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Interaction effect on adiabatic pump of charge and spin in quantum dot
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We investigate the pumped charge and spin at zero bias by a modulation of two control parameters using
the full counting statistics with quantum master equation approach. First we study higher order effects of the
pumping frequency in general Markov systems and show in this limit the equivalence between our approach
and the real-time diagrammatic approach. An adiabatic modulation of the control parameters induces the Berry-
Sinitsyn-Nemenman (BSN) phase. We show that the origin of the BSN phase is a nonadiabatic effect. The pumped
charge (spin) is given by a summation of (i) a time integral of the instantaneous steady charge (spin) current
and (ii) a geometric surface integral of the BSN curvature, which results from the BSN phase. In quantum dots
(QDs) weakly coupled to two leads, we show that (i) is usually dominant if the thermodynamic parameters are
modulated, although it is zero if the thermodynamic parameters are fixed to zero bias. To observe the spin effects,
we consider collinear magnetic fields, which relate to spins through the Zeeman effect, with different amplitudes
applying to the QDs and the leads. For interacting one level QD, we calculate analytically the pumped charge
and spin by modulating the magnetic fields and the coupling strengths to the leads in the noninteracting and
strong interacting limits. We show that the difference between these two limits appears through the instantaneous
averages of the numbers of the electron with up and down spin in the QD. For the quantum pump by the
modulation of the magnetic fields of the QD and one lead, the energy dependences of linewidth functions, which

are usually neglected, are essential.
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I. INTRODUCTION

In a mesoscopic system, even at zero bias, a charge or
spin current is induced by a slow modulation of two or more
control parameters [1—11]. This phenomenon, called quantum
adiabatic pump, is theoretically interesting because its origins
are quantum effects and nonequilibrium effects. The quantum
adiabatic pump is also expected to be applied to the single
electron transfer devices and the current standard [12,13].

The adiabatically pumped quantity is described by a
geometric expression in the control parameter space, although
the pumped quantity coming from second or more higher order
of the pumping frequency is not geometric. In noninteracting
systems, the quantum adiabatic pump had extensively been
studied by the Brouwer formula [14-22], which describes the
pumped charge by the scattering matrix. On the other hand, it
is difficult to calculate the scattering matrix in the interacting
systems. In the interacting system, the Brouwer formula had
only been applied in mean field treatments [23,24] or in the
Toulouse limit [25].

Recently, the quantum pump in interacting systems have
been actively researched. There are three theoretical ap-
proaches. The firstis the Green’s function approach to pumping
[26-28]. The second is the real-time diagrammatic approach
[29-36] (RT approach), which uses the generalized master
equation (GME) that is equivalent [37,38] to the quantum
master equation (QME) derived using the Nakajima-Zwanzig
projection operator technique [39]. Particularly, Ref. [34]
derived a geometric expression similar to the Brouwer formula
and the Berry-Sinitsyn-Nemenman (BSN) vector explained
later. The third is the full counting statistics [40-42] (FCS)
with the quantum master equation (FCS-QME, which is also
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called generalized quantum master equation [42]) approach
proposed in Ref. [43].

The adiabatic modulation of the control parameters induces
a Berry-phase-like [44] quantity called BSN phase in the
FCS-QME with the Markov approximation. Sinitsyn and
Nemenman [45] studied the adiabatically pumped charge using
the FCS and had shown that it is characterized by the BSN
vector, which results from the BSN phase. The BSN vector
was applied to the spin boson system [46] and a connection
was made to the excess entropy production [47,48]. The
FCS-QME approach can treat the Coulomb interaction, which
cannot be treated in the Brouwer formula. The derived formula
of the BSN vector depends on the approximations used for
the QME. The Born-Markov approximation with or without
the rotating wave approximation [39] (RWA) is frequently
used. The QME in the Born-Markov approximation without
RWA sometimes violates the non-negativity of the system
reduced density operator [49]. The QME of the RWA or the
coarse-graining approximation [50,51] (CGA) is the Lindblad
type which guarantees the non-negativity [39].

Some recent papers [33,34,43] showed that the Coulomb
interaction induces the quantum pump. In Refs. [33,34], it
was shown that in a one level interacting quantum dot (QD)
weakly coupled to two leads, the pumped charge (also spin in
Ref. [34]) induced by an adiabatic modulation of the energy
level of the QD and the bias between the two leads vanishes
in the noninteracting limit. In particular, Yuge et al. [43]
studied the pumped charge coming from the BSN curvatures
by adiabatic modulation of the thermodynamic parameters (the
chemical potentials and the temperatures) in spinless QDs
weakly coupled to two spinless leads and showed that the
BSN curvatures are zero in noninteracting QDs although they
are nonzero for finite interaction.

In this paper, we first generalize the FCS-QME approach
to multicounting field to calculate spin current (Sec. II A). We
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then study the nonadiabatic effects in general Markov systems
and clarified the relations between the FCS-QME approach
and the RT approach [34] in Sec. II B. Additionally we show
that the origin of the BSN phase is a nonadiabatic effect.
Next we explain the model to be considered (Sec. III). We
consider QDs weakly coupled to two leads (L and R). To
observe the spin effects, we consider collinear magnetic fields,
which relate to spins through the Zeeman effect, with different
amplitudes applying to the QDs (By) and the leads (B, and
Bg). The dynamic parameters (Bg, By /g, and the coupling
strengths to the leads) are control parameters. We use the RWA
defined as a long coarse-graining time limit of the CGA to the
FCS-QME. In Sec. IV and Sec. V, we consider noninteracting
and interacting QDs, respectively. First, we show (in Sec. IV B
and Sec. V B) the time integral of an instantaneous steady
current is usually dominant if the thermodynamic parameters
(the chemical potentials and the temperatures of leads) are
modulated (as considered in Refs. [33,34,43,52,53]). Nextina
one level QD with the Coulomb interaction U, we analytically
calculate the BSN curvatures of spin and charge induced by
the dynamic parameters in the noninteracting (Sec. IV C) and
strong (Sec. V C) interacting limit (U — 0,00). The difference
between the results for U = 0 and U = oo appears through
the instantaneous averages of the numbers of the electron with
up and down spin in the QD. For the quantum pump by the
adiabatic modulation of (B, Bg), the energy dependences of
linewidth functions, which are usually neglected, are essential.
In Sec. VC, we show and discuss the contour plots of BSN
curvatures evaluated numerically. Finally, we summarize this
paper with discussions (Sec. VI). In Appendix A, the Liouville
space [42,54] and the matrix representation of the Liouvillian
are explained. In Appendix B, we derive the FCS-QME of
the CGA and discuss the difference between the CGA and the
RWA. In Appendix C, we derive Eq. (5).In Appendix D, we
discuss the validity of the adiabatic expansion in Sec. II B. In
Appendix E, we discuss the derivation of Eq. (31).

II. FCS-QME

In this section, we consider general Markov systems weakly
coupled to noninteracting (fermionic or bosonic) baths. The
model we use to do a concrete calculation is explained at
Sec. III.

In Sec. ITA, we explain the FCS-QME method using
the Liouville space [42,54] (Appendix A). This method is
a generalization to the multicounting field of Ref. [43].
In Sec. IIB, we study nonadiabatic effect, and show the
equivalence to the method of Ref. [34].

A. Derivation of FCS-QME

Consider a cyclic modulation of the control parameters with
aperiod . Att = Oandt = t, we perform projection measure-
ments of uth time-independent observables {O,,} indexed by
1 of baths which commute with each other. Ao, = o) — o’
denotes the difference of the outcomes {0’} at r = z and
the outcomes {oﬁ))} at t = 0. The Fourier transform of the
joint probability density distribution P;({A0,}), Z:({x,}) =
I Hu dAo, P({Ao,})e! 2. xuhou ig the generating function.
Here, x, are counting fields for O,. Z.({x,}) is given
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by Z.({x.}) =Trmt[,off)t(t = 1)] using an operator of the
total system o (t) [42]. Here, x denotes the set of the

counting fields {x,}. We defined p*(¢) & Trplpf,(t)], where
Trp denotes a trace over baths’ degrees of freedom. p*(f)
provides the generating function Z;({x,}) = Trs[p*(t = 1)].
In Appendix B, we derive the full counting statistics with
quantum master equation (FCS-QME) [i.e., the equation of
motion of p*(¢)] from the equation of motion of p,(¢). In this
paper, we set i = 1. We suppose py(0) = p(0) ® pp(cp) and
Pot(t) = p(t) ® pplay) (0 <t < 1), where pio(7) is the total
system state, p(t) = Trg[pw(t)] is the system reduced density
operator, pp(;,) is a tensor product of the grand canonical or
canonical distributions of the baths, and «; is the value of the
set of the control parameters at time ¢. If the baths are electric
leads, pg(c,) is given by Eq. (B2). The FCS-QME [42,43] is

dp*(t)
dt

and the initial condition is p*(0) = p(0). Here K *(c,) is the
Liouvillian modified by yx. The Liouvillian depends on used
approximations, for instance, the Born-Markov approximation
without or within RWA [39] and the CGA [50,51]. After
Sec. III we choose the Born-Markov approximation within
RWA; however, in this section we assume only Markov
property (i.e., KX just depends on «;). At x = 0, the FCS-
QME becomes the quantum master equation (QME)

dp(t)
dt

= K" (a,)p* (1), (1

= K(a)p(@). 2

K () equals K*(ay) at x = 0. In the following, a symbol X
without x denotes X*|,—o.

In the Liouville space (Appendix A), the left and right
eigenvalue equations of the Liouvillian are

KX ()| pf (@) = 1L ()| pf (@), 3)

(X @] K* (@) = 2} @){1} (@)]. “

The left eigenvectors I} () and the right eigenvectors pp ()
(operators considered as elements of a vector space) satisfy
(X ()| pX(@))) = 8um. Here, a denotes arbitrary values of
the set of the control parameters. The mode which has
the eigenvalue with the maximum real part is assigned
by the label » =0 and is called the slowest mode. In
the limit x — 0, A{(«) becomes 0 and ((/{(«)| becomes
(1], ie., lyla)= lA The conservation of theA probability
L((1p®)) = (1K (@)]p@)) =0 leads ((1|K(a)=0. In
addition, n = 0 mode right eigenvector, | pp(c))), determined
by R (@)|po(@))) =0, represents the instantaneous steady
state; if the control parameters are fixed to «, the state p(¢)
converges to pp(a) at + — oo. In general, the solution of the
FCS-QME Eq. (1) is expanded as

P2 0) =D et V| pX (@), ©)

where AX(r) = fo’ ds M} (a;). The coefficients cf(t) obey
Eq. (C8). The coefficients ¢; (¢) are given by solving Eq. (C8).
The condition which makes {c} ()}n0 negligible is discussed
in Appendix C and was studied carefully in Ref. [55] for x = 0.
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In this section, we consider sufficiently slow modulation of
the control parameters. The effects of fast modulation are
considered in the next section. For the slowest mode, the
second term of the right side of Eq. (C8) exponentially damps
as a function of time. The relaxation time of the system (ty) is
the order of ' !, where T is the typical value of the linewidth
functions [defined as I'; in Eq. (58)]. Assuming the cycle time
T is much longer than tg, we obtain

o) = exp [~ [ aritg@n Lisga@m] ©

and
X (1)e™ D 2 0 (n # 0). (7

In fact, ¢ (t)eM® = = O(%) with w =27/t as explained in
Appendix C. We denote the condition which makes the
above approximation appropriate as x-adiabatic condition.
Using the initial condition p*(0) = p(0), we obtain cé 0) =
((lg (20)|p(0))). Substituting these equations into Eq. (5), we
obtain [43]

lp* (7)) ~

= Jy dt({ @) %1 pf ()

((I§ ()| p(0)))e
Xeff)r dr)»g(a[”p())((ar)))v (8)

and the cumulant generating function S;(x) =1InZ.(x) =

In{(1{p*(7))):

$:00 = formg(a»—%da (1 )|M

+ In ((I§ (o) | p(0))) + In (1] pf (c2)))- 9)
Here, we used [ dt((lx(ozt)|dt|,00 (@) = fda" (I ()]
il goff»), where C is the trajectory from o to «,, o” are the
nth component of the control parameters, and the summation
symbol ), is omitted. Equation (9) is the same with Yuge
et al. [43] except that x denotes a multicounting field. The

averages (Ao, ); = %fit)((f))|x=0 are
T d
(Aoy): = / di A () — f ({15 (@) '”;(‘f?”
0 c
+ ({15 (@0)| p(0))) + ({1108 (0))), (10)

where X" («a )det BXX(D‘)|X70. Here, we used —ggc da” ({lp(a)

M)
({11 (e0))) {{lo(a)]

d o
|2 — — (1] (o)) +
LG aa,,((1|,o («))). The integrand of the first time

dan
integral, A{ (o), are the instantaneous steady currents of O,
at time t; if the control parameters are fixed to o and the
state is po(a), the current of O, is Ag (o). The integrand
of the second term of the right side of Eq. (10) is the

Berry-Sinitsyn-Nemenman (BSN) vector [45]

0
A#( )—((lﬂ( )| |100(05)>>' (11)

because

The third and fourth terms of the right side of Eq. (10) cancel
if the initial condition is the instantaneous steady state po(c).
Because of o, = g, the second term of the right side of
Eq. (10) can be described as a surface integral over the surface
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S enclosed by C using the Stokes theorem:

(Aop)e = (A0,)SY + (Ao,)e™™, (12)
(AO )Stead}’ f dt )\'g(al)’ (13)
0
- 1
(o) B = / do” Ndo"SFp @, (14)
S

Here, A is the wedge product and the summation symbol ),
is omitted. BSN curvature F,,(c) is given by
dAn (@)  An(@)

FH = — . 15
(@) oo™ da" s

Yuge et al. [43] focus on only the second term of Eq. (12)
subtracting the first term, and they did not evaluate (Ao M)§teady.
In Sec. IV B, we show that this contribution is usually dominant
if the thermodynamic parameters are modulated although
the steady currents Aj(c,) are zero if the thermodynamic
parameters are fixed to zero bias.

From the cumulant generating function Eq. (9), we can cal-

culate the second order cumulants “(0,,0,); = %| 2=0
)30 X

and higher cumulants. However, we focus only on the first
order cumulants (averages) in this paper. Up to the first order
cumulants, we do not need the multicounting field. In fact, the
multicounting field is helpful to understand the physical origin
of each term of the (FCS-)QME.The counting fields appear
only in A e B (A,B # 1) type terms in the dissipator term
[1%e [see Eq. (A7); e is an arbitrary operator] as Eq. (B7).
For instance, the factor ¢/* with the counting field for total
number of electron with spin o of bath b, x;,, means tunneling
process from the system to bath b with spin o. The factor e~ %
means tunneling process from bath b with spin o to the system.

B. Nonadiabatic effect and BSN vector

In this section, we consider nonadiabatic effect [that comes
from (£)" (n =1,2,...) with @ = 27/7], which had been
researched recently [31,35,52,53]. If the modulation of the
control parameters is not adiabatic, the difference between

the state and the instantaneous steady state, p“(t) & p(t) —
pole) =3, £0 ca()e® D p,(a;), is important. In contrast to
Appendix C and Ref. [55], we do not treat {c, (?)},-0 explicitly;
instead, we use the pseudoinverse of the Liouvillian. The
formal solution of the FCS-QME Eq. (1) is

|p* (1)) =T exp [/0 ds Iex(as)}lpx(o))% (16)

where T denotes the time-ordering operation. Using this, we
obtain the averages [52]

(Aoy) =

i et

J
- [

(LK (@)lp@))) + ((11p"(0)))

(LK (@)lpw))) = fodulu(u)- a7
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Here, we use ((1|K (o) = 0 in the second line and | p*(0))) = 0
(derived from |p*(0))) = |p(0)))) in the third line. Moreover,
using ({(/o()| = ((1], Ao(x) = 0, and Eq. (4), we obtain [53]

(1K™ (a) = Ag (@)((1] = ({16 (@)| K (@). (18)
Hence the currents /() are given by

L,(t) = (1K™ ()| p(t)))
= M (o) — ((lg(a,>\1€<az)|p<r)>>

= o () — ((l“(az)| Ip(t))> (19)
The used approximation is only the Markov property of the
Liouvillian, Eq. (1). In Appendix D, we discuss the reasonable
range of the power of & (nonadiabaticity). Substituting Eq. (19)
with p(t) & po(a;) into Eq. (17), we obtain Eq. (10) without the
third and fourth terms. If p(0) # po(p), the state relaxes to the
instantaneous steady state in the relaxation time tg. The third
and fourth terms of Eq. (10), (A0,)3™ = (I} (20)|p(0))) +
{(11p{ (atp))), result from this relaxation. The contribution of

(Aoy). from 8p(0) = p*(0) = p(0) — polap) is
(Ao & /0 i @ | 1500
I
+/OT W( ’)‘|«s<>> 20)

with [8p(1))) & T exp] [y ds K (a)1180(0))). The first term of
the right side of Eq. (20) is (Aoﬂ)i“‘. Because we can obtain
({15 (@) po(e))) + ((1]pg (@))) =0 from the normalization
({lg (@] pg (@) = 1, (Ao,)T is given by ((lj (@0)[|p(0))) —
[p(op)))] = ((lg(oco)|8p(0))) The second term of the right
side of Eq. (20) is exponentially small since 8p(t) ~ e~ '".
The order of the third term is O(F) with @ = 27/t because

W = O(w) and the integral range is restrictedupto 1/ T

since §p(t) ~ e~ ', Hence (Aoﬂ)m‘ = (Aou)fr4 + O(%)).The
currents can also be written as

L) = ((1|Wy(a)|p())), 2
where W, («) are the current operators defined by

(LW, (@) = (11K (@), (22)
ie., Trg[W, (a)e] = TrS[K”(a)o] for any operator e [see
Eq. (A14)]. Using Eq. (18), the instantaneous steady currents
are given by

(LW (@)l po(@))) = Aj (@) =

In the QDs weakly coupled to two leads, the electric current
operator [i.e., W,(a) corresponding to the electric current]
coincides with Ref. [56] in the Born-Markov approximation
without or within RWA.

Applying the pseudoinverse R () defined by

R(@)K (@) = 1 — | po(e))) ({1 (24)

[¥%@).  (23)
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to the QME Eq. (2), we obtain

@) =

=2 [R(a»%]"mo(ao» =2 1p"P@)). (25)

n=1 n=1

Substituting Eq. (25) to Eq. (21), we finally reach

d d
Rle) = 1polen)) + R(“r)a'/)a(t)»

L(t) = Iiteady(al) + Z I;Z(n)(t)’ (26)
with IZ(")(Z) def ((1 |Wﬂ(a,)|p“(”)(t))). Since %at = O(w) and
Ria) = O(b),

pa(n)(t) — 0(2>n. 27
r

In Appendix D, we discuss the reasonable range of n of
p%M(t) and show that with the larger nonadiabaticity (), the
reasonable range becomes wider.

Let’s consider the relation between Eq. (19) and Eq. (26).
In Sec. II A, we used x-adiabatic approximation Eq. (8),

which becomes |p(t))) &~ |po(a,))) at x = 0. Substituting it
to Eq. (21), we obtain 1,,(t) ~ I teady(t). So, we cannot obtain
nonadiabatic currents Z I ”(’”(t). However, from the yx,

n=1"pn
derivative of Eq. (8), we obtain

L(1) ~ Ay () — ((l”(at)| lpot@n)). (28)

This is equivalent to Eq. (10) for p(0) = po(co). Equation (28)
suggests

1“O@) = ((z"(a,)| |)00(at))) (29)

In fact, this is equivalent to Il‘j(l)(t) = ((1IW,. ()| p*V(1))),
namely

IEV() = ((11W, (omR(a,) ~lpo(@), (30)
because of
(LW, (@)R(er) = ({1} ()| + e, ()((1], @31)

which was shown by Sagawa et al. [47] for a single counting
field. Here, ¢, (cr) are constants shown in Eq. (E7). We prove
Eq. (31) at Appendix E. Equation (19) and Eq. (26) are
identical because of Eq. (23) and Eq. (31). In other words,
in the expansion of /,(¢) obtained from a substitution of
p(t) = polay) + Zf;ozl pW(1) = Ziio p“M(t) into Eq. (19),
the nth (n = 0,1, ...) order nonadiabatic solution, p"(z),
gives (n + 1)th order nonadiabatic currents 7¢""+"(r) because
of Eq. (31). Hence the FCS-QME approach picks out one
higher order nonadiabatic piece of information from the
solution of the QME.

Moreover, although the BSN phase [i.e., the argument of
the exponential function of Eq. (6)] is derived under the -
adiabatic condition which makes Egs. (6) and (7) appropriate,
its origin is probably a nonadiabatic effect that comes from &,
because Eq. (29) shows that the BSN phase has the information
of the nonadiabatic part of the QME [p%(¢) = p(¢) — po(c;)].
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It is important to recognize the relations between the
FCS-QME approach and the RT approach [30-36]. In the RT
approach, p,(t) = (k|p(t)|k) are governed by the generalized
master equation (GME)

—pk(t) = Z / dt' Weey(2.1)py (1), (32)

where |«) are the energy eigenstates of the system Hamil-
tonian. The kernel W,,(¢,#') can include the higher or-
der contribution of the tunneling interaction between baths
and the system. In the GME, p,(¢) is given by p,(t)+
b l(’k,’)kdg‘;t”k(') [30,31]. Moreover, W,,(t,t') and p,(t)
are expanded as W, (t,1') = > 0_ Zjo | W,E',;ij)(t;t —t')and
) =320, pf;(l;)(t), where W,f';)u)(t t—1t) and
p%)(t) are of the order of @"I'/. In particular, W(n( st —

)= W(w)(a,,t —t') is the kernel where the control pa-
rameters are fixed to «;. Up to the second order of the
tunneling interaction (in the following we consider this level
of approximation), we obtain [31,35]

0= Z K& @)py ), (33)
/(cr? n)(t) (0) (n+1)
Z KO py ), (34)
forn =0,1, ..., with
KO () = [ Car W (et — 1), (35)

which is the instantaneous Liouvillian corresponding to our
K (o). Equation (33) is just the definition of the instantaneous
steady state p{*(ct;) = p (0)(t) which satisfies Y, p©(e,) =
1. Additionally, p,(:g)(t) for n > 1 satisfies ), p%)(r) =

The conservation of the probability leads to ), K ,597)(01,) =0,

which corresponds to our (11K (et;) = 0. The charge or spin
current 1, (¢) is given by [34,35]

L(1) = Z wil(@,) p, (1), (36)

corresponding to our Eq. (21). w)(«,) is the instantaneous
current matrix of O, in the present approximation, which
corresponds to our W,(«,) and is linear in I". Substituting

Po(0) & 302 pii’, (1) into Eq. (36), we obtain

L= 10, 1

n=0

Equation (34) for n = 0 leads to [34]

dpO(c,
pl (0 = ZR,?K( P (“) (38)

I"() = Z wl@)pl’ ., @). (37

Here, R, («) is the pseudoinverse of K («;) corresponding
to our R(«;) and it is given by [34]

Ryc(ar) = (K e, Ky =KD — KO, (39)
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Substituting Eq. (38) into Eq. (37), we obtain [34]

dpl((o)(oz,)
D) = Zw[’”( T (40)
oM@, = Z wi () Ry (at). (41)

A similar method has been used in Ref. [30]. ¢!*!(c;) and
Eq. (40) respectively correspond to our ((1|W,(x)R(x) and
Eqg. (30). Moreover, Eq. (34) for arbitrary n leads to

. dpi"%,()
Pt 1)m—ZRnK( N 42)

which corresponds to our Eq. (25). Because of these relations,

the RT approach is equivalent to the FCS-QME approach in the
calculation up to the second order of the tunneling interaction.
Additionally, we discuss corrections due to the nonadiabatic
effect of the FCS-QME in Appendix D. The first equation of
Eq. (D6) is consistent with p%)(t) = O(wtp), which can be
derived from Ref. [31]. Here, tp is the relaxation time of the
baths.

In this section, we proved the equivalence between Eq. (19)
and Eq. (26) using a key relation Eq. (31) and showed the
origin of the BSN phase is a nonadiabatic effect, and connected
the FCS-QME approach and the RT approach[34]. These are
among the most important results of this paper.

III. MODEL

We consider quantum dots (QDs) (denoted by a symbol
S) weakly coupled to two leads. The total Hamiltonian is
Ho(t) = Hs(t) + Y, g[Hy(t) + Hsp(1)). Here, Hs(r) is
the system (QDs) Hamiltonian, Hy(¢) is the Hamiltonian
of lead b = L,R, and Hg,(¢) is the tunneling interaction
Hamiltonian between S and lead b. To observe the spin
effects, we suppose that the leads and the system are applied
to collinear magnetic fields with different amplitudes, which
relate to spins through the Zeeman effect. The leads are
noninteracting:

Hy(t) =Y (epi + 085 Bo())Chi Chtor (43)
k,o

Here, 0 = 1, = %1 is spin label, g, = %,uBg;f, where g} is
the g factor of lead b, up is the Bohr magneton, and B,(?) is
the strength of the magnetic field of lead b. CZka (Cpro) 1s the
creation (annihilation) operator of an electron with spin o and
momentum k in lead b. The system Hamiltonian is

Hg(t)= Y nome(Bs(t)a)amy + Heoutomp:  (44)

n,m,s,s’

where als is the creation operator of an electron with orbital n

and spin s. &, s (Bs(?)) means the energy of the electron for
n =m,s = s and the tunneling amplitude between orbitals
for (n,s) # (m,s’), which depends on the magnetic field of the
system. Hcoulomb denotes Coulomb interaction. The tunneling
interaction Hamiltonian is

Hgp(t) = Z VAL Vo nsal cpre + Hee., (45)

k,o,n,s
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where A,(t) is a dimensionless parameter and vpiy 5 1S the
tunneling amplitude.

We assume Bg, By g, and Ay g are control parameters
(denoted o = {Bg,Br/r,Ar/r} and are called the dynamic
parameters). The thermodynamic parameters (the chemical
potentials and inverse temperatures of leads, {u,} and {8,})
are also considered as control parameters in Sec. IV B and
Sec. VB. We denote o = {Bp,up}p=r.r and o = o’ + .
Yuge et al. [43] chose the set of control parameters as only o”.
However, we are interested in o’ for the reason explained in
Sec. IVB.

We choose the measured observables {O,} = { Ny, }Z::LTif
with Npe =), czkacbko. The pumped charge (spin) of lead
b is given by (ANyy) = (AN,). (ANy,) are calculated
by Eq. (12). In fact, what we call the pumped charge,
(ANpt) + (ANp,), is the pumped electron number (actual
pumped charge is given by —e[(AN;4) + (AN, )], where
e (> 0) is the elementary charge).

In Sec. IV C and Sec. V we consider a one level system

Hs(t)= Y w(Bs))ala, + Udlayala, (46)
s=1.0

as a special model of Eq. (44). Here, s = 1, = £1, ws(Bys) =
wo + sgsBg, with w the electron energy at By = 0, and g5 =
%uBg; where g% is the g factor of the QD.

In the following, we apply the FCS-QME with rotating
wave approximation (RWA) explained in Appendix B.

IV. NONINTERACTING SYSTEM

In this section, we consider a noninteracting system
(Hcoutomb = 0). The system Hamiltonian Eq. (44) can be
diagonalized

2N
Hg =Y @ib]b;. (47)

by a unitary transform a,, = Zl 1 Uys,ibi. The tunneling
interaction Hamiltonian Eq. (45) is

Hgp =Y Wiko.ib oo + Hee., (48)

k,o,i

with kadl - Zn sV vbk(’ nY ns,i*
In Sec. IV A, the Liouvillian and its instantaneous steady

state are explained. In Sec. IV B, we consider the contribution
of Eq. (13) and show that this cannot be neglected in general if
the chemical potentials and the temperatures are not fixed.
In Sec. IVC, we calculate the BSN curvatures for two
combinations of modulated control parameters (B, Bgs) and
(AL, Bs).

A. Liouvillian

The Liouvillian in the RWA is given by

2N
K@) =) K@), (49)

R (a)e = —i[@bb;,e] + T1®(x.a) e +1T¥ (@) e,  (50)

PHYSICAL REVIEW B 92, 195420 (2015)

if {@;} are not degenerated. Here, superoperators ﬁ?’( X ,o)and
I1Y (o) operate to an arbitrary operator  as

(x,0) e

1 1
=) {cp,jaXbT o b — ~d;, e bibl — —®) bible
1 l 2 N4 1 2 N 1
b

+ &, b obT—ECDblobb —-qab,bjb } 1)

¥ (@)e = i[Qi(a)b) b;e], (52)
with
‘D;:;}X =2n Z | Wikori |* £, (&)e T 707
k,o
x 8(epk +08p By — @), (53)
Wi =2 ; Wokeri 1y (@0)P — Gglb 5 s 9
and Q;(a) = % > (W;i + \I';l-). Here, fb+(w) = [ePrlo—m) 4

117! is the Fermi distribution function, f;, (w) = 1 — f;' (),
Xbo 18 the counting field for Nj,, and P denotes the Cauchy
principal value. The matrix representation of kix (o) (see
Appendix A) by the number states of bjbi (10); and [1);) is a
4 x 4 matrix which is block diagonalized to {|0);; (0],|1);; (1]}
space and {]0);; (1,[1);; (O} space. The {]0);; (01,1} (1]} part
is given by

L I11));

with % = 3, @7 {|0);;(1],]1);; (0]} part does not relate
to the instantaneous steady state of K/ /(). The eigenvalue of
the instantaneous steady state of K X(a) is given by

K(@) = (“I’i+ fq;) oo, (55)

O (o) + D) ()

X — i T X

Aole) = 5 ++/ Dj (@), (56)
with D (@) = [®] + & 1?/4 — [® d; — ;" ®*]. The

corresponding left and right eigenvectors are | ,oi)fo(oz)))
= C/(@)|00)); + Ef(@)|11)); and  ({I§;(e)] = :((00] +

X 11 . h CX _ q)iivx‘b;hx EX —
vi (@) {((11]  wit (o) = rrere e L (@) =
o+ @)

o =Ty, al
Dok @ P+, A7 & d

o — &, +2,/Df () 57

X —
v = 20

At xpo =0, El(a) becomes E;(a)=
becomes C;(x) = 1 — E;().

[oXs
W and C[X(Ol)

B. Instantaneous steady currents

The instantaneous steady current is given by [, Steady( ) =

(@)
d(le )X Stead o i
and it leads to I,"¥(@) = Y, I,2% (). Here, I} (o) =

i “i,bo i,bo

|, _o- In the noninteracting system, )LX(oz) is ), kl olar)
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X o
?,?fxl(d)) | —o are calculated from Eq. (56) as
e Ir6ilRi i) — Vi
A () (fR;‘f) ) = f1 @) (58)
with Cpoi = 21 Zk |kaoi| S(epk +0gp By — @;), Fbi —

Stead
Y Thoisand Ty =3, Ty, I Y(o) vanishes at zero bias

(BL = Br, L = UR). Letus consider the modulation of only
the thermodynamic parameters (" = {ip,Bp}p=1.g) Similar

to Refs. [43,52,53,57]. The factor depending on o’ of
e (@) is [fﬁ:e(t) ur@(@i) = fpo@.u (@] with fg (@) =

[eP@=® 4 117!, Hence

Z UroilR
I

X/ At[ f8p.100)(@i) = [0 ) (@)
0
(59)

(ANpo )2 =

is generally nonzero and is much lager than (ANbg)];my
because the period t is large for adiabatic pumps. Similarly,
we can show that (AN, )3 is generally nonzero for the
interacting system (Sec. V B). Reference [53] considered
special modulations of only thermodynamic parameters which
satisfy (AN, )3®® = 0. In fact, the instantaneous steady
currents are always zero for arbitrary modulations of only
the dynamics parameters at zero bias.

The pumped charge and spin due to the instantaneous steady
currents (backgrounds) are generally nonzero even if the time
averages of the bias are zero. References [33,34] chose V =
Wi — g as one of the modulating parameters and considered
a pumping such that % for dt V(t) =0 and (ANbg)ileady # 0.
In such pumping, the (thermal or voltage) bias is effectively
nonzero.

Even if the backgrounds do not vanish, one can detect
the BSN curvatures by subtracting the backgrounds by using
zero-frequency measurements or by lock-in measurements.
However, if one wants to apply the adiabatic pump to the
current standard [12,13], the instantaneous steady currents
should be zero at all times because the backgrounds are
sensitive to the velocity of the modulation of the control
parameters and its trajectory. In contrast, the pumped charge
and spin due to the BSN curvatures are robust against the
modulation of the velocity and the trajectory. Hence, if one
wants to directly apply the BSN curvatures to, for instance, the
current standard, one should fix the thermodynamic parameters
at zero bias.

C. BSN curvatures

In the following, we consider one level system of which the
Hamiltonian is Eq. (46) at U = 0. The instantaneous steady

J

+ FLt

BL Bg B.Bs —

F
< 1(gsBs — gLBL)——

tot

—8s8LT [ f (w0 + gsBs) £ f'(wo — gsBs)] 2

+ 'k (gsBs — grBr)
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state is given by [pf(@))) = ®—1 1p)(@))) because the

Liouvillian is described by a summation (K* = ZY - K.
Similarly, the corresponding left eigenvalue is given by
((If (@) = ®s=1. ({IX(@)|. The BSN vectors Eq. (11) are
given by ’

. - 0E, (Ol)
Al (@) =) (@) (60)
s=1.0
where
bo'( /) avg((a) Fba,s (61)
v o) = = s
g a(lea) x=0 Fs
with

Thos (@) =27 Ay Y [Vpkos|
k

X 8(epk +0gpBy — wo — sgsBs).  (62)

v%9(a’) does not depend on «”. Equation (60) leads to an
expression of the BSN curvatures

v (o) DE, (o)
Fbo — § s o
mn (Ol) rel |: aam Boe" (m

I n)j|. (63)

We emphasize that Eq. (63) is consistent with the results
of Refs. [33,34,43], which showed that the pumped charge
(and also spin in Ref. [34]) vanishes at the noninteracting
limit in these settings. The set of control parameters o was o”
(for Ref. [43]) and {wy,V = ur — ugr} (for Refs. [33,34]).
If o™ or o" is an element of o”, F’%(a) is consistently
zero. In Refs. [33,34], the linewidth functions were en-
ergy independent, namely [, ((o¢') = 8, s = const. Hence

dr’(i,”—w‘o(“) =0= % and F27 (&) = 0 hold consistently.

To calculate F2%(a), we need to assume the energy
dependences of Iy, ;. For the simplicity, we assume that

Thos = 865[Tp + T, - (sgsBs — 08 By)]
=85 Aplvs + v, - (sgsBs —ogpBp)],  (64)

where I'j are energy differential coefficients of linewidth
functions at B, = Bg = 0. Namely, we disregard spin flips
induced by tunneling between the QD and the leads.
Equation (64) is always appropriate when |I',(gsBs —
grBp)| K T is satisfied. Additionally, we fix «” to zero
bias (B, = B, up = 1), in which E () is given by E (a) =
f(wy + sgsBs) with f(w) = [¢# @™ 4+ 117!, In this condi-
tion, («™,a") = (B, Bs),(A L, Bs) components of the charge
and spin BSN curvatures of lead L are

X+ 8581l [ f(wo + gsBs) F f'(wo — gsBs)]

tot
-T
%) (65)

tot
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+ FH

AL Bg Ap,Bs ™

+ gs[f'(wo + gsBs) £ f'(wy — gsBs)ly; (gsBs —

Here f'(w) = % and 'y = 'L + I'g. The pumped charge
(spin) induced by a slow cycle modulation of («", Bg) (a" =
By ,A}) are given by

(ANp4) £ (ANL,) = £ Futs ), (67)

/ da"dBs(Fy' .
where S" are areas enclosed by the trajectories of («”, Bg).
a,, Bs + FaL,fBS («" = B;,A) are invariant under the trans-
formation y, — ¢y, v, — cy, (forany ¢ > 0). Hence relevant
quantities are y,/T'. The coupling strength 'y itself is
not important. F' é t gt F 1? v g, are proportional to gsg; and
Fﬁj g, T F Ai p, are proportional to gs. The first terms of the
right side of Eq. (65) and Eq. (66) are dominant terms. In the
limity;, — 0, FLTBS + FéiB and the second term of Eq. (66)
vanish; however, the domlnant term of Eq. (66) remains. At
wy =, f'(wy+ gsBs) — f'(wy — gsBs) vanish. Hence, at
wo = W, the dominant terms of the spin BSN curvature of
(BL,Bs) pump and the charge BSN of (A, Bs) pump vanish.
The contour plots of these BSN curvatures are shown in
Figs. 1(a) and 1(b) and Figs. 2(a) and 2(b). The details are
explained in Sec. V C.
Itis important to remark that (¢ ,a") = (B, Bgr),(Ar,AR)
components of the charge and spin BSN curvatures are zero

J

—[®] + @71 O
q>+x —[®; + 7]
K@= ol AL
4
0 ¢1‘,X

with

b, =27 A Z [Vbko s> £ (@0 + 5gsBs + U)
k,o

x e¥% §(epy + 0 gy By — wo — sgsBs — U),  (69)
and @ = ¢, " |y—o. The off-diagonal block is a (12 x 12)-
diagonal matrii, which dose not relate to the instantaneous
steady state. At U = 0, K*(«r) becomes K () ® 1, 4+ 14 ®
K{ (@), where K{(a)(s = 1,]) are given by Eq. (55) and I,
are identity matrices. In the opposite limit U — oo, K*(«)
reduces to

—[®F+ 07T @ @Y 10000))
KX (q) = cp?x -7 0 [1010)), (70)
qﬁ,x 0 —®] |0101))

because the density of state of both leads vanishes at high
energy (cj)sjE — 0).

= gs[f'(wo + gsBs) F f'(wo — gsBs)]

PHYSICAL REVIEW B 92, 195420 (2015)

YLYRAR
(YLAL + yrAR)?
YRAR — VL AL

_ 66
(YLAL + YRAR)? (66)

gLBr)

(

at zero bias because, in Eq. (63), E(x) =
independent of By /g and Ay /.

Sf(wo + sgsBs) are

V. INTERACTING SYSTEM

In this section, we study the interacting system Eq. (46).
First, we explain the Liouvillian for 0 < U < oo (Sec. V A).
Next, the instantaneous steady charge and spin currents are
calculated at U = oo (Sec. V B). In Sec. V C, we confirm the
consistency between our results and Ref. [34] for0 < U < oo.
Finally, the BSN curvatures corresponding to Eq. (65) and
Eq. (66) are calculated at U = oo and differences of the results
between U = 0 and U = oo are discussed.

A. Liouvillian

We explain the Liouvillian for kg 7 > I', in which the Born-
Markov approximation is appropriate. The matrix representa-
tion of the Liouvillian of RWA by the number states {|n4n )}
(ny = 0,1 are the numbers of an electron with spins = 1,]) is
a 16 x 16 matrix which is block diagonalized to the “diagonal”
space (spanned by {|nyny){niny |}y, n,=01) and the “off-
diagonal” space (spanned by “”T”L)(mel|}(n¢,m)¢(mT-m¢))~
The “diagonal” block is given by

o 0

) L looooy)

0 . 11010))
07 +9f1 g% [otony (68)
¢ —[py + ;1) 11D

B. Instantaneous steady currents

In this section, we set U = oco. The characteristic poly-
nomial of K*© js denoted as Cs(x,A) = det(K*() —
)= 2520 C,()A" — 3. Because of Cop(0) =0, A =0 is
one of the solutions at x = 0. Now we set x,, as in-
finitesimal and other counting fields are zero. Then, the
eigenvalue corresponding to the instantaneous steady state

is given by A = Ao(x) = i xpo - S:’ady + O(x2,). It leads to
0= C3(x.20(x)) = C1(0)i xpo Ly + i x4 C4” with C7 =
3G

Wixrs) | ,—0» and we obtain

Steady _ _ Cga
bo Ci(0)’

(71)

with C1(0) = —[®] @] + &7 & + & ®|]. From Co(x) =
+ 1 b— —XHp—pTX -d X HTX
—[PY+ U1 P + @D D)+ P DD, we
have
2 L P U s TR (fRs — fL.s)
Steady( ) = Zs_T,,L st Lo,st R,s fRs fLY ’ (72)

o — ot — -
Q7D + OLP] + DL D
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Spin(U=0)

I 1.0 x 10~1
®06x10*
£0.2x 1071

H 0
- —0.2x 101
—0.6 x 1074

—-1.0x 1074

1.6 x 10~

1.2 x 1074
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L0.4x107!
0

-0.4 x 1074

—0.8 x 1074

_10 ’”;“‘:- -12x 104
-10 -5 O D

pBs/T
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FIG. 1. (Color online) (a) BSN curvature of charge of (B, Bs) pump, [F BLLT s T F ;j )/ ("?‘3)2 at U = 0, (b) the BSN curvature of spin,

1
[FBL,BS -

Fglp /(4 at U =0, (0) [Fg 5, + Fg! 5 1/(4)° at U = o0, and (d) [Fg, 5 —

FéiBS]/("?B)Z at U = oo. The values of the

parameters used for these plotsare 'y = =T, I, =TI, =0.1, 8 =0.5/T, wy = u — 3I', and Bg = 0, and all g factors (g}, g%, g5) are

—0.44 (bulk GaAs). The hatched areas of (b),(d) denote negative value.

where ®— (s = 1,|) describes ®| for s =1 and & for
s =] . At zero bias, the instantaneous steady currents vanish.
Similar to Sec. IV B, (AN, )3<*" are generally nonzero when
a” is not fixed at zero bias.

C. BSN curvatures

The instantaneous steady state po(c) and correspond-
ing left eigenvector lg (o) are written as py = 00]|00)(00] +
p+110)(10] + p; |01)(01] 4+ p2|11)(11] and IF = |00)(00] +
l¥|10)(10| +lf|01)(01| + I5]11)(11]. The BSN vectors are
given by

dp.(@)
o’

A= Y 1”@
c=11,2

, (73)

A (@)]* |
(i xpo) "X

Floe =Y

c=m,],2

where [ f" (@) = _o- 1t leads to the BSN curvatures

127 () 0pc(ar) _
da™  dam

(m < n). (74)

We confirmed the consistency between our results and
Ref. [34], which studied the similar system for 0 < U < 00
using the wideband limit. As we explained at Sec. I B, p[“)(«)
of Eq. (41) corresponds to —((lg (o0)|, namely —lf"(o:). In the
condition of the wideband limit [i.e., Eq. (64) with F,g = 0], we
calculated lf" () (c = 1,1,2) for 0 < U < oo and confirmed
numerically the correspondence between gog" ] () (c = 1,4,2)
and —[lf T(oz) + lf i(oz)] for the charge and spin pump.

Particularly, in the limit U — oo, p, vanishes and F,f,‘,j(o:)
reduces to

R = Y
s=1.4

alf"("o)(a) 8,0§°°)(a)
da™ oa”

(m < n),

(75)

where p*®(a) and %) () are the limits U — oo of py(e)
and lf" (), respectively. From Eq. (70) we obtain

OFP-
PNy = ———— (76)
DD 4 O D] + DD
I —
1)) = ——, (77)
D5 + 2]
and
Steady
lsbg(oo)(a) _ Cpos(1 — fio(ws)) — 1, (05), (78)

o5

with w; = wp + sgsBs. In the following, we fix «” to zero
bias (8, = B, ip» = 1) and suppose Eq. (64). Then, 1270 (a)
equals v2° (&') given by Eq. (61) and p{*(«) are given by

e Plos—1)
p(sBs) =

1+ e Pr—m) 1 g—Blr—m (79)

We emphasize that F22(°)(a) can be obtained by just a
replacement,

Es(a) = f(w;) = p(sBs), (80)
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FIG. 2. (Color online) (a) BSN curvature of charge of (A,,Bs) pump, [F AL s T F, ﬁj Bl / at U = 0, (b) the BSN curvature of spin,

Lt
[F. ArL,Bs —
used for these plots are y;, =
denote negative value.

'k=T,y, =T%,=0.1,and B, =

in Eq. (63). The charge and spin BSN curvatures of

(Br,Bs),(AL,Bs) pump are given by a replacement f'(wy +

gsBs) — p/(£Bs) in Egs. (65) and (66), where p'(Bs) =

IS ag(gs ) Similarto U = 0, the charge and spin BSN curvatures
of (Br,Bg),(AL,Ag) pump are zero.

In Figs. 1(a)-1(d), we plot the BSN curvatures of (B, Bs)
pump normalized by (ug/I')?, whereI' = I'; = I'gand ug =
57.88 ueV/T is the Bohr magneton. For U = 0, the charge
and spin BSN curvatures are shown in Fig. 1(a) and Fig. 1(b),
and for U = oo these are shown in Figs. 1(c) and 1(d). The
vertical and horizontal axes of these plots are the strength of
magnetic fields Bg, By, normalized by I'/ug. The values of the
parameters used for these plotsareI', =T'x =T,I'; =T, =
0.1,8=0.5/T,wp=pn—3I',Bg =0,and g} = gx = g5 =
—0.44 (bulk GaAs). The BSN curvatures of (A, Bg) pump
normalized by pug/I" are shown similarly in Figs. 2(a)-2(d).
Inallplots, y, =T =T,y; =T% =0.1, B, =0, and other
conditions are the same as in Fig. 1. In Figs. 1 and 2, the
maximum values of |I',(gsBs — g, Bp)|/ I’ are 0.44 and 0.22
(<1), respectively. The pumped charges and spins are given
by Eq. (67).

Figure 3(a) shows the instantaneous average numbers of
the up spin electron of the QD, n(Bys) = f(wy + gsBs) (for
U = 0, solid line) or p(Byg) (for U = o0, dashed line) for g =
0.5/T,wp = —3I', and gg = —0.44 x ug/2. Because two
electrons cannot occupy a QD at U = oo, the magnetic field

FAL 5 l/ 5 atU =0, (c) [FALLT 5y T Fﬁj ]/ at U = 00, and (d) [FﬁLT By — FALLl Bs /"B at U = oo. The values of the parameters
0 and other conditions are the same as Fig. 1. The hatched areas of (a), (c)

dependence of p(Bg) is more sensitive than f(wo + gsBs).
Figures 3(b) and 3(c) show n’(BS) F n’/(— By) normalized by
1/ T, where n'(£Bg) = gs aB B\ g B=+Bj-

In Figs. 2(a) and 2(c), the charge BSN curvatures of
(AL,Bg) pump vanish at Bg = 0. This is because the first
term of Eq. (66) vanishes since n'(Bs) — n'(—Bs) = 0 for
Bg = 0 and the second term vanishes since gsBg — g, B, = 0
for Bs = 0 = By. Similarly, in Figs. 1(b) and 1(d), the spin
BSN curvatures of (Br,Bgs)-pump vanish at B¢ =0 = B;.
The zero lines in these plots relate to the cancellation between
the first and second terms of Eq. (65). Figures 1(a), 1(c) and
Figs. 1(b), 1(d) are respectively symmetric and antisymmetric
under the transformation (Bs, By ) — (—Bg, — By). Similarly,
Figs. 2(b), 2(d) and Figs. 2(a), 2(c) are respectively sym-
metric and antisymmetric under the transformation Bg —
—Bg. We emphasize that pure charge and pure spin pumps
are respectively realized for (B.,Bs) pump and (A, By)
pump such that the areas S” in Eq. (67) are symmetric
under the above transformations. An instance of symmetric
area of (B.,Bs) pump is a disk of which the center is
Bs=0=B,.

In wy > p region, the larger wy — w, the less difference be-
tween U = 0 and U = oo becomes. The Coulomb interaction
prevents two electrons from occupying the QD. This effect is
conspicuous in the wy < w region, although it is not important
in the wy > w region.
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(a) n(Bs) ® [(Bs)-n'(-Bs)-T (&) W(Bs)+n'(-Bs)]-T
E 308
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o 065
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FIG. 3. (Color online) (a) n(Bs) = f(wy + gsBs) (solid line) or p(Bs) (dashed line). (b) n'(Bs) — n'(—Bs) and (c) n'(Bs) + n'(—Bs),
where n/(£Bg) = L 28|, ;. Inallplots, B = 0.5/, wy = u — 3T, and gg = —0.44 x ug/2.

gs 0B

As shown in Figs. 1(a), 1(c) and Figs. 2(b), 2(d), the By
dependence of the charge BSN curvature of (B, Bg) pump
and the spin BSN curvature of (Ay,Bys) pump at U = 0 are
more gentle than those at U = oo. It results from the behavior
of n'(Bs) + n’(— Bg) as shown in Fig. 3(c).

As shown in Figs. 1(b), 1(d) and in Figs. 2(a), 2(c),
the Bg dependence of the spin BSN curvature of (Bg,Bs)
pump and the charge BSN curvature of (A,,Bs) pump are
opposite. This is because the leading term (in weak magnetic
field region) of these are proportional to n'(Bs) — n’'(—Bg)
and its Bg dependence is opposite in U =0 and U = oo
for wy — < 0 as indicated in Fig. 3(b). This inversion is
realized for only wy — u < 0 region. At wy = u, f'(wo+
gsBs) — f'(wy — gsBs) vanish. In wy > u region, the signs of
f'(wo + gsBs) — f'(wo — gsBs) and p'(Bs) — p'(—Bs) are
the same.

In Figs. 1 and 2, absolute values of the normalized BSN
curvatures are smaller than unity. However, we can improve
this problem by tuning g factors. The first and second terms
of the right side of Eq. (65) are the second and third order in
the g factors, and the first and second terms of the right side
of Eq. (66) are the first and second order in the g factors. If all
g factors change to —20 (for example, for the materials like
InAs, InSb), the first, second, and third order terms become
about 45, 2000, and 90 000 times. In fact, for these values of g
factors, the assumption Eq. (64) is not appropriate for magnetic
fields that are not small; we need concrete energy dependence
of linewidth functions.

VI. CONCLUSION

In this paper, we investigated quantum adiabatic pump of
charge and spin using the FCS-QME (full counting statistics
with quantum master equation) approach proposed by Yuge
et al. [43]. We studied the nonadiabatic effect and showed
the correspondence between our approach and the real-time
diagrammatic approach [34] (Sec. IIB), and confirmed the
consistency between the two methods in the concrete model,
the one level interacting quantum dot (QD) (Sec. IVC
and Sec. VC). Moreover, in Sec. IIB, we showed that
the Berry-Sinitsyn-Nemenman (BSN) phase derived under
the “adiabatic” condition (which makes the Berry phase like
treatment appropriate) has the nonadiabatic information. The
FCS-QME picks out one higher order nonadiabatic piece of
information from the solution of the QME. Particularly, the
instantaneous steady state (the zeroth order of the pumping

frequency) gives first order response (pumped current). This
fact may be related to Ref. [58] which is connected the BSN
vector and the liner response theory of the QME.

We generalized the FCS-QME approach to the mul-
ticounting field (Sec. IIA) and studied the QDs system
weakly coupled to leads (L and R) in Sec. IV and Sec. V.
We showed that the pumped charge and spin coming
from the instantaneous steady current are not negligible
when the thermodynamic parameters (the chemical potentials
and the temperatures of leads) are not fixed to zero bias
in noninteracting QDs (Sec. IVB) and an interacting QD
(Sec. V B). To observe the spin effects, we consider collinear
magnetic fields, which relate to spins through the Zeeman
effect, with different amplitudes applying to the QDs (Bg) and
the leads (B, and Bg). We focused on the dynamic parameters
(Bs, Br/r, and the coupling strength between QDs and leads,
Ay /r) as control parameters.

In one level QD with the Coulomb interaction U, we
analytically calculated the BSN curvatures of spin and charge
of (Br,Bs) pump and (A, Bys) pump for the noninteracting
limit (U = 0) and the strong interaction limit (U = 00)
using the rotating wave approximation (RWA) defined as
the long coarse-graining time limit of the coarse-graining
approximation (CGA). The difference between U = 0 and
U = oo appeared through the instantaneous averages of the
numbers of the electron with up and down spin in QD. For
(B, Bs) pump, the energy dependences of linewidth functions,
which are usually neglected, are essential. Additionally, the
adiabatic modulations of (By,Bg) or (Ap,Agr) can pump
neither charge nor spin.

In this paper, only U = 0 and U = oo limits are studied.
In fact, we can analyze finite U based on Eq. (74). This
is our future work. Recently, Yoshii and Hayakawa [57]
studied adiabatic pump of charge by only the thermodynamic
parameters using the same approach in a similar system
without magnetic fields (for finite U). The work (for the
thermodynamic parameters) involving the above problem is
contrastive to our work (for the dynamic parameters).
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APPENDIX A: LIOUVILLE SPACE

By following correspondence, an arbitrary linear oper-
ator (which operates to the Hilbert space) e = Zn’m(n| °
|m)|n)(m| is mapped to a vector of the Liouville space [42,54],

o)) =2, u(nl @ |m)|nm)):

In)(m| «<— [nm)), (AD)
Tr(lm)(n|n")(m']) <— ((nm|n'm’)), (A2)
Tr(A'B) «— ((A|B)), (A3)

Tr(e) <— ((1]e)). (A4)

Here, {|n)} is an arbitrarily complete orthonormal basis.
The inner product of the Liouville space is defined by the
Hilbert-Schmidt product [Eq. (A3)]. The Hermitian conjugate
of |e)) is defined as ((e| = (|@)))l =Y, , (n| ® |m)*({nm|. An
arbitrary linear superoperator J which operates to any operator
(e) is mapped to a corresponding operator of the Liouville
space ( J ) as

|Je)) = Jle)). (AS)
The matrix representation of J (or J ) is defined by
Jumit = {((nm|J|kl)). (A6)

In the main text of this paper, both J and J are denoted by J.
Generally, the Liouvillian KX operates to an operator e as

K*e = —i[Hg, o] + [1%e, (A7)

e =) A eB, (A8)

where Hy is the system Hamiltonian, 1% is the dissipator like
Eq. (B7), and A, B, are operators. The matrix representation
of Eq. (A7) is given by

Z Ko ok = Z |:—l'{(Hs)nk51m — 8uk(Hs)im} o
ol

k.l

(A9)

+ { Z(Aff)nk(Ba)lm} o },

where e;; = (k| o |I). Hence the matrix representation of Rx
is given by

Kr)t(m,kl = —iHyu + H,)l(m,kly (A10)

Hnm,kl = (HS)nkSIm - Snk(HS)/mv (All)

J
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Hl)fm,kl = Z(Ag)nk(Ba)lm- (A12)
Finally, we consider the current operators defined by

Eq. (22). K" = K@

F Rl | =0 s given by

K'e="AleB,. (A13)
Hence the current operators defined by Eq. (22) are given by

W, = Z B, A", (Al14)

APPENDIX B: DETAILS OF FCS-QME

,o{f)t(t) (Sec. IT A) is governed by the modified von Neumann
equation [42]:

d 4 : X
77 Pio(t) = =il Hia (1), protD)] - B

where Hiy(t) is the total Hamiltonian and [A,B], = A, B —
BA_, with A, = ¢! 2uuOu/2 A = 20 uOul2 (1) is given
by Hw(t) = Hs(t) + Y ,[Hy(t) + Hsp(1)], where Hg is the
system (denoted by S) Hamiltonian, H, is the Hamiltonian
of bath b, and Hg;, is the tunneling interaction Hamilto-
nian between S and bath b. In the following, we suppose
Egs. (43), (44), and (45) for an arbitrary number of leads
(b=1,2,...,M). The initial condition of pZ(¢) is given
by [42] pf,(0) = > t0) Pio1Pat(0) Pyo,y. Here, {o,} denotes
eigenvalues of {O,} and Py, is a projection operator de-
fined by OMP{OV} = O/LP{OV}’ P{o,,}P{o’U} = P{ov} HM 50)“%, and

P{Lv = Py,y. We suppose pior(0) = p(0) ® pp(ag), where

pplay) = ® e—ﬂb(t)[Hb(t)—Mb(T)Nb]/ Ep(ay), (B2)
b
with Ep(a,) = Trp[e PrOHO—1ONo]] and Tr, denotes the
trace of lead b. Then, pf,(0) = p(0) ® Z{o,,} Py pB(0) Po,y
obeys. If all O, are given by }_,, . oﬁfk”czk(,cbka with real
numbers oﬁf,w, Py,,; commutes to pp(0) and p{f)t(O) =p0)®
pg(ap) obeys because Z{o\,} P, = 1.

Now we move to the interaction picture. An operator
in the interaction picture corresponding to A(#) is de-
fined by A’(t) = Ul (1)A(t)Uy(t) with 40 — —j[Hg(t) +
>, Hy(1)1Uo(t) and Uy(0) = 1. The system reduced density
operator in the interaction picture is given by p’X(t) =

Trieaas[Piod (D], Where pii! (1) = Up(Dpie (DU (1) and Trieags
denotes the trace of lead space. ptID’tX (#) is governed by
dpl (1) _
dt

with Hiy = ), Hsp. Up to the second order perturbation in
H,,;, we obtain

—i[HL (1), pe O (B3)

t+TcG u
It + Tca) = (1) — / du / s Trieaas {[ Hipy0), [ Hin(9), 0" @) pp ()] ], }

= plX(t)+ I’CGii(CG(f)PI’X(f),

(B4)
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using the large-reservoir approximation ,oml (1) ~ plX(t) ® pploy) and Trieaas] ifn(u),oB(ogt)] = 0. The arbitrary parameter 7cg
(> 0) is called the coarse-graining time. The coarse-graining approximation [50,51] (CGA) is defined by

d A
P = L 0p" ().

If the cycle time of the modulation of control parameters, 7, is much longer than the coarse-graining time tcg, the superoperator
L% (7) is described as a function of the set of control parameters at time 7. In this paper, we suppose t > tcg. Moreover, tcg

(BS)

should be much shorter than the relaxation time of the system, 7g ~ % On the other hand, g < 7 should hold for the adiabatic

pump. Hence tcg < % <« t should hold.
In the Schrodinger picture, Eq. (BS) is described as

dpx(t)
dt

(ov) operates to an operator e as

Here, the superoperator HTCC

— / ’ T 1 — /
M @e="%" %" [%,M,M(X,rca,w,w Jany (@) o lan @) — S, (7ca.0.0) o

b w,w n,m,s,s

—i[Hs(0),p" ()] + TIZ_(@)p” (1),

(B6)

[an.v (w)]Tams’ ((,()/)

I __
B 5q)b,ns,ms’(TCG’wsw/)[ans(w)]Tams/(w/) ° +CI>;J~_,n.v,mx’(X ’TCG’w’w,)[amS/(w/)]T ® dps (0))
1 + / N1t 1 + ’ N1
- E(Db,m,msf(fCGaw7w ) ® aps(w)apy ()]" — §q>b,ns,ms’(TCGawvw Yaps(@)|apy (w)]" o

OB NEL

b w0 nm,s,s'

where

Xi(X,TCG’CU,U)/) =
2

and XE(1cg.w,0") = X*(x = 0,7c6,0,0).
(€2, x), where

Here,

bns ms’

b ns,ms’ (2,x) =27 Z Vk.ns kao ms’

k,o

D e (R.X) =27 Z Vikons Voko.ms' fo(Ebko)e™ PXbo @MUk § (g

k,o

bns ms (§2:0) = 22 kaU"Skaams

k,o

b ns,ms’ (Q X) =2 Z kao ns kaﬂ ms’ fb(gbka)e v e_l)\b“yb/‘P—

k,o

With Virons = v/ ApVbkons- Xbo and Ay, denote the counting
fields for Ny, and ), sbkczkacbkg, respectively. fp(g) =
[exp(Bp(tp — €)) + 1]~ "is the Fermi distribution function and
P denotes the Cauchy principal value. The eigenvectors a,,;(®)
are given by

= Sunp.0l Eg)(Ealans| Eg)(Eql,
a.fp

with weg = E4 — Eg and Hs|E,) = Eq|E,). w is one of the
elements of {weg| (Eqlans|Eg) # 0 In,9)).

We explain the rotating wave approximation (RWA).
If Hg is time independent, factors ¢ @~ appear in
Eq. (B16). The usual RWA [39] is approximating ¢/~

ans(w) (B13)

b ns,ms’ (Tcg,w,w )[ans(w)] Ams (0) )+

Fi(w—w)tcc/2 [} Q— Q—a
A / dQ2 Xi(Q,X)rCGsinc(—TCG( > w)>sinc<—rcc( @ )>,
—00

1
5 Yilns.my (76, @, )atns (@) (@) } (B7)

> (B3)

sinc(x) =sinx/x and X*(Q,x) denotes one of @bnsms (2,),

— fo(Epro )]t e S (epp, — ), (B9)
—Q), (B10)
— JolEpio)le! MM P —— (B11)
Ebke — 2
! (B12)
Eoko — 2

(

as 8, in Eq. (B16). However, if Hg is time dependent,
the generalization of the RWA is unclear. In this paper, the
RWA is defined as the limit 7cg — oo of the CGA. In this
limit [tcg - MaXptew (Jo — @']) > 1], Xt (x,tc6,w,0") &
X*(w,x)80..r holds because of the fact that
limy o Togsine =2 ginc @) — 275 5(Q — w).
If Hy is time dependent, this RWA is equivalent to usual RWA.
In the Born-Markov approximation (without RWA),
Eq. (B16) sometimes violates the non-negativity of p(#)[=
p*=%()] [49]. The QME of the RWA or the CGA is the
Lindblad type [see Eq. (B7) at x = 0], which guarantees
the non-negativity [39]. In QME of the RWA, the diagonal
and off-diagonal elements of p(¢) are decoupled. Sometimes,
the decoupling is justified by the superselection rules

195420-13



NAKAJIMA, TAGUCHI, KUBO, AND TOKURA

[59-61]: if two states in the system |m) and |n) differ in an
observable which is conserved in the total system, unavoidable
interactions lead to rapid decay of (m|p(¢)|n). The standard
example is the electron number which is conserved for QDs
coupled to nonsuperconducting leads. The total spin projection
is also conserved for unpolarized or collinearly polarized leads
when spins do not flip by the interaction Hg,. Hence, in our
setting, Eqgs. (43), (45) with vprs ns X 84 5, and Eq. (46), which
was used after Sec. IV C, the decoupling between the diag-
onal and off-diagonal part of (mym |p(t)|n4ny) is justified.
However, in the general system (discussed until Sec. IV B),
the decoupling cannot be justified by the superselection rules.
In fact, as explained the following, the CGA can break the
decoupling. However, the QME without decoupling is too hard
to analyze analytically.

The FCS-QME of the CGA (for finite 7¢g) is more difficult
to analyze than that of the RWA. For the one level system,
Eq. (46), the matrix representation of the Liouvillian of the
RWA by the number states {|n4n)} is block diagonalized to
the diagonal part (spanned by {|n4n){n4n |}y, 0 ,=0,1) and the
off-diagonal part (spanned by {|nyn)) (mem Yo, n))20m0.m,))-
The diagonal block is given by Eq. (68) and the off-diagonal
block is a (12 x 12)-diagonal matrix. However, one of the
CGA has off-diagonal components which permit transitions
between diagonal and off-diagonal if spins can flip by
tunneling Hiy. This is consistent with the above discussion
about the superselection rules. Even if spins cannot flip,
off-diagonal block is not diagonal. Particularly for U =0,
the Liouvillian does not reduce to a summation of one
particle Liouvillian [K{(2) ® T 4+ 1y ® K{(@)]. The study
of differences between the RWA and the CGA is a future
work.

Finally, we recognize the Born-Markov approximation
(without RWA). From Eq. (B3), we obtain p2* (t) = pX(0) —

i [y dulH (), p )], Substituting this to Eq. (B3), we
obtain
dpox(t)
yt - [ mt(t) ptotx(o)]

_|:Hi{1t(t)7/ d“ 1m(u) ptotX(“)] :| . (B14)
0 P

i [\ ds[H](s),
p"*(t)pp(es) and

Moreover substituting peX (u) = ptot (1) —
,otot X(s)], to Eq. (B14) and using /otOt ()~
Trieads[HL (1) pp(ct0)] = 0, we obtain

dpx(1)
dt

=- / dul Hy,(),[ Hiy ), 0" * (Dpp@n], ]+
0
(B15)

up to the second order perturbation in Hj,. Because the
integrand decay as e~/ where 13 is the relaxation time
of the baths, we can replace fot du to fioo du, and we obtain

d Iy o)
pT(I) = —/O ds[Hy (0),[ Hyp(1—5), 0" * (D pp(a)] ] -

(B16)

This is called the Born-Markov approximation (without
RWA). Equations (B15) or (B16) are also derived from

PHYSICAL REVIEW B 92, 195420 (2015)

Eq. (B4). In the second term of the right side in the first line
of Eq. (B4), we can replace f” dsto [y dsor [* ds. After
this replacement, by taking —— (,TCC | g0+ We obtain Egs. (B15) or
(B16), respectively. In Egs. (B15) or (B16) (after moving to the
Schrodinger picture), we can replace {oy Jo<u<: OF {0/ —s }o<s<oo
to «; because of 73 K 7.

APPENDIX C: TIME EVOLUTIONS OF ¢ (¢)

In this section, we derive the time evolution equations
of ¢X(t) of Eq (5). The left hand side of the FCS-QME,
1p7(0) = K* (@)l p* (). i

d dck () .
Elpx(t)»:Z{ MO p )

n

+ (DM O (@) p (@)
+cl(t)e™ 0e |pn (%)))} (ChH
and the right hand side of the FCS-QME is

RX @) p () = Y ek (0)e™ O R (o) o} (@)

n

=Y e Onu(a)|pf(er))). (C2)
Hence we obtain

dei (1) a modlen @)
Z{ dr [ () + e (e O ===t = 0.

n

(€3)

Applying ((Ix(e,)| to Eq. (C3), and using ({/y (c)| o (a0))) =
S,um» We obtain

d|pif (@)))

d Xy— A (¢t
Ec;(z)z_;cg(me’\n() A% (o)) S (C4)
By the way, the time derivative of Eq. (3), R X(aty)]
on (@) = A () pn (@,))), is
dR* (o)) d|pif ()
7 ——|p} ()} + K (s )—t
d)\. t d n t
S| ) + 2 aM. (C5)
Applying ((IX(a,)| to this equation, we obtain
o0l 2 ) 4 | 22
B dxn(a,) d|pi (a)))
=~ Smn + A (a r)((l"(az)\—t, (C6)
and it leads to
n t ll)f(i t dKX(al) n o
el el Seia)

dt ACH RG]
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for A% (a;) # AX(er;). Substituting this to Eq. (C4), we obtain

dc,),(l(t)
7 —{{1xc z)|—|pm(az)>>63,§(t)
dKX(Otz)
n Z X (1)eMD- A,,,(t)((l’;g(a’)} i (O‘I)»_
o e G
(C8)
The above equation can also be written as
dén () (1) M O— AL O+ O (1)
dr Z & (e e
n(#m)
({1 252 | i ) ©)
Aﬂﬁ(n(at) )\;)1((05:) ’

where &(1) = ¢k (t)e™ D with

! d
ni(t) = / ds<<z,;g(as>!—!p;<ax>>>

—Z/da ZX(a)} |p,$,(a))) (C10)

Here, C is the trajectory from oy to o, ok are the kth
component of the control parameters, and 7% (f) = O(1),
since ((I(a)| % | pii(aty))) = O(w) with @ =27 /7. In the
right hand side of Eq. (C9), the dominant term is n = 0 if
m # 0 because ReA) (o) > ReAj (). Using £ = O(T'w),
M) =0(), e"® =0(1), and cl(r)e* = O(1), we
obtain

d~,),(1 t x
Cdt( L= o 00), (C11)
and
k(1) ® = 0<a) /t ds eA’X”(’)_M’(‘Y)>
0

®
- 0(—). C12
T (C12)

For x = 0, Eq. (C12) is also derived from
p“(t) = p(t) = po(err) = Y cm()e™ O py(ar), (C13)
m##0
and Egs. (25) and (27).

APPENDIX D: VALIDITY OF THE ADIABATIC
EXPANSION

In the derivation of the QME with CGA, when going
from Eq. (BS) to Eq. (B6), we used the following type of
approximation:

t+T u
/ du/ ds G([a]{;s,u;t)
t t
t+T u
%/ du/ ds G([o;]; s,u3t).
t t

Here, G([a]",s,u,t) ~ e~ “=9/% and [a]" = (ap)"

', is the
t'=s
control parameters’ trajectory and [c,] is the trajectory

(D)
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which oy = a; (s < t' < u). Similarly, in the Born-Markov
approximation (BM), when going from Eq. (B15) to Eq. (1),
we used

/duG([a]L;u,t;t)%/ du G([a];u,t;t). (D2)
0 —_

[e¢]

Considering the corrections of the above approximations, the
QME are given by

d|p(1)))
dt

K@) = K(a,) + K'(1),

= K®lp®)), (D3)

K'(t)= O(Twtx), (D4)

with w = 27 /7 and tx = 7cg for CGA; tx = 5 for BM. The
corrections are also discussed in Ref. [31]. The discussions
between Eq. (24) and Eq. (27) are correct after replacing
K(cty) = K(t), R(ey) = R(t), and po(e;) — po(t). Here,
Po(t) and R(r) are defined by K(1)| 5o(1))) = 0and R(1)K(t) =
1 — |5o(¥))) ((1], respectively. Equation (25) is corrected to

dlpo(®))  ~ dIp(1))
r + R(t) o

[e%e) . d n [e%e)
Z[R(”E] |Ao(t))) Zm“(")(r) (D5)

=1

15°(1))) = R(1)

=

with g%(t) & p(t) — po(t). The corrections are given by
Po = poll + O(wtx)], R =R[l+ O(wrx)], (D6)
and
~a(n) _ qan) — g "
0 = p 1) = 0((%) wrx )- (D7)

Next, we consider the reasonable range of n of p®™(z).
Because p?(t) = O(%)" and po(t) — po(e;) = O(wty), the
reasonable range is n < npax, Where np,y is determined by

w Mmax+1 w Nmax
- < wT - .
(%) v« (3)

Let us consider the reasonable concrete values of the param-
eters in our model (Sec. III): @ = 10”7 MHz, I" = 10 pueV =
0.116 K, 1/T = 65.8 ps, 7cg = 1 ps, and tp = 0.1 ps. These
values lead to

(D8)

otcg = 10747 w1 =10777P, = =107*1%7 (DY)
and Ny = [Amax], With
-6 -7
i = — P (cga), — TP (gMm). (DI0)
—4.18+4 p —4.18+p

Here, [n] means the biggest integer below n. At p = 0, i, =
1.44 (CGA), 1.67 (BM) and at p = 3, fign. = 2.54 (CGA),
3.39 (BM). The larger the nonadiabaticity (%), the larger 7m,x
becomes.

APPENDIX E: PROOF OF EQ. (31)

First, usingA Eqs. (24) and (23), we obtain
(W, (@)R(@)K () = (1| W, (@) = 1q (@){(1]. Next, ({lo(a)]
= ((1], 2o(ex) =0, and Egs. (4) and (22) lead to ({/;(c)]
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K@) = kj.f(a)(ﬂl — {(11W, (). Hence [{({1|W ()R(a)+
((I5 (@)|1K (@) = 0 and it leads to Eq. (31). To prove Eq. (31)
only Eq. (24) is required and I%(a)R(a) =1—|po(a))){{1]is

not necessary. Additionally, the pseudoinverse of the real-time
diagrammatic approach Eq. (39) satisfies

0
Z R’IKK/E{) = 8y — P;O) # Z Kr(;(;?RKD (ED)
K K

which corresponds to our
R(@K (@) = 1 — [po(@))){(1] # K(@)R(@).  (E2)

Eguation (31)is shgwn also as followsA. Equation (24) and
((1|1K () = 0lead to K(x)R(x)K (@) = K (cx), which implies

R@R(@) =1—lo@) (1], ({llo(@))=1. (E3)

PHYSICAL REVIEW B 92, 195420 (2015)

Applying ((1] to Eq. (24), we obtain ((1 |R(a)K (o) = 0, which
is equivalent to

(1R() = Cla)((1]. (E4)
By the way, differentiating Eq. (4) forn = 0 by i x,,, we obtain
(5 @] K @) + (1K (@) = (1r5@).  (ES)

Applying R(«) to this equation and using Eqs. (E3) and (E4),
we obtain [47,58]

({16 @] = = (K" @R(@) + e (@)((1], (E6)

cula) = Clarg (@) + (I (@)|o(@)). (E7)

Equation (E6) becomes Eq. (31) because of Eq. (22). Particu-
larly, Yuge [58] used

Ri@) = — fim [ dr K@~ |pol@n)i(ll).  (E8)

§—>00 0

which satisfies Egs. (E3) and (E4) with o (¢) = pp(@), C(a) =
0, and Eq. (24) (in Ref. [58], C(«) was incorrectly set to —1).
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