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Driving induced coherent quantum energy transport
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Nonequilibrium energy flows in a driven quantum system coupled to two heat baths are investigated to describe
microscopic driven-dissipative processes, based on both a canonical transformation and full counting statistics.
The main focus is to understand the interference between the coherent driving and bath induced dissipation. We
aim to explore efficient modulation of the quantum energy transport, characterized as transient energy flow, by the
Rabi driving and the temperature bias. In particular, steady-state energy flow is divided into three components:
temperature bias flow, driving flow, and coherence flow. The driving flow is dominated by the external field
driving, and the coherence flow is determined by the interference of two side peaks that are blueshifted and
redshifted in Mollow’s triplet. The energy flow is mainly contributed by the temperature bias flow at a weak
driving limit, and the driving flow is in a strong driving regime. The effects of driving amplitude and temperature
bias on the steady-state flow are discussed comprehensively. The results may provide guidance for the efficient
control of energy and the information transport in nanodevices driven by an optical field.
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I. INTRODUCTION

The microscopic driven-dissipative processes in a quantum
system can be generally modeled by the spin-boson model
(SBM) [1,2], which describes the interaction between a quan-
tum two-level system and a bosonic bath. The controllable
dynamics of the driven spin-boson model (DSBM) is at the
core of vastly distinct state-of-the-art quantum technologies,
especially in solid-state implementations of individually ad-
dressable two-level systems [3]. The DSBM has been widely
studied both in experiment and theory, which is highly related
to various physical and chemical processes [4,5]. Recently,
great progress has been made in the study of controlled
coherent dynamics of qubits in quantum nanodevices, such
as superconducting devices based on Josephson tunneling
junctions [6,7], optically and electrically controlled qubits
in quantum dots [8—12], trapped ions [13,14], and nitrogen
vacancy center in diamond [15], while a quantum system
composed of two/multiple finite-temperature-biased bosonic
baths mediated by a driven qubit, i.e., the nonequilibrium
driven spin-boson model (NE-DSBM), has been used to study
quantum energy transport [16—18].

Recently, the quantumness and limitations of thermal
conductance in small quantum systems have attracted con-
siderable attention via quantum dissipation, which results in
the quantized thermal conductance of phonons [19,20] and
photons [21]. Furthermore, it has been found that the effect
of counter-rotating (CR) terms is significant in diverse topics,
such as the quantum Zeno effect [22,23], interference between
driving and dissipation [24,25], coherent destruction of tun-
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neling and the Bloch-Siegert shift [26,27], the Rabi model
with frequency modulation [28,29], and entanglement evolu-
tion [30-32]. Here we consider the effect of CR spin-boson
coupling on quantum energy transport in the DSBM.

Technically, the reduced system dynamics of the DSBM
has been studied using various numerical and analytical meth-
ods, e.g., the time-dependent numerical renormalization group
[33,34], the quasiadiabatic propagator path integral [35],
stochastic dynamical equations [36-38], hierarchical equa-
tions of motion [39], the generalized master equations based
on Floquet theory [40-42], the noninteracting blip approxi-
mation [43—45], polaron transformation [18,46,47], canonical
transformation [48], and the variational Davydov approach
[49]. We acknowledge that each method has its own advan-
tages and limitations, depending on the spin-boson coupling
strength, the bath temperature, and the bath spectral density
distribution. Here we extend the analytical method based on
the unitary transformation [24,25] to the NE-DSBM at finite-
temperature bias. Our method is suitable for the general bath
spectral density function. We will show the energy transport in
two Ohmic baths. This analytical method provides a practical
utility, which enables us to obtain a deep understanding of the
interference in quantum energy transport between coherent
driving and bath induced dissipation.

In this paper, we calculate the transient and steady-state
flows by applying the canonical transformation and full
counting statistics. The Rabi driving amplitude and tempera-
ture bias are modulated in the NE-DSBM, respectively. The
manipulation of a qubit in the periodically time-dependent
driving field is commonly described as Hy = —Ao,/2 +
Q cos(wgt)o,, with the coherent tunneling strength A, the
Rabi driving amplitude €2, driving frequency wq, and Pauli
operators o, and o,. As we know, when = 0, the flow is di-
rected from the high-temperature bath to the low-temperature
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one, and the steady-state flow vanishes as the two baths’
temperatures become equal. We demonstrate that when 2 #
0, the transient energy flow presents damped oscillation
with the oscillation frequency and the decay rate identi-
cal to their counterparts in quantum dissipation dynamics.
When the driving amplitude is large, the steady-state flow
to the high-temperature bath becomes positive, which means
that external driving generates a positive energy flow to the
high-temperature baths. By setting low temperatures of two
reservoirs, the steady-state flow shows nonmonotonic be-
havior, which first intensifies dramatically and then slowly
decreases with the increase of the Rabi driving amplitude. In
particular, the energy flow is divided into three components:
temperature bias flow, driving flow, and coherence flow. In
particular, the coherence flow is a consequence of the inter-
ference between dissipation and driving.

In our Hamiltonian, the interaction of the spin bath and
the spin driving are commutative, i.e., both are coupled to o,
while the bare spin tunneling — Ao, /2 and the external driving
Q cos(wqt )o, are noncommutative. Our analysis shows that
the driving flow comes from the noncommutativity of the spin
tunneling with the external driving and the spin-bath coupling.
Moreover, we discuss the steady-state flow with modulations
of the temperature bias and various driving amplitudes.

We find that in the weak driving regime, the temperature
bias flow and the driving flow are both weakened, resulting
in the steady-state flow in the low-temperature area of the
right bath that is insensitive to the change in the left bath’s
temperature. With the increase of Rabi driving, the temper-
ature bias flow and driving flow become strengthened, and
the total energy flow gradually changes from being domi-
nated by temperature bias flow to being dominated by driving
flow. In the NE-DSBM, the Rabi driving amplitude € and
the temperature, 7y, and 7R, have cooperative effects on the
nonequilibrium energy transport, which will yield new appli-
cations in two- and three-terminal thermal devices.

This paper is organized as follows: In Sec. II, we introduce
the Hamiltonian of the NE-DSBM, and we establish the dy-
namical equation by using the canonical transformation and
full-counting statistics. The transient and steady-state energy
flow for various driving €2, and the temperatures 7;, and Ty,
are presented and discussed in Sec. III. Finally, the conclusion
is given in Sec. IV.

II. MODEL AND THEORY
A. Model

The NE-DSBM consists of one periodically driven spin
coupled to two bosonic reservoirs at different temperatures.
The schematic diagram is shown in Fig. 1(a). The Hamiltonian
isdescribed as (A =1l and kg = 1)

H =Hs+Hg + H,

1 .
= —EAO'X + Q cos(wgt ))o, + ;wk,va}c’vaw

8k, , 4
+> 5 (@, + ko, )
k,v

1
—=Acgy + Qcos(wgyt) o,

2
i (afy +axL) o, (aZ,R +agr) 0, Tr
4'—> —
(b)
|
Q
nA-Q 1d ga+0

FIG. 1. (a) A schematic diagram of the nonequilibrium driven
spin-boson model consisting of a period-driven spin is coupled to two
finite-temperature boson baths. The driving and dissipation couple to
0,. (b) The transitions are depicted, and the corresponding frequen-
cies of the phonon are n A, n A — Q, and n A + Q. We see that the
transition strength of phonons with unshifted frequencies (n A) is
twice that of the two types of phonons with side-shifted frequencies
mA —Qandn A+ Q).

where o, and o, are the Pauli matrices, and A is the coherence
tunneling of the spin. The operator al’u (ay.,) creates (anni-
hilates) one boson with the frequency wy , in the v bath for
v = (L, R). The parameter g, shows the coupling strength
between the spin and the v bath. The driving and dissipation
are coupled to o, and commutative to each other. But the
tunneling of the spin is in the o,-direction, and is noncom-
mutative with dissipation and driving. Therefore, in this paper
we discuss the interference of driving and dissipating in the
same direction on energy transfer, whether they reinforce or
weaken each other. Here, the coupling of the spin and the
v bath is characterized by the spectral function as G,(w) =
Dok gi Lo — ) = Zanchl;sG(wc,v — w), where «, is
the dimensionless spin-bath coupling strength, w, , is the
cutoff frequency of the v bath, and 6(x) is the usual step
function. In this work, we specify the Ohmic spectrum s = 1
to characterize the reservoirs and select the system-reservoir
interaction strength away from the quantum criticality.

We mainly study the response of the energy flow to the
external driving field. With the Rabi frequency €2 increasing
from small to large, the energy spectrum of spin changes
from a single peak to a Mollow triplet, i.e., the tunneling
energy changes from A to nA and nA £ €2, as shown in
Fig. 1(b), where 5 is the renormalized coefficient from the
polaronic qubit-bath interaction, which will be discussed later.
Here we choose the parameter 2 < A, which is different
from the strong driving case (€2 > A) in Refs. [41,42]. In
the strong driving, when the ratio of driving amplitude to
driving frequency is the root of the Bessel function, the co-
herent destruction of tunneling (CDT) occurs, which freezes
the qubit dynamics. In this paper, our parameter condition is
set as 2 < A, where there is no CDT effect.

In the following, we generalize the Hamiltonian by
including the auxiliary counting field x. When setting
x =0, the conventional Hamiltonian is recovered. The
full counting statistics (FCS) as a mathematically rigorous
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method is usually applied to measure the arbitrary order
of the energy current fluctuation [50], of which the lowest
order gives the energy flow. To count the energy transported
in, e.g., the right bath, we add the counting term to the
whole Hamiltonian [45,51] as H, = Hs+ Hp + H;(x) =
explix Yoy wkrdy gakR/DH eXp(—iX Yoy 0kraf gakR/2):
where the x-dependent interaction Hamiltonian is obtained
as

kR + Xy gy
Hi(x) = Z T[a’L’Re 2ORR 4 qp ge” 2R o,
k
8kL
+ T(ak,L + ak.1)o;. @
k

Taking into account CR correlation of the spin and
baths, we apply the canonical transformation [48,52,53],
H' = exp(Sr+L)H, exp(—Sr41), with the generator Spip =

. . X3y R @,y
Sk + S.. And S, is given as S, =), M[ai L€ 2 :

pIors

_ XSy Ry . .
ag.ve 2~ Jo,, and the renormalization parameter & , =

kv /(wk,v + 1nyA). Up to the order of g ,, the transformed
Hamiltonian A’ is written as H' = H|, + H|, where the renor-
malized spin and first-order spin-bath interaction terms are
given by

Hy = 177 A's, + Qcos(wgt)(sy +5_) + Za)k odl gy
2 SV VTR,
k,v

2
-y 'f"’“' B (2 — Ee) 3)
kv Wi, v

and
4 ixog R _ixegR
Hl/(X) = ng,R(akr’RsfeT +ak,Rs+e 2
k
+ ) Bl s+ acsy), “)
k

respectively, with n = nr nL. Here we define the renormalized
spin tunneling as n A, the spin-bath interaction parameter

- A
8kv = (m)gk,u, and

S ®
Ny = exp [— > 24(];,3 £2, coth ( 2’;) . (5)
k W v

The creation and annihilation operators are denoted as s, =
[s1){s1] — Is2)(s2], s+ = [s2){s1] and s_ = |s1)(s2], in which
the states |s;) and |s,) are the corresponding eigenstates of
oy, written as oy|s12)) = +(—)[s12))-

In the definition of 7,, if the temperature of two baths
is different (7p, # Tr), nL is not equal to ng. Therefore, the
coupling strength of renormalization g , is dependent on 7,.
Hence, even if the dimensionless spin-bath coupling strengths
of two baths are the same (¢ = ar), the effective coupling
strengths after canonical transformation of the two baths (g, 1.
and g r) are different when the temperatures of the two baths
are different, i.e., asymmetric caused by temperature.

In the following, we solve the equation of motion of the
density matrix in the rotating frame with the rotating operator
R(t) = exp[—%a)d(sz + 2k az,vak,v)t], and the Hamiltonian

becomes

1 1
H'(x) = 5(77 A —wq)s, + EQ(S+ +52)

+ Y (o — 0)a]
k,v

- T iXor R _xeg R
+ E gk,R(akRs_e 2 +agrsie  ? )
k

+ ) geLlal s +apLsy), (6)
k

where the two high-frequency terms e™2*¢ related to the
counter-rotating terms of the qubit driving are approximately
ignored.

Generally, one may bound the validity of the rotating-wave
approximation (RWA) of the qubit driving by the safe scope
QKA. Ttis also known that the increase of the driving ampli-
tude 2 with counter-rotating terms is expected to modify the
behaviors of the currents with RWA. Though not shown here,
by including the influence of counter-rotating terms with the
Floquet master equation [4], we find that both the transient
and steady-state currents provided by the RWA and the Flo-
quet master equation are qualitatively the same in the regime
of Q@ < A, with certain quantitative deviations. Hence, we
believe that the RWA of qubit driving can be approximately
adopted as 2 < A, which enables us to obtain the analytical
expression of the currents in the following.

Now the static Hamiltonian H'(x ) (6) has the same form as
the Hamiltonian in the RWA. But the parameters are renormal-
ized to include the effects of the CR terms (a};Rs+ and g rS_).
The energy detuning between the driving amplitude and the
energy level of spin is wq — n A. We consider the resonant
case wg = 1 A in this paper, and the energy flow under the
nonresonant condition can be straightforwardly extended in
future study.

B. Equation of motion of the density matrix

We derive the master equation of the NE-DSBM combined
with the FCS, and the equation of motion of the density matrix
psp for the spin (S) and bath (B) is given by dpsp(t)/dt =
—i[H, psp(t)]. After unitary transformations, we have the
equation of motion dpgs(x.,1)/dt = —i[H'(x), psg(x. 1)1y,
where [A(x), B(x, )], = A(x)B(x, 1) — B(x, )A(—x), and
Psp = eXp(Sr4L)psp eXp(—Sr+L) is the density matrix in the
Schrodinger picture with the transformed Hamiltonian H'( ).
The details of the derivation of the equation of motion are in
Appendix A.

Using the Kronecker product property and the
technique of the Lyapunov matrix equation, we ex-
pand the density matrix into a vector, |ps(x,?)) =
o1 (X 1), p1 (X, 1), P51 (X5 1), Pi(x, t)). Here the subscript
of ps (1 and 2) indicates the eigenstates of oy, |s;) and |s3),
thus pg(x,t) is the density matrix in the eigenspace of o,.
The equation of motion is expressed as

d / A /
Eps(x, 1) = LOOlps(x, 1), @)
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where £(x) is the Liouvillian superoperator. Generally,
the reduced density matrix is given by |pg(x,?)) =
exp[ﬁ(x)t]|p§(x,0)), where |pg(x,0)) is the initial state,
which is specified in this work as |ps(x, 0)) =[1, 1, 1, 1]T/2.
Therefore, the cumulant-generating function is obtained,
F(x)=0InZ,(t)/dt, with the cumulant function
Z,(t) = Trs[pg(x, t)]. In the rotating frame, the Hamiltonian
(6) and the superoperator ﬁ( x) are time-independent, and
ps(t) has a steady-state solution. Then the corresponding
nth cumulant of energy current fluctuations is given by
J™(t) = 9"F(x)/8(ix)" |y=0. In particular, the energy
flux is the first cumulant J(t) = dF;(x)/3(x)|y=0-
Equation (7) is solved with the Laplace transformation
in Appendix B, and we obtain the regrouped density
matrix | og(x, 1)) = [07,(X, 1), P12 (X5 1), P31 (X 1), P (X5 1))
with — pf\(x, 1) = 0}, (X, 1) = P5 (X, 1), Pi(x, 1) =
P (X, 1) = pia(x, 1), P2 (X, 1) = Py (X, 1) + pio(X, 1),
and p5,(x,t) = p1(x.1) + p5(x.1). Then, the cumulant
function is expressed as Z, (1) = (/| ,oé’( X, 1)), with the vector
defined as (I| = (0, 0, 0, 1]. The transient flow is

_ aL4I(X) / A
J(@) = 2(ix) X:O[p“(t) P ()]

L4z (x)
a(ix)

0L44(x)
aix)

In the eigenspace of o, the diagonal and off-diagonal
terms of the density matrix correspond to (o, (t)) = p,(t) —
Py (t) and (o/(t)) = p5,(t) + p},(t), which correspond to the
nonequilibrium correlation in the Hamiltonian (6) with x = 0.
In Eq. (8), the first and second terms give the time-dependent
evolution part of J(¢) related to the dynamics of pi,(t) —
05, () and p5,(t) + pj,(t). The third term is a constant inde-
pendent of time. The transient flow, Eq. (8), is one of the main
results of our paper and gives the relationship between the
energy flow and the dynamic quantities of the nonequilibrium
spin-boson model. Also, Eq. (8) can be naturally reduced to
the previous result [48] in the absence of an external driving
field.

[o12(2) + 5, (1)]
x=0

®)

x=0

C. Steady-state energy flow

We study the expression of the steady-state energy flow in
FCS. We count the energy flow in the right bath. Then, we de-
rive the steady-state flow at the long-time limit in Appendix C,
which is expressed as

8L41(X) / i
Js=I(t—>00) = ——— (P11 — P22)ss
Bix) |, P2
dLg3(x) / /
TR 12t P
dL44(x) ©)
200 |

where the first derivative of the counting-field embedded Li-
ouvillian operator elements is obtained in Eqgs. (C4a)—(C4c).

In the resonant case, the steady-state dynamics of density
matrix elements can be analytically solved as

y-I-I'y —yly Ty

r_ = . 10
(P11 — P2)s T (IT) +292) (10a)
/ / V-
Py + P2)ss = 1 (10b)
+
where the combined spectral function denotes y_ =
Yoewp(MA=Q)—y,(n A+ Q)] and the com-

bined transition rates are Iy =} _ g (F2£ly3),
r = Zv:(R,L) [,1, and =2+ T, with the rate
Iy,j =[1+2n,(w;j)]lyy,;, the Bose-Einstein distribution
function n,(w;) = 1/[exp(w;/kgT,) — 1], and the modified
spectral function y, ; = w(n,A/(nA + a)j))zGV(a)j), where
j=1, 2, and 3 corresponds to the Mollow frequencies
w; = nA, wy = nA — 2, and w3 = nA + Q. The results are
consistent with previous work [24,25].

The steady-state population bias (o}, — p},)ss has two
competing terms, which both reflect the cooperative effect of
the driving and dissipation, which are characterized by the
interference of two side peaks (nA — € and nA + 2) of both
baths, while the off-diagonal term (o], + p5)ss includes the
coefficient y_, which also stems from the interference of the
Mollow side peaks.

Then, steady-state flow is divides into three components
Jss = Ji + Ja + Je, which are specified as

Jo=oyrile Y [(1+80%0; — i)l

j=(1,2,3)
v=(L,R)

toyrale Y [ +8; 00,0 —nro)]

j=(1,2,3)
v=(L,R)

tosyrale D [0 +80%.,00,; — ng3)l,

j=(1,2,3)
v=(L,R)

(11a)
92
~2(IT, +22)
Y- r_r,
Jo= 2t | —— L
AT, | TTy + 292

Jy Qwiyr,1 + w2yr2 + @37r3), (11b)

QwiTr,1 + @2T'r 2 + @3TR 3)

+ (w3'r 3 — wer,z)], (11c)

with the Kronecker symbol §,,; and the coefficient I'e =
2I'1 /(TT; +2Q?%). The flow J; is clearly characterized as
three frequencies of the Mollow triplet [54]: w; = n A, wy =
(nA — ), and w3 = (n A + ). Accordingly, J; transfers
energy with unshifted frequency n A, redshifted frequency
(n A — 2), and blueshifted frequency (n A + €2), respec-
tively, and the transition channels of the unshifted frequency
w) are twice that of two side frequencies w; and w3, as shown
in Fig. 1(b).

The first flow component J; in Eq. (11a) is driven by the
bosonic distribution difference (ng; — ng;) and (ng ; — ng;).
In the absence of external driving (2 = 0), it is naturally
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reduced to the previous result [55]

_ 2(ny,1 — DR, YR 1YL 1®1
(14200 Dys + (1 +20g 1)yR1

Ji 12)

Therefore, it is referred to as the traditional temperature bias
flow.

The second flow component Jy in Eq. (11b) is explicitly
proportional to the square of the driving amplitude, and it is
termed the driving flow. The first factor 2/2(I'T; 4 2Q?)
comes from the population bias (o], — pj,)ss and is sym-
metric about the temperatures of two bosonic baths. The
other factor (2w;yr,1 + ®w2Yr2 + w3yr3) contains the renor-
malized spectral function yr ; = n(nR”waj Y Gr(w i), which
becomes asymmetric induced by the temperature of the right
bath. This asymmetry becomes significant as the temper-
ature increases, while in the rotating-wave approximation,
YR, j—kRwa = TGr(w;)/4 becomes temperature-independent.
Then Jy_grwa is strictly symmetric about the temperature of
the left and right baths. Therefore, the CR terms contribute
to the asymmetric behavior of the driving flow component.
Even under the weak spin-boson interaction ag = 0.01 (cor-
responding to the renormalized 7R in the range of 0.90-0.99),
the flow component shows obvious asymmetry with the tem-
perature of the two baths.

The third flow component J. in Eq. (11lc) is partially

contributed by the the steady-state off-diagonal elements
(p1y + Py )ss>» Which stem from the interference of the driving
and dissipation. Then J; is termed the coherence flow.
From y- =3 _sapn®A—-Q) —rnhA+Q)] with
YROTA = Q) = (N A + Q) = 2mar (52525 )" (N A —
Q) — (2nZRAiQ Y2(n A + )], we find that y_ is proportional
to the first order of the spin-bath coupling strength « in
the Ohmic bath. When the driving amplitude 2 =0, the
coherence flow disappears, while in the rotating wave
approximation, y_ grwa = —2ma €2, and the corresponding
coherence flow J._gwa is always linearly proportional to
Q. This clearly demonstrates the important role of the CR
terms on the coherent behaviors (e.g., coherence flow)
of the driven-dissipative systems, which is analogous to
what was observed in Ref. [56] by applying the stochastic
Liouville-von Neumann exact equation to study the Brownian
motion. Therefore, it is clear that the CR terms contribute to
the nonlinearity behavior of the coherent flow component by
tuning €2. Only in the condition of low temperatures and weak
driving is it found that y_ & y_rwa, Where the coherence
flow is reduced to being proportional to the Rabi frequency
Q2. Considering that the driving flow is squarely proportional
to €2, the coherence flow is expected to show behavior that is
distinct from the driving flow.

III. RESULTS AND DISCUSSIONS

In this section, we show the transient flow J(¢) and
steady-state flow Jg of the NE-DSBM, and we discuss the
interference effect of the driving and dissipation on energy
flows. We set A =1 as the unit. For simplicity, we set the
spin-bath coupling strength o;, = ag = 0.01 and the energy
n A resonant with the driving frequency wg = n A, the cutoff
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FIG. 2. The transient energy current J(¢) for different Rabi driv-
ing amplitudes (a) 2 = 0.0, (b) 2 = 0.25,(¢c) 2 = 0.5, and (d) 2 =
0.75.

frequency w. = 10, and the time in the unit of A~!. The
temperature bias is defined as 67 = T, — Tg.

In Fig. 2 we plot the transient flow J(¢) into the right bath
with various external driving Rabi amplitudes €2 = 0, 0.25,
0.5, and 0.75. Specifically, Fig. 2(a) shows the flow in the
absence of the driving, where the flow asymptotically tends to
the traditional steady-state counterpart. If the temperature bias
of the two baths is zero (e.g., T, = Tg = 0.1), the steady-state
flow is expected to be zero. Then, we tune on the driving
amplitude to analyze the transient flow in Figs. 2(b)-2(d).
When the driving amplitude is not zero, the flow generally
exhibits damped oscillation, i.e., the amplitude of oscillation
decreases with time and finally reaches the steady-state cur-
rent. Moreover, the finite steady-state flow is generated even
against the temperature bias.

Figure 3 shows the steady-state flow Jg as a function of
the driving Rabi frequency 2. In Fig. 3(a), when 7 and
Tr are low temperature, the steady-state flow first increases
rapidly and then decreases slowly by increasing 2. When
the temperature bias is negative (e.g., 7, = 0.1 and Tg =
0.5), the negative-to-positive crossover of the steady-state
flow can be easily realized by slightly increasing the driving
amplitude. Figure 3(b) shows the steady-state flow in the
high-temperature region. It is shown that the flow increases
obviously with the increase of the Rabi frequency 2 as 67 >
0, while in the case 67 < 0 (e.g., T, = 1 and Tr = 9), the

0%

1

Steady state flow J o (*

FIG. 3. The steady-state energy current with Rabi frequency
Q. The low-temperature and high-temperature cases are shown in
(a) and (b), respectively.
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temperature cases are shown in (a), (c), (e) and (b), (d), (f),
respectively.

flow changes sign from negative to positive when the Rabi
frequency 2 becomes finite (e.g., 2 & 0.24). Therefore, we
conclude that the additional driving and coherent flows should
be considered to analyze quantum energy transport beyond the
weak external driving regime.

To give an explicit picture of three flow components (J;, Jq,
and J.), we plot Fig. 4 by tuning the Rabi frequency 2. It is
interesting to find that the driving flow generally shows dra-
matic positive enhancement by slightly increasing the driving
amplitude €2, and the coherence flow is negatively enhanced
at finite €2, regardless of the temperature bias. Moreover, in
the absence of the temperature bias (57 = 0) in Figs. 4(a)
and 4(b), it is found that the temperature bias flow J; always
becomes vanishing. Hence, the driving and coherence flows
dominate energy transport at zero-temperature bias, while at
finite temperature bias in Figs. 4(c)—4(f), the temperature bias
flow is expected to mainly contribute to the steady-state flow
with weak driving amplitude (e.g., 2 = 0.02). By increasing
2, the temperature bias flow asymptotically approaches zero
from the positive value at §7 > 0 and the negative one at
8T < 0. Therefore, it is natural to observe the negative-to-
positive crossover of the heat flow in the bias regime of 67 <
0 [e.g., in Fig. 3(b)], considering the competition between the
driving flow and the temperature bias flow in Figs. 4(c) and
4(d).

Figure 5 shows the contour plot of steady-state energy
flow into the right bath and its components with weak Rabi
driving amplitude 2 = 0.1, i.e., the total steady-state flow

(a) ©=0.1 Total steady-state flow (*10™) (b) Temperature bias flow (*10™)

(c) Driving flow (¥10*) (d) Coherence flow (*10*)

0004
0010

4
0015
3 0020

0

[ 0025
2 0030
0035

1
0040
0045

1 2 3 4

FIG. 5. The contour plot of steady-state flow in weak driving am-
plitude 2 = 0.1. (a) The total of steady-state flow J, (b) temperature
bias flow J;, (c) the driving flow Jy, and (d) the coherence flow J..

Jss, temperature bias flow J;, the driving flow J4, and the
coherence flow J;. In Fig. 5(a) with Tx < 1, the steady-state
flow is dramatically affected by the temperature of the right
bath. Specifically in Fig. 5(b), the behavior of J; with the
weak driving is analogous to its counterpart in the absence
of external driving [48]. The steady-state driving flow Jy in
Fig. 5(c) is almost symmetric by tuning the temperature bias.
The coherence flow J; in Fig. 5(d) is almost independent of
the temperature of the left bath, and it is negative and small
compared to J; and Jy. Hence, the contribution from J.. to Jy
could be ignored in the weak driving case.

Figure 6 plots the contours with the strong driving ampli-
tude 2 = 0.8. The total energy flow in Fig. 6(a) is apparently
amplified compared to its weak driving counterpart, which
is mainly contributed by the driving flow in Fig. 6(c). This
demonstrates the importance of the driving flow in the strong
driving regime. In Fig. 6(b), the magnitude of temperature bias

(a) Q=0.8 Total steady-state flow (*10) ¢ (b) Temperature bias flow (*10™) c

A

(c) Driving flow (¥10™)

N

FIG. 6. The same contour plot as Fig. 5 in the driving amplitude
Q=0.8.
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FIG. 7. The effective asymmetric factor of heat current into the
Rth reservoir by tuning (a) the driving amplitude and (b) temperature
bias, with T}, = Ty + AT and Tg = Ty — AT.

flow J; becomes asymmetric and suppressed, in contrast with
the weak driving case in Fig. 5(b). For the coherence flow J;
in Fig. 6(d), it remains negative and sharply increases by an
order of magnitude 10> compared with the weak driving case,
and it should not be naively ignored by comparing with the
temperature bias flow.

Moreover, by observing Figs. 5(a) and 6(a), we find that
the flow into the R-reservoir by exchanging two bath tempera-
tures is asymmetric under the external field driving, i.e., such
thermal asymmetric behavior becomes vanishing as Q = 0
and y.1 = yr.1, shown in Eq. (12). Generally speaking, the
external driving could be considered as one additional bosonic
terminal [i.e., injecting (extracting) the energy into (out of)
the system], which makes the NE-DSBM an effective three-
terminal spin setup.

Here, we approximately characterize the asymmetric be-
havior of the current into the Rth reservoir by the factor [57]

Ry = |Jy +J-|/ max{|Jo|, [J-]}, 13)

where J, is identical with Jg, and J_ is the current into the
right reservoir by exchanging 7; and Ty of two reservoirs. It
is known that based on the standard two-terminal setup in the
absence of external driving, J is exactly the current between
the Lth and Rth reservoirs, and there is no thermal diode effect
for a symmetric setup. While including the external driving,
we cannot explicitly classify the energy flow between two
reservoirs purely driven by the temperature bias, due to the
coherence. One should note that the asymmetry comes from
the way to measure the heat current, i.e., defining the current
as the one into the Rth reservoir, which is unlike the traditional
thermal diode effect.

Then, we study the influences of driving amplitude and
temperature bias on the asymmetric factor R; in Fig. 7. By
tuning the driving amplitude, the factor shows a monotonic
increase and surpasses the unit with weak driving ampli-
tude [e.g., 2 & 0.03 shown by a solid red line in Fig. 7(a)],
which characterizes the full blockade of J_. Then, R; saturates
around 2, which implies J;~J_. This is mainly contributed by
the factor that the driving current component dominates the
current, which is nearly independent of the temperature bias.
We also show the behavior of R, by increasing the temperature
bias in Fig. 7(b). It is found that R; is robust with strong
driving amplitude, compared to the fast decay of R; in the
weak driving case.

IV. CONCLUSION

We study the quantum energy transport in the nonequilib-
rium driven quantum system exemplified as the spin-boson
model, based on a canonical transformation and full-counting
statistics. This analytical approach is valid for a wide variety
of spectral functions of the bosonic baths, e.g., super-Ohmic
and Lorentz forms, and it can be extended to more complex
driven quantum systems, e.g., coupled and collective qubits
cases. The nonmonotonic behavior of steady-state flow by
tuning the Rabi frequency 2 is exhibited. The steady-state
flow is naturally divided into three components: (i) the tem-
perature bias flow J;, which is generated by the temperature
bias of two bosonic baths; (ii) the driving flow J4, which is
proportional to the square of the driving amplitude; and (iii)
the coherence flow J;, which mainly stems from the contri-
bution of steady-state off-diagonal density matrix elements.
The analytical expressions are exhibited in Eqgs. (11a)—(11c).
Then, the cooperative effects of the temperature bias and
the coherent external driving on the steady-state flow and its
components are dissected. The heat flow becomes asymmetric
by exchanging two bath temperatures when we tune on the
driving amplitude. Moreover, the results show that with an
increase of the driving amplitude, the main contribution to
steady-state flow changes from J; to the positive driving flow
Jq. The negative coherence flow J, denotes an interference
effect of driving and dissipation, and it may not be naively ig-
nored at the strong driving regime. These results may deepen
the understanding of nonequilibrium energy transport under
an external field driving in quantum transport and quan-
tum thermodynamics. Moreover, it may provide theoretical
guidance for the smart control of energy and information in
low-dimensional quantum nanodevices.

ACKNOWLEDGMENTS

X.C. acknowledges support from the Fujian Province Nat-
ural Science Foundation under Grant No. 2022J01008. We
also acknowledge financial support from the NSFC of China
(Grants No. 12075199, No. 11704093, No. 11535011, and
No. 11874170).

APPENDIX A: DERIVATION OF THE EQUATION
OF MOTION OF THE DENSITY MATRIX

This Appendix provides the derivation of the equa-
tion of motion of the density matrix in the interaction
picture of Eq. (6) with H{=Q(s; +s-)/2, Hp=

. ixoy,
Y i@y — wa)ay axy, and Hp =3}, gk,R(az,Rs_e > 4
ak'stLe_%) + Zk gk,L(a;Ls, +apps+). The density
matrix of the total system in the interaction picture
Psp(x, 1) = expli(Hg + Hp)t105p(x, 1) expl—i(Hg + Hp)r]
yields the equation of motion

dp§(x, O/dt = =i[V/(x, D), psp(x, D], (AD)
with  the time-dependent interaction  Hamiltonian

V/(x,t) = expli(Hg + Hp)t1H, exp[—i(H§ + Hp)t], which is
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specified as

. ixop R
Vix.t) = Z (gk,RaZ’Re[ ?
X

+i(wg,r —w4 )T]eint 5 efiHS/t

+grra)  elinmetlpitlstg pmilsty 4 H ¢,

Under the Born-Markov approximation, the density ma-
trix pdp(x,1) can be approximated as the product state
pie(x, 1) = pd(x,1) ® pp(0). And the equation of motion is
given by

d t
d—p&’g(x,n = - f dt'Trp{lV/ (x, 1), [V/
t 0

x (X, 1), pd (X, 1) ® pp(0)], 1.}, (A2)

where pd (x,1) = Tralpdy(x,)]. Assuming the two boson
baths are in thermal equilibrium, they follow the Bose-
Einstein distribution that TrB(a,:,vak,\,pB)znv(wk,v) and

TrB(ak,uaz_va) =n,(wk,v)+ 1, where n,(wy,,) is the ther-
mal average boson number at mode k given by n,(w,,) =
[exp(wi.v/ksT)) — 1171 Returning to the Schrodinger picture,
the equation of motion of the density matrix is given by

d / . /
27 PsO 1) = —ilHy,, P51y

- / TeslV' (x, 1) exp GHY(=1)),
0
e [exp(iHét’)V’(X, t’)exp(—iHét’),
x exp(HIPL (1) ® pa(O)], 1 dr’. (A3)

where the simplified interaction Hamiltonian is given by

5 IXOKR .
Vix.t)= (ng,Ra;R exp |: 2k 2 iloxr — wd)t:|s_
k

+ Zg)k,LaZ’Ls_ exp [i(wkL — wd)t]) + H.c.
k

APPENDIX B: SOLUTION OF THE MASTER EQUATION
WITH FULL COUNTING STATISTICS

This Appendix gives the solution process of the mas-
ter equation with the superoperator L(x). Considering the
symmetry of the superoperator, we apply a rotating to the
equation of motion,

1 0 0 -1
0 -1 1 O

U= 0 1 1 0 B
I 0 0 1

Therefore, the transformed density matrix becomes

|pg(Xa t)> = |/Oi,] (Xa t)v Pilz(Xa t)7 PQ](Xa t)7 ,Oé/z()(, t))a
(B2)
with P11 (X 1) = P11 (X, 1) — Pyu(X, 1), P (X, 1) =
,Oél(X,t) - 1012()(7t)7 ;051(Xat) = pé](th) + Ioiz(X’t)9 and
05 (x.t) = p1;(x, 1) + pp(x, t). The equations of motion
are rearranged as

d " Al "
Elps(x,t)) = L(X)lps(x, 1)), (B3)

with the regrouped superoperator L'(x). It is composed of
three parts, £'(x) = L, + L; + Li(x), with the first part of
the driving EA’D,

0 —i2 0 0
A —iQ2 0 0 0
=" o o of B4)
0 0 0 0
the second part of the left bath £/ ,
Li 0 Liz L
v o 1 o o
=10 0 Ly Iu| (BS)
0 0 0 0
iy = —3@IL; + T + ), (B6a)
liz = 3(I'2 — I's), (B6b)
s = =31 + vz + na), (B6c)
Iy = —I'L1, (Béd)
Iy = —3(TLa + I'i3), (B6e)
iy = 32T + Tio + T'ia), (B61)

with I'; = [1 + 21 (w;)]yL(wj), and the frequencies w; with
j=1,2,3 are, respectively, w1 = n A, wy; = (n A — ), and
w3 = (n A+ Q), which are concerned with the Mollow
triplet. The variables y;; are determined by the spectral func-
tion of the bath,

ni=nr)=r) & (B7)
k
-y <M)25(a)k —w) (B8)
— \N A+

mA )
=a(——) J(w)),
A+

withv = (R,L) and j = (1, 2, 3). And y,; is obviously inde-
pendent of temperature and is the zero-temperature decay rate.
The finite-temperature decay factor
Ly =+ 20) (B9)
with n,; = n,(w;) = [exp(w;/kgT,) — 117". In the case of
zero temperature, I't; = 1. In this paper, we assume the
coupling spectra of the left and right bath are the same,
GL(w) = Gr(w), but the temperature of the left and right bath
can be controlled independently.
The Lindblad superoperator of the right-bath part EA{{( Xx)1is

i 0 13 s
0 12 0 0
3 0 133 134
g1 0 13 Ty

Lr(x) = (B10)
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Because the auxiliary counting projector x is applied to the
right bath, only the Lindblad operator ﬁi{( X) is x-dependent.
Then, the matrix elements of the regrouped superoperator of
the right bath are

r = —%(ZFRII + Cri2 + Tri3), (B11a)
I3 = %(sz — I'ri3), (B11b)
4 = —3(2TRa1 + Traz + o). (Bl1c)
2 = +(—2Tri1 + Traz + Traz)s (B11d)
r3 = %(FR32 — I'r33), (Blle)
r33 = $(2T'r3; — Tr32 — Tr33), (B11f)
I3y = i(FRzz — I'r23), (Bllg)
Iy = %(2FR41 + I'raz + Tra3), (B11h)
I3 = i(FR43 — M'ra2), (B11i)
ra4 = 3(2T'r31 + Tr32 + Tr33). (B11j)

Here, there are four combinations of the three physical quan-
tities y+(@j), nr(wj), and yr(w;):

Crij = {[1 + ng(@p][x1(wj) + 1]

+ ng(wpxz2(w;) + 1} ye(@)), (B12a)
Proj = {[1 + nr(wp]lxi(wy) + 1]

— ng(@))[x2(w)) + L}yr(wy), (B12b)
Ir3j = {[1 + nr(wp]lxi (o) — 1]

+ ng(wpx2(w;) — 1}yr(w)), (B12¢)
Iraj = {[1 + nr(wpllxi (o) — 1]

— nr(wplx2(@)) — 1}yr(@)), (B12d)

and the functions related to counting operators are defined
as x4+ (wj) = exp(ixwj) and x_(wj) = exp(—ixw;). In above
expression, if we let the counting parameter x = 0, then the
function of counting parameter, x+(wj) =1, and the right-
bath operator is the same as that of the left bath.

APPENDIX C: DERIVATION OF STEADY-STATE FLOW

This Appendix gives the derivation of steady-state flow.
The steady-state cumulant-generating function is derived as

In Z, (¢
Jo = —( tim 2O
d(ix) \r—>oo t

x=0
19 E@)
t—o0 t 8(1)() ¥=0
1ALl A ,
= (1] Jim = expl 2 GOl Ol o

(ChH

Then the steady-state solution of energy flow is simplified to

0L (x)
Jss = (Il N |p_/s‘/(t))557 (CZ)
8 |,
with the operator solution [og(t))ss =

lim,_, o0 exp[ L/ (x X115 (x, 0))|y=0, Which is the steady-state
of the density matrix |pg(x, 7)). Then, the steady-state energy
flow is written as

0Ly () 01— o)
= 3x) o P11 — P22)ss
dL43(x)
aix)
dL4a(x)
a(ix)

SS

(pél + Piz)ss
x=0

(€3)

x=0

Compared with Eq. (8), steady-state flow is the particular
solution of the transient flow as time approaches infinity, and
it is related with the dynamics of the steady state, (0], — 05, )ss
and (o}, + 05y )ss-

In the resonant case, wq = 1 A, the steady-state dynamics
is solved analytically in Egs. (10a) and (10b) with the parame-
ters y_ =yro —YrR3 + V2 — W3, - =Tro = T'rs + 'z —
I, T'i=Tri+TL, 'y =Tre+Tr3+ T2+ T3, I'=
2Rt + TR + TR + 21 + T2 + T3, ¥ =201+ ¥R +
Yr3 + 2911 + Y2 + 3. The zero-temperature decay fac-
tor y,; and the finite-temperature decay factor I'); = (1 +
2n,j)y,; are given in Eqs. (B7) and (B9). The driving
amplitude €2 splits the driving frequency wyg = n A into
three frequencies, w; = n A, o =N A —Q, w3 =n A+ Q,
which is consistent with the Mollow triplet. From the defi-
nition of variables, we see that the two terms, y_ and I'_,
depend on the difference of the decay factor of the two side
peaks, w, and ws. So both terms are entirely generated by
the interference of the external driving and the dissipation.
Without driving, 2 = 0, the interference factor y_ is zero,
(P}, + P3)ss = 0. Further, the coherence flow disappears.

The derivative of the Liouvillian superoperator is written
as

0L41(x) 1 1 1
LX) TRy + @ lgs + ~@3Trs, (C4
2ix) |, @il +4w2 R2+4w3 r3, (Cda)
L4 (x) 1

00 e~ L. C4b
20 |, 703 rs — ool (C4b)
0Las(x) 1 1 1
eniilv/) - ks, (Che
210 |,z S OIVRI + 40)2)/R2+ 103YR3 (C4ce)

Since the counting field is included in the right bath, the
derivative of the Liouvillian superoperator [ZX is only con-
cerned with the parameters in the right bath, which generates
an asymmetry about the temperature of the two baths, and it
leads to a fundamental difference between the energy trans-
port and the dissipation dynamics, which corresponds with the
temperature of both baths. The steady-state flow Jg is natu-
rally divided into three parts, i.e., Jis = J; + Jq + J., which
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are specified as

Jo= ﬁ[r (%leRl + %wﬂ/Rz + %0)37}23) - V(%(UIFRI + %0)2FR2 + %wsr}u)], (C5a)

Ja = 2—92(10)1)/111 + l6021/122 + lws)’m), (CSb)
T +2Q2\2 4 4

J. = V—I:Zwlf‘m(&) n a)zFRz(& _ 1) +w3FR3(& + 1)] (C5¢)
4r, Ty +2Q? Ty +2Q2 [Ty + 202
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