 = 1; while for the three-level
system, the ground state population should be included and population conservation becomes
Poo () + p11(t) + p,, (1) = 1, where we denote Py () = (i| p(#)|j)- The Liouville operator £, which
considers the polaron effects has been obtained from the PTRE of the TLS. The effects of the pumping and
trapping baths are described by the Lindblad operator £, and £, defined in equation (8). Therefore, the PTRE
for the three-level system is given as

P11 () — pyy (t) P11 () — pyy (t) YpMp — Vil
d [P () + py (D) _ P11 (1) + pyy (t) T2t + yeme (18)
de|  Rlp,®)] Rlp (] 4 0 ’
Ilp (O] Jlp ] 0

where the matrix M is shown in appendix B. The equations for the off-diagonal terms py, (t) and p,, () are
decoupled from equation (18) and not related with the energy flux and transfer efficiency, thus will not involve in
the following discussion.

4. Energy transfer flux and efficiency

4.1. Steady state flux

The steady state of the three-level system can be easily obtained from equation (18), which incorporates the
polaron effects of the phonon bath. Then the steady state energy fluxes defined in equation (6) are
straightforwardly given as

Mo

Jp = ayplnppy — (np + Dyl — 5

(np + DR[py,]s 19)
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Figure 3. The steady state pumping (red solid line) and trapping (blue dashed line) energy fluxes versus . The minus sign in front of
the trapping flux suggests the energy flows into the trapping bath. Both fluxes show a maximal value in the weak coupling case and
then quickly decreases to zero when «vincreases. The inset shows the strong coupling case. We choose the parameters in units of
Ja/] =5 6/] = 45, w/] =5, Bp) = 0.02, 3] = B,] = Land v, /] = /] = 0.0L

Tt = M [”tpoo — (n¢ + 1)022] - %(”t + 1)9{[912]) (20)

where we denote the steady state elements of RDM by pj = (i p, (00) | j) for brevity. Figure 3 presents energy
fluxes with respect to av. In the extreme case that the system bath coupling is switched off (o« = 0), there is no loss
of excitation energy, which resultsin J, = — J;, suggesting the input energy flux from the pump completely
flows into the trap through the three-level system (note that we chose the positive direction as that the flux flows
into the system). When the coupling turns on, a portion of energy flux leaks into the phonon bath thus
J» > —J;- Both the pumping and trapping energy fluxes reach their optimal values in the intermediate coupling
region and decrease to zero when the coupling strength is strong.

In the context of heat engine, the trapping energy flux J; in our model corresponds to the output power and
J,, corresponds to the input power. Usually, the power of a heat engine is small when the efficiency is high.
Particularly, at the maximal efficiency, all the processes are required to be quasi-static and take infinite time, and
thus the power will be zero. To balance the conflict between the efficiency and power, much work has been done
to study the efficiency at maximum power [30-32]. In the following, we will calculate the energy transfer
efficiency of our system and show its competitive relation with the trapping flux, in analogy to the efficiency and
power in the heat engine.

4.2. Steady state efficiency

Before presenting the result of efficiency defined in equation (7), we begin with the analysis of the limiting cases.
The first term on the right side of equations (19) and (20) depends only on the populations of the three-level
system, and the second term represents the contribution of the off-diagonal terms (coherence in the local basis).
Aswe show in figure C1 of appendix C, the steady state coherence in the local bases p,, vanishes in the strong
coupling limit, then the efficiency is completely determined by the populations. According to the steady state
solution of the second equation in equation (18), we obtain the relation

Yolnppg — (np + D] = el + 1) pyy — nepgel- (21)

With this relation, the efficiency in the strong coupling limit reads

— eYl(ne + 1)P22 - ”tpoo] _ &

. (22)
avpl(np + 1) py — npph0 €1

This result indicates that when the coherence is negligible due to the strong system-phonon coupling, the energy
transfer efficiency ) approaches 7, which is consistent with the key result of [12]. We notice that equation (21)
shows that the net rate of pumping one excitation to | 1) equals to the net rate of trapping one excitation from |2)
to |0). In general, the efficiency is closely related to the phonon bath induced coherence [33] of the excited states.
If we require the system outputs positive energy, i.e., 7, (11; + 1) p,, > 7,1 pyp> then according to equations (19)—
(21), R[p,,] > 0leadsto n > 7, and vise versa.

According to our discussion of the flux in the last subsection, when the coupling strength o« = 0, the energy
transfer efficiency 7 = 1because there is no loss of energy flux. When the coupling strength gradually increases,
the efficiency decreases. However, after reaching its minimum value, the efficiency starts to rise with a, which is
shown in figure 4(a). The increase of efficiency assisted by noise was studied extensively in the context of energy
transfer in light-harvesting systems [34—36]. As we further increase «, the efficiency grows beyond the strong
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Figure 4. (a) The steady states efficiency 7, (b) the excited states population p,, — p,, and coherence R[p,,] versus the system-
phonon bath coupling strength characterized by dimensionless parameter cv. The dashed line indicates the strong coupling limit 7, in
(a). When the populations are inverted, 7 is less then 7, the red dots indicate the corresponding range of a. The results given by the
Redfield equation and the Fermi’s golden rule are shown with the dashed—dotted lines. The strong coupling regions are plotted in the
insets. All the parameters are chosen as the same as in figure 3.

coupling limit 77, and then gradually approaches this limit from above. The strong coupling region is plotted in
the inset of figure 4(a).

Interestingly, we find population inversion of the two excited states in the regimes of 7 > 7,. We plot the
population difference between states | 1) and | 2) in figure 4(b). In the intermediate coupling region indicated
between the two red dots, the steady state population satisfies p;, < p,, (the effective temperature associates
with these two states is positive), the corresponding efficiency nis less then 7, as shown in figure 4(a). On the
contrary, outside this intermediate region, i.e., when the coupling is either very weak or very strong, the
populations are inverted p;; > p,, (the effective temperature is negative); meanwhile ry increase beyond 7,. In
the local basis, the population and coherence are coupled with each other due to the polaron effects: the
population inversion happens when 2 [p;,] < 0 (figure 4(b)). The fact that the population and coherence in the
local basis have similar behavior can be explained from equation (A9) and equation (A10). Here, the coherence
(7% (t)) in the polaron basis is negligibly small (see the inset of figure C1 in appendix C) to have significant effects,
then theterms (o,) = p;; — p,, and (oy) = 2R [p,,] are both determined by (7).

In figure 4(a), we also compare the efficiency 1 calculated by the PTRE method with those predicted by the
Redfield equation and the Fermi’s golden rule approaches. As we mentioned before, in the weak and strong
coupling limits, the PTRE method agrees with the Redfield equation and the Fermi’s golden rule, respectively,
and it connects these two limits with a non-trivial minimum which is related to the coherence in the local basis.

4.3. Further discussions

4.3.1. Kinetic models

In the strong coupling regime, we can map this energy transfer process into a simple excitation kinetic model as
shown in figure 5(a). Each step of energy transfer is described by an effective flux (7 ;ff, Jand 7¢1). The
relaxation of the two excited states is characterized by the rate ~y,, which is defined in equation (C2) of

appendix C. As shown in figure 5(b), the effective transfer flux .7 between the two excited states is

approximately proportional to the relaxation rate 7,. When J ¢ (or ,) is smaller than the trapping flux 7 (or
7,) the excitation in excited states will be quickly captured by the trapping field without enough time to first get

7



10P Publishing

NewJ. Phys. 18 (2016) 023003 DXuetal

0.04,
(a) (b)
~ eff
| ~o v 0.03
| >/:\ “a [2)
: ' :1002
1 : =
]
eff | U et
jp : :jt ool Y/J
! | 01}
I
| v [0)
0

01 2 3 4 5 6 7
«
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Figure 6. (a) The two excited states form a black box for the input and output excitation due to the internal coupling. (b) The average
residence time (¢) is proportional to the total population of the excited states. The parameters here are also the same as those in
figure 3.

equilibrated with the phonon bath. Consequently, the populations of the two excited states are inverted and the
real part of the coherence becomes negative. This phenomenological mechanism explains why the efficiency n is
higher than 7, in the strong coupling limit.

When the system—bath coupling strength becomes weaker, the local basis frame is no longer a good option
for the kinetic picture. The two excited states couple with each other and can be together considered as an excited
state manifold, as shown in figure 6(a). The single excitation carrying certain amount of energy passes through
the excited states | 1) and |2), and its average residence time (¢) in the excited states is negatively correlated with
the transfer efficiency (in analogy to the light-harvesting efficiency in [36, 37]): i.e., the longer the excitation stays
in the excited states, the more energy will be lost to the phonon bath, and the lower energy transfer efficiency will
be. Duringa cycle that the single excitation starts from |0) and finally returns to |0), the average residence time
(t)is proportional to the excited states population p;; + p,, at the steady states, as shown in figure 6(b). Though
not quantitively exact, this kinetic model qualitatively explains the local minimal of the efficiency 7 via the
average residence time (t) ~ p,; + p,,.

4.3.2. Temperature dependence

Besides the system—phonon bath coupling strength, the temperature of the phonon bath also affects the energy
transfer process, as shown in the two-dimensional contours of energy transfer efficiency (figure 7(a)) and
trapping energy flux (figure 7(b)). The efficiency behaves the same at the high phonon bath temperature as in the
strong coupling. In the high temperature limit, even when the coupling strength is weak, the efficiency is still
close to 1,. As seen from equation (13), in either limit « — oo or 8, — 0, the renormalization factor xk — 0;
therefore, except for the weak coupling and low temperature case, the efficiency 7 does not change obviously.

8
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Figure 7. The dependence of (a) the energy transfer efficiency and (b) the trapping energy flux on the coupling strength and
temperature of the phonon bath. The temperatures and dissipation coefficients of the pumping and trapping bath are the same as in
the figure 4.

The trapping energy flux has a different temperature dependences for weak and strong system—bath
couplings. The flux — J; grows (goes down) with descending 3, when « is large (small). Moreover, — J; does not
sensitively depend on (3, with small «v in contrast with the efficiency. When the coupling v is around 1, the flux
— J; changes no more than 20% in amplitude comparing with its maximum. The optimization of the efficiency
and the trapping flux can be achieved in two different regimes: (1) The coupling strength is weak and the
temperature of the phonon bath is high. (2) The coupling strength is medium (« ~ 2.5) and the bath
temperatureislow (5, > 1). The first regime corresponds to the high temperature classical limit, and the
second regime corresponds to low-temperature quantum regime, where bath-induced coherence enhances the
energy transfer process.

5. Conclusion

In this paper we use the PTRE to analyse the effects of the phonon bath on the energy transfer process in a generic
three-level model. As a quantitative method, the PTRE can reliably describe the dependence of the steady state
coherence on the system—bath coupling strength ranging from the weak to strong coupling regime. Our analysis
shows that the steady state coherence between the two excited states is crucial to the energy transfer efficiency.
When the effective temperature of the excited states is negative (populations are inverted), the coherence carries
a positive real part and enhances the efficiency beyond the strong coupling limit 77,. On the contrary, if the
effective temperature is positive (populations are not inverted), the coherence carries a negative real part and is
detrimental to the efficiency. The energy flux and efficiency compete with each other and cannot reach
maximum simultaneously; however, the study of their behaviors with respect to the coupling strength and
temperature provides the key information about how to make an optimal compromise between the two
quantities. We will consider how to use quantum control to optimize the energy transfer process in the future
study.
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Appendix A. Secular-Markovian Redfield equation in the polaron frame

The two excited states coupled with the phonon bath is described by the Hamiltonian in equations (1) and (4),
which is broadly studied as the spin-boson model. Via the polaron transformation given in equation (9), the
system—bath coupling is effectively weakened to the order of the thermal-fluctuation, hence the second-order
perturbation theory can be applied. With the secular-Markov approximation, the PTRE for spin-boson model
in the interaction picture is given by

dpil (¥ o0 ~ ~ /1 /
—— = i/; dSTr {[V (1), [Vt — 5), p' (1) ® pl11}, (A1)
which can be further written in the Schrodinger picture as equation (15)
do( . - _
— = il pL] — Y [Timmipl(t) + Tl

i,j=z,%
— Dympl ()7 — Thmpl (D).

Here, the Pauli operators 7; defined by the eigenstates of H are given in equations (16) and (17), and

|+) = cosg [1) + sing 12), (A2)
0 0
)y =sinZ 1) — cos 2 [2), A3
[—) sm2|> cos2|> (A3)
where tan 0 = kJ/¢. The dissipation rates F}f are related to the bath correlation functions
AZ oo
+ _ =k ) )
rj = = j; dt (£,(£0)&;(0)), (A4)
with
&, (1) = sinf[cosB(t) — K], (A5)
£,(t) = —eT B[ cosfO[cos B(t) — k] F isinB(1)], (A6)

where A,, = /€2 + (x])? and B(t) = eifh!Be~ifb!,

To transform equation (15) back into the local frame, we express the elements of the RDM pg (t)and p (1) by
the average of the Pauli operators (7, 4 (¢)) = Trs[pg )Ty, +land (o, 4 (1)) = Tr[p, (1) 0, 1]. As 0, commutes
with the polaron-transformation, the diagonal term (o, (t)) is easily to obtained from pi (1),

<O'z (t)> = Tr4p [ptot o] = Tfs[Ps LA
= Troyp[pre, () 02] = Tri[pl (1) 0], (A7)
where p,, (t) is the total density matrix for the TLS and its bath, p, (t) = Tr,[p,,, (t)]and
pl., (t) = e 1%B/2p  (t)el%B'/2js the polaron-transformed total density matrix. However, the polaron
transformation operator and oy (0,) do not commute, thus the off-diagonal terms cannot be obtained exactly.
This problem can be solved by using the Born approximation piot (t) = pi ) ® p;, which has already been

used in deriving the PTRE. The polaron transformation reduces the system—bath coupling, thus makes the
factorization of the density matrix in the polaron frame reasonable. Therefore, we have

(Oxy (1)) = Trepplpl, (e =B 20, ,e1%B/2] = KTrg[pl (1) 0y ). (A8)

Together with equations (A2) and (A3), it is straightforwardly to obtain

(o, (1)) = cosO {7, (t)) + sinf (7, (1)), (A9)
(0. (1)) = ksinf (7, (t)) — KcosO (7 (1)), (A10)
<Uy(t)> = —I<;<Ty(t)> (A11)

following which the expression for the Liouville operator £, of the TLS is derived.

Appendix B. Weak and strong coupling limits of PTRE

In this appendix, we would like to show that the PTRE in the weak (strong) coupling limit is exactly consistence
with the Redfield equation (rate equation based on the Fermi’s golden rule). In the weak coupling limit, we have
K = 1,thus the polaron basis | +-(A,)) approaches the eigenbasis of the TLS | £(Ay)), where Ay = /€2 + J2.
In this eigen frame, the PTRE equation (15) with secular approximation is reduced to the Redfield equation
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L lpdes =~ + n@0]lpks + TnAolp)-—. (B1)
Lp). ,[iA £T 4 2n<Ao>>][pS]+_, (2)

where I’ = %] (Ag) sin? 0.

In the strong coupling limit, the coherence is quickly destroyed by dissipation, thus we only need to consider
the equations for the populations. Additionally, as x ~ 0 with large c, the eigenbasis of Hj are reduced to the
local basis | 1) and |2). As a result, equation (15) becomes a kinetic equation governing the populations
P, = [p,]ii» which can be written as

d

—P = —1,P + 1Py, (B3)
dt
where
_ 1o, fer (2Q(r) _
Oy = o#Y ﬁ drR[e (e D, (B4)
_ 1o —ier (Q() _
Dy = Y j; drR [ (20 — 1], (B5)
with
Q(r) = foo dw](wz) [ cos (wT) coth (Byw/2) — isin(wT)]. (B6)
0 w

The above transition rates [}, and I}; are the same as those obtained from the Fermi’s golden rule. In a word, the
PTRE smoothly connects the weak and strong coupling limits, and provides a useful tool to study the
intermediate coupling region where there is usually no reliable approximation methods.

Furthermore, following from equation (B3) the three-level system in the strong coupling limit can be
understood from the perspective of population kinetics. The population transitions rate from state |i) to | j) is
denoted by I;, then the net population flux from |7) to | j) is I};P, — L;;P;. In the steady state, the net population
fluxes between each two local states must be equal with each other due to population conservation, which means
there is a circulation Fin the three-level system:

F= 1—‘12P1 - FZIPZ = 1—‘2OP2 - 1—‘02P0 = 1—‘OIPO - 1—\IOPI- (B7)

Then the energy flux from | ) to | j} is just the population flux F times the corresponding energy gap,
Ji—j = F (¢ — ¢;), which directlyleads to the efficiency 1), = €,/ ;. With straightforward calculation, we
obtain the steady state population P, = D;/D from the kinetic equation (B7), where

Dy = Tnly + Toolo + Dol (B3)
Dy = Iplio + Toilia + Iialoo, (B9)
Dy = Tipla0 + Doolia + Dalio, (B10)

D = D, + D, + Dy. (B11)

In the case of low temperature trapping bath, the transition rate I, can be neglected comparing with I}. Then
we have Dy = I (I9 + I31) and D, = Iy [i,, then the population inversion P; > P, requires

T390 + I3 — I, > 0.Inthe strong coupling limit, the transition rates between the two excited states are almost
thesame I3, ~ I5;, thus P, — P, = I},;I50/D > 0isestablished, which is consistent with the results obtained
from the PTRE.

Appendix C. Steady state of the TLS in polaron frame

For convenience, we rewrite equation (15) in the form of the Bloch equation
d

" () = —M (7 (1)) + C. (C1)

Here (7 (1))T = [(7, (1)), (7 (1)), (7, (t))]. The transition matrix M and the constant term ¢l = (C, Cy, C)
are

Ve Vax 0
M = | Vxz Vx Ay + Yy |, (C2)
’Vyz - Ah‘, + ’Vyx ’yy
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Figure C1. The steady state of TLS as a function of the system—bath coupling strength «.. The steady states of the PTRE follow the
canonical distribution in the polaron transformed basis, which rotates with the coupling strength . In the weak coupling limit, the
system steady state is the canonical distribution in the eigen basis (black dash line); while in the strong coupling limit, the steady state is
the canonical distribution in the localized basis (red dotted—dashed line). The inset shows the coherent term of the steady state, which
is small in the polaron transformed basis. We choose the parameters in units of J: €,/] = 5, €,/] = 4.5, w./] = 5and 8,] = 1.

¢' = (C, Cy C)), (C3)

the expressions of the matrix elements are given in appendix D.
The time evolution of (7 (¢) ) is straightforwardly given by

(F()) = e M[(7(0)) — M'C] + M"'C, (C4)

with the steady state (7 (00)) = M~'C. In the following we will neglect time argument 0o when referring to the
steady state for convenience. The population difference (7,) varies with the coupling strength as shown in figure
C1.Inthe weak coupling limit, the TLS steady state distribution is canonical in the eigenbasis, i.e.,

lim (7,) — —tanh(%ﬂvAo), (C5)
a—0

which is just the thermodynamic equilibrium state. When the system—bath coupling gradually increases, the
system distribution deviates from p*" and follows the Boltzmann distribution

(r,) = —tanh(%ﬁvAN), (C6)

with respect to the energy gap A, between the eigenvalues of |+) and | —) in the polaron frame. Furthermore,
when goes into the strong coupling limit, we have

. 1
lim (7,) = —tanh(—ﬁ\,é), (C7)
a—00 2
which is the Boltzmann distribution with respect to the local site energies ¢, and ¢,. The deviation from the
canonical state pi™" due to the strong system—bath coupling has been studied via the cumulant expansion

method in the polaron-transformed thermodynamic distribution [20, 21] and from the view point of energy
shell deformation [18, 19, 22].

Appendix D. Elements of the matrixes M and M

The quantities defined in equations (C2) and (C3) are determined by the superposition of the correlation
functions equation (A4) following from equations (15) and (C1). By defining the functions

f (@) = cosh[Q(t)] + cosh[Q(—1)] — 2, (D1)
g(t) =sinh[Q(#)] + sinh[Q(—1)], (D2)

itis straightforwardly to obtain

Y = l/@2]21‘00 dt cos (At f (t)cos? 0 + g ()], (D3)
2 0

e = lnz]zfoo dt[f (1) sin20 + cos (A.Dg (D], (D4)
2 0
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vy = %szzfom dif (1)[ cos? 0 cos (A1) + sin® 6], (D5)
Yo = imzjz sin 29foo dtf (1), (D6)
0

= iﬁzjz sin 20 f " dif (1) cos (Ant), (D7)

0
oy = %;@2]2 fo  dig (1) sin (Ay1), (D8)
Ypx = —%/&12 coszefC>O dtf (t) sin (A, 1), (DY)

0
e — iﬁzjz sin 20 fo " def (1) sin (A1), (D10)

_ b [ .
C,= 2/<;] j:oo dt sin (A1)
X [cos?8 cosh[Q ()] + sinh[Q(H)]], (D11)

C, = —i#ﬂ sin 20 f ™ dt sin (A, t) cosh [Q(D)], (D12)

C,=— inzlz sin29fso dt[1 — cos(A,1)]
0
X [cosh[Q(?)] — cosh[Q(—1)]]. (D13)

The Liouville operator L, for the three-level system is obtained from equation (C1) with the expressions
given above. Here the relation p, + p,; + p,, = 1for the three-level system should be used to substitute
o] + [p ]2 = 1forthe TLS. Taking the contributions of the Lindblad terms £, and £; defined in

equation (8) into consideration, the elements of the matrix M in equation (18) are

_ . 1 .
My =, cos?6 + v, sin® 6 + E(’sz + Yzx)sin 20

+ S0l + D+ 3+ D], (D14)

M, = —C,cos0 — C,sinf + %[”yp(Snp + 1) — %GBn + 1], (D15)
M = nfl['yxz sin? @ — Ay, cos?f + %(”yz — yx)sinzﬁ], (D16)
My = —k" YA, + Yy)sinb, (D17)

. %[yp(np 1) =y + D], (D18)

My = 19 Grtp + 1) + G+ D], (D19)

My; = My, = 0, (D20)

M = Iil:’yzx sin? @ — Ay, cos? + %(fyz — *yx)sinZH], (D21)

M;; = k(Cycosf — C,sinb), (D22)

M;33 = 7y, cos? 0 + 7, sin? 6 — %(’yxz + “Yze)sin 20

1

+ E[Wp(”p + 1D+ e+ DI (D23)
M34 = (Ah + ny)cos 9) (D24)
My = K[(Ax — )sind — 7, cos 0], (D25)
My, = kCy, (D26)
Mys = —(Ayyyx)cos O — v, sin b, (D27)

_ 1
My =y + E[“Yp(”p + 1+ e+ DI (D28)
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