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Statistics of an adiabatic charge pump
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We investigate the effect of time-dependent cyclic-adiabatic driving on the charge transport in a quantum
junction. We propose a nonequilibrium Green’s function formalism to study the statistics of the charge pumped
(at zero bias) through the junction. The formulation is used to demonstrate charge pumping in a single electronic
level coupled to two (electronic) reservoirs with time-dependent couplings. An analytical expression for the
average pumped current for a general cyclic driving is derived. It is found that for zero bias, for a certain
class of driving, the Berry phase contributes only to the odd cumulants. In contrast, a quantum master equation

formulation does not show a Berry-phase effect at all.
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I. INTRODUCTION

Itis well known that the effect of adiabatically varying a few
parameters in the Hamiltonian in a cyclic manner enters in the
wave function in the form of a phase factor. This phase factor
consists of two parts; one is called the dynamical part (which,
in general, depends on how fast the parameters are varied)
and the second one is generally known as the Berry phase
(also called the geometric phase), which depends only on the
path (area) traced in the parameter space and is independent
of how fast it is traced provided the adiabatic condition is
satisfied [1-3]. Somewhat counterintuitively, this phase factor
may lead to changes in macroscopic observables, such as finite
spin or charge currents in one-dimensional phase-coherent
rings at equilibrium [4-6]. Originally developed in the context
of closed quantum systems, recent works have extended
the geometric phase concept to the case of open quantum
systems out of equilibrium [7,8]. Adiabatic cyclic variation
of parameters in the Hamiltonian leads to finite flux [9-11]
in open systems. Switkes ef al. [12] have experimentally
demonstrated an adiabatic quantum pump by modulating
the confining potential of an open quantum dot in a cyclic
manner, leading to a finite voltage drop across the quantum
dot. Modifying the potential at two ends of the dot changes
the character of the wave function and therefore modifies
the couplings to the electron reservoirs. In this work we
explore this aspect within the most general framework based
on the nonequilibrium Green’s function [13]. The adiabatic
driving may also affect the statistics of charge transfer, and the
steady-state fluctuation relation due to Gallavoti-Cohen (GC)
type symmetry [14] may also get modified. Ren e al. [11] have
recently used quantum master equations (QMEs) to study heat
pumping and fluctuations of heat transfer in a two-level system
sandwiched between two thermal reservoirs. It was shown
that in the case of time-dependent temperature modulations
of the two heat reservoirs, heat transfer statistics do not
admit GC-type symmetry. It was also argued that modulating
couplings to thermal reservoirs does not lead to any pumping.
Several methods such as scattering theory [15,16], Floquet
scattering theory [17], and the adiabatic master equation
approach [8,10] have been developed for studying the statistics
of adiabatic pumping. But each of these methods has its own
advantages and shortcomings. We note that in Ref. [18], the
nonequilibrium Green’s function (NEGF) method (which in
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principle is exact) has been used to study the pumped charge
flux in interacting quantum dots. In this work we develop a
scheme within the NEGF formalism to study statistics of the
pumped charge transfer due to cyclic-adiabatic driving and
apply it to a resonant level model. We present an analytic
expression of the pumped charge for a general adiabatic-
cyclic modulation of the level couplings with reservoirs. The
direction of the net charge flow can be varied by changing the
sign of the phase difference between the two time-dependent
couplings. We find that the flux direction also depends on the
energy difference, u — wp, between the chemical potentials
(u) of reservoirs and the level energy (wp). In general, the
charge transfer fluctuations are modified due to the Berry
phase. However, at equilibrium, for a certain class of drivings,
only asymmetric fluctuations (odd cumulants) are generated
due to the Berry phase. The full statistics of the pumped charge
satisfy a steady-state fluctuation relation. We emphasize that
the present formulation shows that it is possible to pump a finite
net charge in noninteracting open quantum junctions, unlike a
simple QME formulation which does not lead to any pumping
due to the Berry phase [10,11]. Although we use the term
Berry phase, it is used in the sense of geometric contribution.
In Sec. I we introduce the model Hamiltonian to describe
electron transport in molecular junctions, and give a brief
sketch of the two-point measurement method and derive a
generating function (GF) to study full the statistics of charge
transfer due to adiabatic time modulation. In Sec. III, we
express the GF in terms of the Green’s function of the
system and then present an approximate scheme to compute
the Green’s function analytically. In Sec. IV we apply this
formulation to study the statistics of the pumped charge in a
resonant level model. Conclusions are drawn in Sec. V.

II. HAMILTONIAN AND TWO-POINT
MEASUREMENT SCHEME

A general Hamiltonian for the description of electron
transport in a quantum junction where a molecular system
is coupled to two (noninteracting) electronic reservoirs is

A6 = Y e0d]d, + Hu+ Y €quchica
r ak

+ D gk Ockd, + g (Odic ). (1)

r,ak
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where d,T (d,) stands for the electron creation (annihilation)
operator in the rth system orbital while c;k (cq.r) is for
the electron creation (annihilation) operator on the left or
right (@ = L/R) reservoir in the energy state €y 4. Hin 1S
the Hamiltonian to account for all other possible interactions
in the system, such as Coulomb and electron-phonon inter-
actions. Here system lead couplings and/or single electron
orbital energies can be periodically modulated (which can
be experimentally realized by applying time-dependent gate
voltages). In this work we consider the case when the driving
time period is large compared to the internal relaxation time
scales in the system such that the system at any time is at
steady state with respect to reservoirs.

Under these conditions, we consider two simultaneous
measurements of electron number in the left and the right
reservoirs (as [Np,Ng] = 0, simultaneous measurement is
quantum mechanically allowed) at time Ty and T > T. The
probability of change in the number of particles (n,,) in the left
and the right reservoirs during the measurement time, 7' — Ty,
can be computed using the generating function (GF) containing
corresponding counting parameters Ay and Ag as

2w d)\ 2w d)»R
P(np,ng,T —Tp) =

Z(AL,AR,T - To)el(mLHR”R)- @)

Using the two-time quantum measurement formalism the
generating function for particle number counting on both
reservoirs can be written as [14]

ZO0T —Ty) = <e—i[)»LNL(T)+)\RNR(T)]ei[)»LNL(TO)+)»RNR(TU)])p(T .
0

3

where p(T)) is the density matrix of the system-+reservoirs at
time Ty and N = Y, ¢} ;0o Ng = 3y chC e are the parti-
cle number operators corresponding to left and right reservoirs,
respectively. Assuming [o(7p), N1 = 0 and [p(Tp), Ng] =0
(or, more generally, system and reservoirs are decoupled at
time Tp and each are at equilibrium independently), Eq. (3)
can be recast as

Z(Ap,Ar, T —Tp)

= <U(ATL’ LTR)(TOv T)u(—%,—LTR)(T’TO)>p(TU)

— (T e % . BV (mdr
— <,]:,‘e n /; r )ﬂ(To)’ (4)

where in the last line time-dependent A(7) has been defined on
the Keldysh contour [19, 20] (Which goes from Ty to T and back

to Ty) [21] as A(T) = (—— — —) on the forward contour and
M) =( AZL , AZR) on the backward contour. 7, refers to the time

ordering operator on the Keldysh contour. The evolution on the
Keldysh contour is with respect to the A(7)-dependent Hamil-
tonian (note that A-dependent evolution is no longer unitary),
and evolves the ket and the bra with different A-dependent
Hamiltonians [22], which can be obtained by replacing
the last line in Eq. (1) with Y, [g5, (D)™l d, +
8, (Ve 7 Ddfc 1. Hence the effect of measurement is
reflected in the form of modified (A-dependent) couplings to
the reservoirs [23].
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III. GENERATING FUNCTION IN TERMS OF THE
NONEQUILIBRIUM GREEN’S FUNCTION AND AN
APPROXIMATE SCHEME TO COMPUTE THE
NONEQUILIBRIUM GREEN’S FUNCTION

Taking the Ag derivative [21] of the logarithm of Eq. (4),
we get

aan()\L,}\.R,T — T())
|: d(iAg) :|

1 r )
2 Z/ dtl[g;k,r(fl)e_l DGl nLn)
k.r To

AR T
— 8ri, (1€ GRE (0.1 + gy (1) > G R (11.11)

— gre, (e G, (t1.11)], (5)

where Ger(t t'), Gr Rk(t ), Gre 2, t"), and Gr_;k(t t")
are appropriate real-time projections of mixed contour or-
dered Green’s functions between system orbitals and reser-
voir states defined as G%, .(7,7') = —%(’Ecm{(r)d}(r’)) and
Gy ri(T,T) = —%(’];dr(t)ckk(r’)). Here the + (—) index
refers to the time variable located on the upper (lower) Keldysh
contour [19]. Equation (5) can be recast in terms of the
system Green’s function matrix alone [20], which can be
expressed in terms of Wigner-transformed quantities [13]. In
the large measurement time limit, Eq. (5) can be recast as
(see Appendix)

8an()\.L,)\.R,T — T())
d(irg)

/ /'+°° dow
To

X TS (.06 (.0 =G (.05 (@.0]. (6)

Here the trace is over all the system orbitals and E;*(a),t) and
EE‘*(w,t) are (Wigner-transformed) self-energy matrices (in
system orbital space) arising due to interaction with the right
reservoir. GT7(w,t) and G~V (w,t) are Wigner transforms
of real-time projections of system contour ordered Green’s
function matrices with elements

mn

G, (1,7) = —%u;dm(r)d;(r/)), (7

where (- --) is the average with respect to the density matrix
evolving on the Keldysh contour as defined in Eq. (4). In
Eq. (6) we have used the notation A" = —A~" and A" =
AT where n = =, to simplify the following expressions. The
expression for [W] can be obtained by replacing
R with L in Eq. (6). Hence all that we have to do to get the
final expression for the GF is to calculate the A(7)-dependent
Green’s functions appearing in Eq. (6). This is done in the
following.
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The A-dependent Green’s function matrix defined on the
Keldysh contour [with matrix elements in the system orbital
space defined in Eq. (7)] satisfies the following equation of
motion [20] (also known as the left-Dyson equation) on the
Keldysh contour:

/drl[Ggl(r,rl) — 2%, )]G (11, T) = 8. 7)), (®)

where [ih — Hy(0)]1Go(z,7") = 8(r,7v') and X¢(7,7') =
Z (T, 1) + EleadQ(t ') is the total self-energy due to H;p and

system-reservoir coupling. X{, ,.(z,7’) has matrix elements

2:lctlzads,rr’(‘l:’":/) = Z Z gak,r(‘r)e_’[)‘ﬂt(f)_)w(f )]

o kk

X ng,ak’(tfT/)g;k’,r’(t/)~ C))

Here Gak (7,7 is the contour-ordered Green’s functions
of the free reservoir. An explicit expression for £, depends
on Hi,, which we keep general. The above equation can be
projected onto the real times to obtain equations of motion
for the Keldysh matrix G(¢,#). By employing the Wigner
transformation [19,20] Eq. (8) can be recast as

G(C{),t) = Gad(wst) + Gad(a)at)<Gadl(a)vt)

I <~ — <~ — .
X {l—exp[—z(a,aw— Bwa,):HG(a),t)),
(10)

. . , . R

where G(w,t) is the system Green’s function matrix. d ;, 9 ;
represent the classical time ¢ derivative acting on the function
to its left or to its right, respectively; similarly 9 ,, 9,
represent  derivatives. The adiabatic contribution, G, to
the Green’s function satisfies the matrix equation,

Goal@,) =[Gy (@,0) — S(@,0] " 11

This is similar to the usual steady-state Green’s function but the
parameters are replaced with time-dependent parameters. Here
Y(w,1) and Go(w,?) are, respectively, the self-energy and the
noninteracting system Green’s function matrices. The second
term in Eq. (10) represents a correction due to time variation of
the parameters. Note that Eq. (10) is exact. We solve Eq. (10)
to lowest order in the time derivative by iterating the equation
for G perturbatively in terms of time derivatives of G, and

J

aan(x,T—To)}

(T - To)[ d@A)
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retaining only terms linear in first derivative in (classical) time:

Glw.t) =G, 0.0 + %Gad(w,t){@ad](w,t),@ad(a),t)},

(12)
where {,} stand for Poisson bracket in ¢ and @ variables.
We note that both the left- and the right-Dyson equations
lead to the same approximate Eq. (12). We also note that
Eq. (12) for the A = O case preserves all the symmetries (as a
consequence of the unitary evolution) of the Green’s functions
(see Appendix). Equations (11) and (12) can be solved to
obtain the A-dependent Green’s functions which can be used
to compute charge transfer statistics using Eq. (6). In the
following, we apply this formalism to study the Berry effect
on the charge transfer statistics in a resonant level model. The
approximation in Eq. (12) allows us to analyze the pumped
current analytically.

IV. ADIABATICALLY DRIVEN RESONANT
LEVEL MODEL

Consider a single electronic site connected via time-
dependent hopping to two electronic reservoirs. The Hamil-
tonian describing this model is the same as in Eq. (1)
with Hi(t) =0 and only a single system orbital with
time-independent energy € = wy. We assume that only the
amplitudes of the system-reservoir couplings are varied adi-
abatically. We put A =1 in this section. We compute the
adiabatic Green’s functions and the lowest order nonadiabatic
corrections using Egs. (11) and (12) (see Appendix). Using
these Green’s functions in Eq. (6), we obtain an expression for
Tl LS (’})’( i’::)’T_T")] (see Appendix). In order to emphasize
the Berry-phase effect, we consider the two reservoirs at
the same thermodynamic equilibrium (up = ug = u, i.e.,
zero external bias and the same inverse temperatures, f; =
Br = B). From n; and np measurements, we can obtain the
statistics of net charge, n = (n;, — ng)/2, transferred between
the two reservoirs and the change in charge, N = n + ng,
on the system. The transformation (n,ng) <> (n,N) leads to
P(N,n, T — Ty) (see Appendix).

Statistics of particle change on the system. Since
P(N,T —Ty) =Y., P(N,n,T — Ty), the GF, Z(A,T — Tp),

5 . 9ln Z(A.T—
for P(N,T — Ty) satisfies (TlTO)[ il ;{?AT) )] =0; thus

Z(A, T —Ty) = 1 and therefore P(N,T — Tp) = 8yo. This
means that fluctuations in the electron change on the system die
in the long-time limit. This is due to the finite dimensionality
of the system Hilbert space.

Statistics of particles exchanged between reservoirs. The
generating function Z(A,T — Tp) for the probability distri-
bution of n electrons transferred from the right to the left
reservoir, f’(n,T — Ty = ZN f’(N,n,T — Tp), is obtained as
(see Appendix)

/ / do {F @®r (t)f(w) [1-— f(w)](el)\ ,[)L)}
—00 27TA( L R
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4 0 de [ [TL(t) + Tr(0)]
+_/ ‘”/ 2n[ Ha@np @

@)+ Tr@)
2[A(w,1)]?

where f'(@) = 52, To(1) = 27]ga(0)p, Tult) = %2,
A@.1) = (@ — wp)® + (FHFTD) CLOTR(O) @)1 -
f(@)][e"* + e —2], and T, is the time period of driving
which is assumed to be much larger than the internal
relaxation time of the system. Here it is assumed that the
second measurement is carried out after g = T;TO number
of cycles of driving (even if it is not the case the error
is insignificant for large measurement time, for which the
present formalism is developed). The first integral in Eq. (13)
is the so-called dynamical contribution (similar to steady-state
contribution with parameters replaced with time-dependent
quantities with a time averaging). The second integral can
be converted to parameter integral in (I'z,['g) space and is
independent of how fast the parameters are varied provided
we are in the cyclic adiabatic limit; thus it represents a
Berry contribution. When the two drivings are identical
' (t) = Tr(?), the Berry contribution vanishes identically,
and the area traced in the parameter space (I';,T'g) is zero.
Equation (13) allows us to compute the full statistics of net
particles transferred between the left and right reservoirs. For
example, the expression for the average pumped charge is
obtained by setting A = 0 in Eq. (13). The average number of
electrons pumped per cycle is obtained as

TP
Npump = F dtd,[Tp(t) — TrOIIm WD (Z),  (14)
87'[2 0

10}
0.10
5r 8 0.05
=)
5 :
3.
~0.05
_5—
~0.10
—10L. ‘ ‘ ‘ .
-1.0 -0.5 0.0 0.5 1.0

o/

FIG. 1. Average number of particles pumped per cycle, Npump,
as a function of ;& — wy and ¢. Here I'; (¢) = 1 + 10sin? ”—’ -2

Cr(t) =1+ 1051n2(”;
of 71

¢) Parameters I'y,t, and wq are in units

— @0) f1(@){T%(®) = T7() + T (OTRM[1 — 2 f (@)][e™ —
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e—i}»]}

[CL(OT (1) = TRELOLf (@)1 = f(@)][e* + e~ = 21{[0.5 — f(@)] + (o — wo)f’(w)}], 13)

(

where Z = 1 +iL[pu — wy — i(BL2EO)] and Im wD(Z)
is the imaginary part of the trigamma function W(Z) of
Z [24]. Note that Eq. (14) is valid for an arbitrary adiabatic
driving, I’y (¢). It is clear that Npymp = 0 when wo =  since
Im¥(Z) =0 in this case. This result may be useful in
identifying resonance energy, wp, of an unknown quantum
system at the junction by applying an external gate voltage
on the system such that the net pumped charge is zero.
Indeed, also when I'j(¢) = I'g(¢), there is no net pumping
of electrons between the two reservoirs. Thus the flux is
purely driven due to Berry-phase effects. Additionally, the
flux changes sign from p > wp to © < wy similarly to the
case of small-amplitude driving [25]. This is demonstrated in
Fig. 1 for sinusoidal drivings. Thus, both the phase difference
between the drivings and the detuning act as driving forces
that give rise to a net charge flux. Note that these forces
are nonthermodynamic. The Berry phase changes sign as the
driving is reversed (the area in parameter space is traced
in reverse manner) and, as a consequence, the flux reverses
the direction. Note that the dynamical part in Eq. (13) only
contributes to the even cumulants. The Berry-phase part, on
the other hand, in general, contributes to all the cumulants.
However for even-cyclic drivings, i.e., I'r(r)(—X) = 'z (X)
and I'pg)(t) = T (t/Tp, = ¢/2), where ¢ is the phase
difference, the Berry part contributes only to the odd cumu-
lants. This fact may be helpful in designing experiments to
distinguish the Berry contribution from the dynamical part. A
plot of the first four cumulants as a function of phase difference
between drivings ¢ is shown in Fig. 2. This figure demonstrate
the periodicity of cumulants as a function of ¢. It also shows
that the magnitude of odd cumulants (purely due to the Berry

20»\/\/
1 5 [ (7 First —— Second | =~ - Third F nh)
= 10f
S
= gf A L I A
E Sl T .
O 0 N . ;
_5t e T’
—_ 10,
-2 -1 0 1 2

¢/n

FIG. 2. Plot of first four cumulants ((n) and ((n — (n))*) for k =
2,3,4) per cycle as a function of ¢. The drivings are the same as in
Fig. 1. Here 4 — wy = 3 and T, = 100. Odd cumulants are magnified
by 100 times for visual clarity.
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- 2
~l= ]
0.008+ =
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~~
= n
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0.000( ; ‘ ‘ ‘ ‘ ‘ .
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n

FIG. 3. Probability distribution for the net charge (n) transferred
from the right to the left reservoir during the measurement time
corresponding to g = 100 with 7, =100, ¢ =m/2, u =0, and
wp = 3. Time is in units of #B. Drivings are the same as in Fig. 1.

contribution) are order of Tl smaller than the magnitude of the

even cumulants. Further it is also clear from the figure that odd
cumulants are odd functions of ¢ and even cumulants are even
functions of ¢.

In Fig. 3 we present numerical result for the full distri-
bution function P(n) for measurement time corresponding
to ¢ = 100. The distribution seems symmetric (second and
third cumulants are ~18 and ~0.05, respectively) and is
peaked around the value n ~ g Npymp. In the inset we show
In[P(n)/ P(—n)] which grows linearly with n, confirming the
GC-type fluctuation symmetry. However this symmetry origi-
nates due to nonthermodynamic forces and, as a consequence,
the GFs for the forward (ZF) and backward (Zp) drivings
satisfy Zp(A) = Zp(—A) (see Appendix).

V. CONCLUSIONS

We developed an approximation scheme for comput-
ing the full counting statistics of adiabatic charge pumps
within the NEGF formalism. We applied this formalism to
study the statistics of pumped charge in a single-level model
where the coupling to the reservoirs is driven adiabatically
in time. It is found that a net (nonzero) number of electrons
can be transferred between two reservoirs kept at the same
thermodynamic states by adiabatically modulating the ampli-
tudes of system-reservoir couplings. An analytic expression is

J
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derived for the net charge pumped per cycle entirely due to the
geometric (Berry) phase. The phase difference between the
drivings as well as the energy difference between the resonant
level and reservoir chemical potential (at zero bias) are the im-
portant parameters that determine the direction of the pumped
current. The statistics of the pumped charge is also influenced
by the Berry phase, and the corresponding distribution function
follows the Gollavati-Cohen type symmetry.

Note that in the present application we have assumed
that only the amplitude of the system-reservoir couplings is
varied adiabatically while the phase is constant. It is known
that a simple linear time-dependent phase can be effectively
transformed to the time-independent chemical potentials of
the reservoirs [26]. Thus if phase is varied linearly with
the same frequency, there is no net pumping of charge. For
different frequency modulations, the net charge pumped per
unit time is proportional to the difference of frequencies.
This also can be obtained within the presented formulation in
Sec. III. Consider system (resonant level)—reservoir couplings
with a general time-dependent phase factor |gq |e%®) (where
o« = L/R) such that the Hamiltonian is periodic in time with
period T),, assuming that the amplitude of ¢,(¢) is small so
that adiabaticity remains valid at all times. Then, to first-order
correction, Wigner-transformed self-energy due to couplings
with the reservoirs in Eq. (11) is nonzero, unlike the case when
only amplitudes are varied. This then leads to an expression
for average pumped charge per cycle at zero bias as

N = | do _ TiTef'@)
pump — . E(a)—a)o)z + (%)2
T, . .
« f dilpo () — (1)), (15)
0

where I', = 27|g,|?p. This clearly demonstrates that if ¢, (f)
are considered as linear functions of t, i.e., ¢u(t) = wut +
¢, there will be pumping only if w; # wg. Note that this
result agrees with the exact result obtained by a time-dependent
unitary transformation which transforms the linear phases in
couplings to chemical potentials. On the other hand, if ¢,/(?)
themselves are periodic functions in time, it is clear from
Eq. (15) that the average pumped charge vanishes.
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APPENDIX
1. Derivation of Equation (6)

Equation (5) can be recast in terms of the system Green’s function matrix alone by substituting the mixed Green’s functions

in terms of the system Green’s functions [20]. We get
dIn Z(A,L,AR,T - T())
A(iAg)

T T
]= / dn / Ao T Z5 7 (11,0)G ™ (ta,1) — G (11,0) Zg (12,111
To T

(AD)

Here the trace is over all the system orbitals and E;g_(t,t/), etc., are real-time projections of self-energy matrix Xg(z,7’) due to

interaction with the right reservoir. It has matrix elements

Srer(T, 7)) = Z grir(T)e PROD=1r(T )]G‘,)ek,Rk,(r,t/)g}‘ek,,,/(r/),

k. k'

(A2)
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where G(}zk, Rk/(r,r/) are contour-ordered Green’s functions of the free right reservoir. G*~(z,t’), etc., are real-time projections
of the system contour-ordered Green’s function matrix with elements defined in Eq. (7). Now we use the Wigner representation
of the quantities in the integrand of Eq. (A1) [19]; i.e., we use the transformation pair A(¢,t') = f +oo do A(w,1.)e'" and

oo 2w
Alw,1.) = fj;o dt, A(t,t")e ' (here t. = % and t, =t — ¢’ are classical and quantum times, respectively) to get

|:a In 20w Ap T = TO):| = /T dt. /(T_TO) dt, /+Do @ e @ei(wl_a&)td
A(iAR) T ) o 2m ) 27

—(T—To)
X Tr[z}__(wl:tc)G_+(w2:tc) - G+_(wlatc)2;+(a)27tc)]‘ (A3)
Here ¢, = % and t, = t; — 1. We neglect the effect of transients by assuming that the measurement time T — Tj is large

compared to internal relaxation times and the driving time period (hence we send the ¢, integral from —oo to co). This leads to

I ZGp.p T —To)] [T T dw i . i 4
[ 3 hn) }_fro dt/_oo ETr[ER (@,)G (w,t) = G (w,)E " (w,1)]. (A4)

2. Symmetrization of generating function

From Z(Ap,Ag,T — Ty) we can obtain the combined distribution function P(n,ng,T — Tp) for the electron number change
on the left and right reservoirs over the measurement time period of (T — Tp) using Eq. (2). However in order to compute the
statistics of the net number (/) of electrons changed on both reservoirs (which is the same as the number of electrons changed on
the system) and the net number (n) of electrons exchanged between both the reservoirs, we perform a coordinate transformation
(np,ng) = (N,n) = ("4 1L2R) Performing this transformation in Eq. (2), we obtain

- 1 2 dA 27 dr .
P(N,n,T—TO):— _Z(A AT — T)el(AN-b-An) (A5)
2 -2 2w

where the factor 1/2 appears due to the Jacobian of transformation. Z(A AT — Tp) is obtained from Z(hp,Ag, T — Tp) by
perforrrllng a coordinate transformation (Az,Ag) = (A,A) = (AL + Ag,AL — Ag). From P(N,n,T — T;) we can get P(N,T —
Ty) or P(n,T — Ty) by summing over n or N, respectively. Summing over N, we get

Pn,T — Ty = - ZNd—)LZ()LT Tp)e'™" = Zﬂd—kéx\T—T ihn A6
) 0) — 2 5 27_[ e - 0 27_[ ( ) O)e ) ( )
—ZT

where the second equality follows from the 27 periodicity of Z(A,T — Tp).

3. A-dependent Wigner-transformed Green’s functions for the resonant level model

In this section we describe the procedure to get the A-dependent Green’s functions (up to lowest linear order correction in
driving) for the resonant level model. We calculate the Green’s functions on the Keldysh contour which goes from —oo to oo
and back to oo under the large measurement time assumption in order to neglect initial correlations.

The noninteracting Green’s function Gy is defined below Eq. (8). The Wigner-transformed inverse of Gy is given by

G;l(w,t)= <w—a)0+i;7 0 . )

0 w—wy—in)’

where n = 0%. The A-dependent Wigner-transformed self-energy (with terms up to linear in first derivative in classical time) due
to coupling to the reservoirs is X(w,t) = ZO(:L,R Yo (w,t) with

i _ _iFa(t)[0~5 - fot(w)] ira(t)fa(a))ema
(1) = iTo(O[1 — fu(@)le™™ iTo(D[0.5 — fu(w)])

Here we assume that the system-reservoir couplings are real (the results remain same even for complex couplings with only
the amplitudes being time dependent) and independent of energy (wide-band approximation). The first-order correction to the
self-energy due to external driving is then zero (for the case when phases of couplings are time dependent, there will be a finite
first order correction to self-energy).

. . . = —1 < . . . .
Using Eq. (11) together with the above two equations for G, and X, we get an expression for the adiabatic Green’s function
as

Gad(wvt)
_ 1 fo-wo— iTL([0.5 = fr(w)] —iTr(®)[0.5 — fr(w)] iCL(t) fr(w)et 4 iTg(t) fr(w)e™®
Alw,0)\ iTL(O[1 = fr(@)]e ™ +iTr(O[1 — fr(@)e™™*  ®—wy+iTL(N[0.5 — fr(@)] +iTr®0.5 — fr(w)]
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with

TL(1) + Tr(t)\?

Alw,t) = (@ — €)* + ( > ) + TLOTrRO{fL(@)[1 — fr(@)](e 7 — 1) + fr(w)[1 — fr(w)](e " *=40) — 1)},

where f1 () and fg(w) are Fermi functions of the left and right reservoirs, respectively.
Using G,q(w,t) in Eq. (12) we calculate the lowest-order correction to the Green’s functions. We give expressions only for
+— and —+ components:

. iTL(t) fr(w)e™ +iTr(t) fr(@)e™ iy + Trl(w — wo)

b _ _ / ilp / iAg
& @n= Aw.D) Anwnp O Trfr(@e]
INIOVIGESYION . 4
e ;[(;)(w,t);(t) L(t)]{[l = 2fr(@)]fr(@)e™ —[1 =2 fr(@)] fr(@)e™")
+’[ (A“’( t)i’z)[rL(t)rR(t)fR(w)fLw) TrOTL() fr(w) fr(@)](e™ — &™), (A7)
4 AT = fu@)]e ™ +iTr@[1 — frl@)e ™ il + TRl —wo) | ., - SN itk
G n= Aw.1) T A @ T r@e ]
MR OO = LT Ol ot - ful@le™ — [ = 2@l — fal@)le™™)
2[A(w,1)]?
’[(A"’( “)"”{FL(r)rRa)[l — [rR@)]f{ (@) = TROT O[] = fr(@)] fr(@)}e™ ™ — e ), (A8)
Using G+_(w,t),G (w,1), E;_(a) t),and 5 +(a) t)in Eq. (6) we get an expression for T T)["’]“Z(}ég:g;T—T")]to lowest-order
correction:
1 [aan(kL,AR,T—To)iI
(T = Tp) (iAR)
P +oo
= _/ / ‘2176: { FL(t)FI:)(t) { frl@)1 — .fL(a))]e*l’()tL*)LR) — fr(@)[1 — fR(a))]ei()\L*)\R)}
TrOICLOR(E) — DI L] TrOITLE) + Tr(OI(@ — wo) , ,
" [ 2[A @0 i) = Jr(@)] = 2[A (@, P Pt gl
CrO[CLOTr@E) — Tr@T . 4
OO KOO 2 @ @l = @™ = 1)+ faf@l] = ful@le 0 — 1)
TL(OTRMIIL() + Tr))(@ — ) P I
e ZEA(a),t)]I; ZH@{[1 = fr@)(e® 7 = 1) + fr(@)(e 40 — 1))
r
Mrm)( 0 — ) f1(@) fr@] — fr(@)[e P 4 ¢ 010 ]
T AC (tt))]zFL(r)fR(w)(w wo){ L@ = fr@)(e® 7 = 1) + fr@)[1 — fu(@)(e” "7 - 1)}“’ (47

where f,(w) is the w derivative of f,(w), f‘a(t) is the time derivative of I'y(?), and T, is the time period of driving which is
assumed to be much larger than the internal relaxation time of the system. A similar expression for T [dnz %ﬁ l.‘;f)‘T_TO)] can be
obtained by swapping L and R labels in Eq. (A9). Here it is assumed that the second measurement is carried out after an integer
number of cycles n = T;})T" of driving has been performed (even if it is not the case the error is minimal for large-time statistics,

. L . . A Z(y Ap.T—To) 3In Z(up hp, T—To)
for which the present formalism is developed). Using expressions for —=|[ e land =7l T ], the

expressions for the generating function for particle change on the system and particles exchanged between reservoirs can be
obtained. These expressions for the f;(w) = fr(w) = f(w) case are given in Sec. IV.

4. Symmetries of the Green’s functions
As the full system is evolving with respect to a Hamiltonian, the evolution is unitary when A; = Ag = 0. As a consequence,
matrix elements of G(t,t’) satisfy the symmetries [19] (i) [@;:(t N = u;;(t ,1), (i) [@;;(t N = u:nj(t ,1), (iii)
[G;; @, = —G:,; (,t), and (iv) [G;:(r,t’ n=-G,, (t ,t). These symmetries in the Wigner representation can be
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summarized in a matrix form as

s G G (w0 Y G (0] —[G (0]
G , — o 9 o ) G , - L ) - ) .
o [G Yo Ewn] DO T | e wor 16

The approximate Green’s function matrix used in this work can be expressed as

i

G(.1) = Gyl + 3 [(00.G (@, 018 g (@,1)0, Gaa (@,1) — (3G oy (@0, G g (0,0 G aa(@,1)]. (A10)

This approximate Green’s function satisfies all the above symmetries provided Gad(a),t) satisfies the above symmetries
which in turn requires Go(w,7) and 3(w,t) to satisfy the above symmetries, which they do. Another important symmetry
is @;:(Z,t’) — @;;(Z,t’) = G;;(t,t’) - @;:(I,t/) which in the Wigner representation becomes G++(a),t) -G (w,0) =
G,:; (w,t) — @;:(a),t), which is also satisfied by the above approximate Green’s function provided Go(w,t) and (w,?) also
satisfy it, which they do.

mn mn

5. Detailed fluctuation theorem for pumped charge

We consider a special case when both the reservoirs are at the same thermodynamic states (i.e., f; = fr = 8 and up =
wgr = ) and drivings are of the form I'y (1) = F(ZTLP’ — %) and ['gr(r) = F(ZT—’;’ + %) [where I"(x) is an even periodic function
with period 27]. During the time-reversed evolution, the drivings at time ¢ are obtained by substituting t — T, — ¢ for drivings
in the forward evolution. Clearly the Hamiltonian does not have time-reversal symmetry as I'zz) (T, — t) = I'rr)(?); the left
and right couplings switch roles. Then using Eq. (13), it can be shown that ZrO\T —Ty) = Zg(—r, T — Tp), where Zp and
Zp are moment-generating functions of the probability distribution function for the number of particles exchanged between
two reservoirs with forward and backward driving protocols, respectively. This is the Gallavotti-Cohen type symmetry for the
zero-bias case. This symmetry leads to a detailed fluctuation theorem (FT)

Pr(n,T — T,
m Pr.T - To) =1, (A11)
(T-Tp)—oo Pg(—n,T — Tp)
which is consistent with the standard (nondriven) steady-state FT for charge transfer in a single resonant level system at

equilibrium (zero external bias). However, at steady state Pr = Pg, and the above relgtion leads to Pp(~n) = Pp(—n) at large
measurement times. However, for a driven case, as we show in the Fig. 3, we find that Zp(A,T — Ty) # Zp(—A,T — Tp) due to

the Berry phase which leads to a finite net charge transfer between reservoirs.
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