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The carrier generation in insulators subjected to strong electric fields is characterized by the Landau-Zener
formula for the tunneling probability with a nonperturbative exponent. Despite its long history with diverse
applications and extensions, study of nonequilibrium steady states and associated current response in the
presence of the generated carriers has been mainly limited to numerical simulations so far. Here, we develop
a framework to calculate the nonequilibrium Green’s function of generic insulating systems under a DC
electric field, in the presence of a fermionic reservoir. Using asymptotic expansion techniques, we derive a
semiquantitative formula for the Green’s function with nonperturbative contribution. This formalism enables us
to calculate dissipative current response of the nonequilibrium steady state, which turns out to be not simply
characterized by the intraband current proportional to the tunneling probability. We also apply the present
formalism to noncentrosymmetric insulators, and propose nonreciprocal charge and spin transport peculiar to

tunneling electrons.
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I. INTRODUCTION

Nonperturbative effects, which cannot be captured by
order-by-order calculation, lead to a drastic change in the
property of materials. The Landau-Zener tunneling [1,2] is
a representative nonperturbative phenomenon, where applica-
tion of an intense electric field to insulators leads to a rapid
increase in the carrier generation rate.

Responses of quantum materials against external stimuli
show a rich variety according to the symmetries of the under-
lying microscopic Hamiltonian. In particular, nonreciprocal
transport is an important class of phenomena extensively ex-
plored both in linear and nonlinear regimes [3—10]. While the
nonreciprocal response with a directional transport requires
broken inversion symmetry, the presence of the time-reversal
symmetry sometimes forbids the directionality, as typified in
Onsager’s reciprocal relation on generic linear responses [11].

Recent developments on the study of the nonlinear re-
sponses with a topological and geometric origin [12-17]
suggest that the nonperturbative regime also hosts diverse
novel phenomena including nonreciprocal transport and topo-
logical responses. Indeed, the nonreciprocity in the tunneling
probability due to the geometric phase effect has been pro-
posed recently [18,19].

Despite the potential importance, transport properties in
the nonperturbative regime have not been explored so in-
tensively. For the tunneling problems, quantitative estimation
of the electric current associated with the tunneling carriers
in the nonequilibrium states has been missing, except for
several numerical studies in graphene [20-23] and correlated
insulators [24-29], although the tunneling probability in the
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equilibrium (or in a mesoscopic environment) has been stud-
ied in a broad context [30—42]. The difficulty to do so stems
from the far-from-equilibrium nature of the distribution of
the excited electrons in the nonperturbative regime. To deter-
mine the nonequilibrium steady state, we have to deal with
the Green’s function or density matrix of the system in an
open-dissipative setup. While such methods with the nonequi-
librium ensemble are actively studied [43-50], it is still a
nontrivial problem how to incorporate such nonequilibrium
nature with the nonperturbative treatment of the tunneling
process in the wave-function based theory.

In this paper, we consider a band insulator coupled to
a fermionic particle reservoir under a DC electric field.
The nonequilbirum steady state of this setup, schematically
depicted in Fig. 1, is realized as a result of a balance
between the nonperturbative excitation and relaxation due
to the dissipation. We derive a concise formula for the
nonequilibrium Green’s function of the steady state, which
includes a contribution from the nonperturbative tunneling
process as well as the dissipative effect. This enables us
to study the electric current due to the excited electrons,
which exhibits nontrivial behaviors which cannot be deduced
from the property of the tunneling probability. We clarify
that there appears a competition between intraband and in-
terband currents, which have different dependence on the
electric field. We also apply the obtained formula to noncen-
trosymmetric insulators, in order to discuss the nonreciprocal
transport. We reveal interesting phenomena, i.e., a crossover
of the nonreciprocity ratio due to the competition mentioned
above, and the nonreciprocal spin current due to the asym-
metric band dispersion. Such nonreciprocal spin current of
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FIG. 1. Schematic picture of the nonequilibrium steady state for
the open-dissipative Landau-Zener problem. The energy dispersion
of a two-band insulator is colored in red, according to the occupation
number n.. Electrons driven by a static electric field £ undergo the
Landau-Zener tunneling with a probability P, when passing through
the gap minimum. Excited electrons have a lifetime ¢ ~ 1/2I" due to
the coupling to the fermionic reservoir, which results in the exponen-
tial decay of the momentum distribution.

tunneling electrons may be related to chiral-induced spin
selectivity (CISS) found in DNA molecules, where photoex-
cited electrons show spin accumulation through propagating
in insulating DNA molecules [51,52].

This paper is organized as follows. In Sec. II, we develop
a framework to calculate the nonequilibrium Green’s function
of the tunneling problem. We first review the calculation of
the tunneling probability in isolated systems in Sec. ITA.
We introduce a key method, the adiabatic perturbation theory
here. We extend this framework to open systems in Sec. II B,
and construct the nonequilibrium Green’s function using the
solution of the equation of motion for the isolated system. We
show the numerically calculated carrier density of the open
system using the proposed framework in Sec. IIC. We per-
form an asymptotic expansion for the nonequilibrium Green’s
function in Sec. III, in order to derive approximate analytic
expressions. We summarize the main results in Sec. III A
with a brief sketch of the derivation. We provide detail of the
derivation with starting from the adiabatic limit in Sec. III B,
where we find that the asymptotic evaluation reproduces the
result of the Boltzmann equation with the relaxation-time
approximation. We combine this with the method of the con-
tour integral, to obtain the nonperturbative correction to the
Green’s function, in Sec. III C. We discuss the application of
the obtained formula in Sec. IV. We discuss the nonperturba-
tive electric current and associated nonreciprocity, as well as
the extension of the formalism to lattice systems. Finally, we
conclude the paper in Sec. V.

II. FORMULATION

A. Tunneling probability

We start with reviewing how the tunneling probability is
described in isolated systems. The open-system formalism

will be developed in the next subsection, based on the ap-
proach taken here.

In calculating the tunneling probability, the adiabatic
perturbation theory [18,30-32,53], a series expansion with
respect to a slowly changing parameter, plays a key role in
capturing the nonperturbative nature. To see this, let us intro-
duce a 2 x 2 Hamiltonian H in the momentum space (in the
first-quantized form)

H) us k) = ex(k)|us i), (H
and consider its adiabatic time evolution. Here, |uy ;) is the
Bloch wave function of the upper (¢ = +) and lower (¢ = —)

bands with crystal momentum k and eigenenergy &, (k). In this
study we consider a gapped case e_(k) < e (k).

We introduce a DC electric field E via the Peierls sub-
stitution H(k) — H(k — Et), where we set e =h =1 for
simplicity. We consider the time evolution described by the
time-dependent Schrédinger equation

1| ®(t)) = H(k — Et)|®(1)). @

We set the initial state at + =t; — —oo to be the eigenstate
on the lower band, i.e., |®(#)) = [¥— x(#;)) o< |u_ x—gs,) [see
Eq. (4) below].

It is well known as the adiabatic theorem that
[(u_s—g|®())|> = 1 in the weak field limit £ — 0. The
tunneling probability, i.e., the probability to observe the state
in the upper band (usually after a long time),

P = [(up g | PO = 1 — [(u_ppe| PO, (3)

thus measures how much the adiabatic theorem is violated
due to nonzero field strength £ # 0. While this observation
implies that it is convenient to expand |®(¢)) into the snapshot
eigenstates |uy x_g;), we here introduce a suitable basis with
an additional phase factor

[Wait)) = e o W IEbmEOTEAWGZEDL 0y ()

where Ayg(k) = i{uq r|0k|ug ) is the Berry connection. Note
that the lower limit of the #’ integral is chosen to ty := k/E #
t; for future convenience. Hereafter, we omit the arguments
k — Et when it is not confusing. While |u, x—g;) 1S not neces-
sarily smooth because of the arbitrariness of the phase factor
(as a function of k), |y, «(t)) does not depend on a gauge
choice of |uy r—g:) and is a smooth function of t,} thanks to
the Berry phase factor. We call |y, (¢)) the snapshot basis
throughout this paper.
Now, by expanding |®(¢)) as

D) = Y aa(®)|Yasx(®)) )

a==%

The gauge transformation we consider here is defined as |u ;) —
|ug i )e®«® with an arbitrary real function A,. Since the Berry
connection is transformed as Ay, (k) — Ay (k) — 0x Ay (k), One can
check that indeed the snapshot basis does not depend on the gauge
choice of |u, ) (except for the overall time-independent phase factor
arising from the gauge choice at the initial time, i.e., |, (t)) —
Wk ()€ eE)),
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with a_(—o0) = 1 and a(—o00) = 0, we obtain the equation
of motion for a4 (t) as

fap@)) 0 W)\ (ay(t)
l<d+(t)> = (W*(t) 0 )(a+(t)>’ ©)

W(t) = EA_(k — Er)elfo leeme- 4B A0 (g

where

The adiabatic theorem immediately follows from the fact that
W) — 0asE — 0.

As [W(@®)| = o(|E|?), we can regard W(¢) as a perturba-
tion to the adiabatic time evolution. Within the first order,

we obtain
t
a+(t) ~ _lf
—0oQ

The formal full solution can also be obtained using the
time-ordered exponential. The tunneling probability is now
evaluated as P = |a @)]2.

As is well known as the Dykhne-Davis-Pechukas (DDP)
method [30,31],int — o0, one can evaluate Eq. (8) asymptot-
ically by employing the contour integral in the complexified #,
plane, which yields an essential singularity with respect to E.
We discuss the asymptotic evaluation in terms of the contour
integral for arbitrary ¢ in Sec. III C.

We note that the difference of Berry connection A, —
A__ that appears in Eq. (7) and seems gauge dependent
can be rewritten by a gauge-invariant quantity, i.e., so-called
“shift vector,”

dnWw(t). (8)

R = A++ — A77 - ak argA+,. (9)
This allows us to rewrite W (¢) as [18]
W(t)=E|A,_ (k- Et)|eif’; dt' (4 —s_+ER)+i argAJr,(O)' (10)

This shift vector is known to appear in formulation of the
second-order nonlinear optical response called “shift current”
[12,13,15], and is a geometrical quantity that measures the
real space shift between the centers of valence and conduction
wave functions. As we show in Sec. IV B, shift vector also
governs nonreciprocity in the tunneling current.

B. Nonequilibrium Green’s function

Now, we introduce a particle reservoir (so-called Biit-
tiker bath [44,46]) and consider a nonequilibrium steady
state of the tunneling problem. We consider an open system
described by

H(t) =Y H), (11)
k

He(t) =Y (o|H(k — EDo")e, (1)eo (1)

oo’

+ > bl Obiop) + Y Vybi, ()eke (1) + Hee
op op

12)

Here, H (k) is the Hamiltonian (1) defined in the previous sub-
section, and o =1, | is the pseudospin spanning the Hilbert

space of 2 x 2 Hamiltonian H (k) (corresponding to a sublat-
tice, for instance). Note that we neglect the real spin of the
electron here for simplicity. &, (t) annihilates an electron with
momentum k and pseudospin o, while 131“, p»(¢) annihilates an
electron in a fermionic heat reservoir whose mode energy
is w,. The second-quantized operators are represented in the
Heisenberg representation, and denoted by hats. The spectral
density of the fermionic reservoir is assumed to satisfy the
broadband condition

> 7 |V,|*8(w — wp) =T = const,
p

13)

which makes the dissipative dynamics of electrons Markovian
[see Eq. (AO)].

As we are interested in the tunneling process, it is natural to
introduce the snapshot basis as in the isolated cases. Namely,
we introduce an expansion of the field operator into the snap-
shot eigenstates as

b ®) = 3 Pk W) (14)
= 3 GO0 It pg)e o A (1)

Vi) =Y (Vo (0)|o) o (2).

o

(16)

As the fermions in the reservoir are noninteracting, one
can trace them out. As a result, they are embedded in a
self-energy in terms of nonequilibrium Green’s function. By
inserting the above transformation to the snapshot basis into
the well-known formula for the self energy (in the real-time
representation with the original basis), we obtain [43,45]

GR(t,1') = GR(t,1)e 71, (17)
GA1,t') = GA(t,1)e "), (18)
G=(t,1) = (GRx =% GM(t,1) (19)

= /drdr’GR(t,r)Z<(t, G (', 1) (20)

for the retarded, advanced, and lesser Green’s functions,
which are defined as [GR(t,1)]p = [GA(t/,t)]jga =

— ik (), Y} L ONOU — 1), [G=(t, 1)]lap = i} (&)
&a,k(t)) with ®(¢t) = [1 + sgn(r)]/2 being the step function.
Here, G§’A denotes the Green’s functions of the isolated
system. The lesser Green’s function G= is a particularly
interesting quantity as it describes the electron occupation
in the nonequilibrium states. The lesser component of the
self-energy reads as

d . ,
[2=(z, T)]up = i2T / ﬁe—’“’“—’ ) fo(@) (Yo ik (T)1Wp ()
1)

with fp being the Fermi-Dirac distribution function. We have
omitted the interval of integration (—oo, 0o) for the 7, T/, ®
integral. While this transformation is straightforward, we
also provide a derivation using the Heisenberg equation in
Appendix A for completeness.

To complete the framework, we need to specify the re-
tarded Green’s functions of the isolated system Gg (t,t"). As
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a(t) is the solution of the time-evolution equation (6), one
can explicitly construct the retarded Green’s function of the
isolated system using a unitary matrix

at(t) ai()
Ue)= " , 22
) (_aw a© (22)
which satisfies
(0 W)
iu@) = (W*(t) 0 )U(t). (23)
One can easily check that G§ (t,1) is represented as
G(If(t, = —iUOU O —1). 24)
See also Appendix A.

To summarize, the nonequilibrium Green’s function of the
open system G= can be evaluated by (i) computing the time
evolution of the isolated system (6) to obtain a and construct
GR, and (ii) computing convolution of £ = by performing 7, 7’
and o integrals in Eqgs. (20) and (21). We provide analytic
expressions for the outcome of this framework using various
asymptotic methods in the next section.

Before closing the section, we remark that the nonequi-
librium Green’s function is time dependent, nevertheless, it
represents a steady state. This is because we focus on a single
electron with a particular momentum & (at ¢ = 0), while the
(steady) many-body state consists of electrons with various
momenta. In othgr words, the Green’s function we consider
here is that for (), while the physical system is given by
H(t) =), Hi(t) [see Egs. (11) and (12)]. Many-body ex-
pectation values, which are given as a momentum average of
single-electron expectation values, are indeed time indepen-
dent since the direct relation between momentum and time,
k(t) = k — Et, makes momentum average identical to time
average.

C. Numerical calculation

Here we use the above framework for performing numeri-
cal calculations, and see the influence of the reservoir on the
tunneling electrons. We calculate the carrier density n, (¢) as
a transient occupation of a single electron on the upper band,

ne®) = OV @©) =ImG=(, Dy, (29)

which can be translated into the momentum distribution of
the excited electrons of the whole system. The carrier density
n,(t) can be regarded as a counterpart of the (transient) tun-
neling probability in the case of isolated systems.

As a typical example, we consider the Landau-Zener model

o= (350, (26)

whose time evolution (6) is known to be exactly solvable
[2,53]. Let us discuss the properties of the isolated case first.
The tunneling probability of the isolated case P(t) = |a (¢)|?
in the r — oo limit is given as

52
P(t — 00) = e E/E — exp <_71T)_E> 7

which can also be exactly reproduced by the DDP method.
The transient dynamics is also important for characterizing the

1.0
0.8r__ ElEh=10
ElEq =2
0.6¢ ElEgn =1
& 0.4 ElEn=0.5
S ElE =0.2
[ — E/En=0.1
0.2 ‘
0.0b— B
-4 -2 0 2 4

1/(1/0)

FIG. 2. Tunneling probability P(t) = |a,(t)|> of the isolated
system as a function of time ¢, for the Landau-Zener model.
Ey = 8 /v.

tunneling process. We plot the tunneling probability P(z) =
las (t)|2 as a function of ¢ in Fig. 2, where we set k(t = 0) = 0.
It shows that the tunneling mainly occurs when the electron
passes through the gap minimum (r = 0). In particular, the
tunneling probability approaches to the step function ®O(r)
asymptotically in the strong field limit. On the other hand, in
the intermediate regime, the tunneling probability undergoes
an overshoot behavior within the timescale of ~1/ /VE, be-
fore converging to the final value.

Now, let us see how the carrier density (tunneling proba-
bility) is modified in the presence of the fermionic reservoir.
We plot the numerically calculated transient occupation of a
single electron on the upper band in the open system n () =
Im[G=(¢, ¢)]++ in Fig. 3. Here, we set the temperature of the
fermionic reservoir as kg7 = 0.58, which is relatively high,
and I' = 0.2§. We can find two qualitatively different regimes.
One is the low-field regime, where the tunneling amplitude
in the isolated case is negligible compared with the thermal
excitation. In this regime, the system should be well described
by the perturbative treatment using the Boltzmann equation,
where the distribution of the electron follows the equilibrium
one with a drift of the momentum. On the other hand, as
one increases the field strength, the nonperturbative tunneling
process becomes dominant, and a jump in the carrier density
evolves at ¢+ = 0. This generated carrier at the gap minimum
gradually relaxes due to the coupling to the fermionic reser-
voir (see also Fig. 1).

1.0

o

0.8r, ElEin =10
ElEp=2
ElEp =1

0.6}
+
ElEp=0.5

N
0.4 ‘

® E/Epn=0.2
021 ® E/E=0.1

1/(1/0)

FIG. 3. Carrier density n,(t) =Im[G=(t,7)];+ of the open
system as a function of time 7, for the Landau-Zener model.
Eq = m8%/v.
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These features in the open system are expected to be
universal in generic gapped systems, and to be captured
qualitatively by analytic formulas using appropriate approx-
imations, which we discuss in the next section.

III. ASYMPTOTIC EVALUATION

A. Overview

In this section, we evaluate the nonequilibrium Green’s
function (20) derived in the previous section, in an analytic
manner using various approximations. Let us begin with a
brief overview of our derivation of Green’s functions, be-
fore going into the details of calculations presented in the
next subsections. First, as a general remark, we note that
the approximations we adopt are mainly based on asymptotic
expansions, as in the DDP method in isolated systems. In
contrast to usual Taylor series that has a finite convergence
radius, these approximations are not necessarily improved by
including the higher-order correction. Thus, we have to be
careful on the condition when the approximation is justified.

We first consider the adiabatic limit and try to reproduce
the low-field regime. Since the dynamics of the isolated
system is trivial there, the central issue here is how to ap-
proximate 7, t/, and w integrals in Egs. (20) and (21). As
we are considering the adiabatic limit, where the timescale
associated with the change of the parameter is slow enough,
we assume that it is also slower than the decay time ~1/T.
We can perform the 7, 7’ integrals in a form of an asymptotic
series, which can be truncated in a low order if the above
assumption holds. This corresponds to the gradient expansion
known in the quantum kinetic theory [43], which is em-
ployed for deriving the quantum Boltzmann equation. Indeed,
by performing o integral in terms of the residue integral,
we obtain

E
[Ga(t, D]y = ifp(es()) + ifl/)(gi(t))akgi(t)f (28)

at the leading order, which coincides with the result of
the Boltzmann equation with the relaxation-time approxima-
tion. This is discussed in Sec. III B. We also show that the
above approximation quantitatively deviates from the numer-
ical result in an insulating system due to the nonperturbative
contribution.

Next, we consider the tunneling contribution by extending
the above result. As we need to construct the Green’s function
G, we have to calculate a, () at generic time 7 as opposed
to the conventional tunneling problem where one considers
only the t — oo limit. According to the Lefschetz thimble ap-
proach recently proposed for the tunneling problem [54], the
asymptotic form for the nonperturbative component should be
given as

ar (1) = VPO), (29)

where P is the tunneling probability of the isolated system
in the + — oo limit. While the discontinuity due to the step
function is not present in the actual solution, this approximates
the rapid increase at t+ = O that appeared in Fig. 2. With this
correction we can approximate the nonequilibrium Green’s

function as

G<(t,1) ~ ;(I,I)Jri(j%o ffg)

x [fp(e-(0)) = fo(e (0)]e " O@),  (30)

where the second term describes the decay of the tunnel elec-
tron seen in Fig. 3. This is the key result of this study, which
we discuss in Sec. III C.

B. Adiabatic limit

Let us consider a situation where the electric field is so
weak that the nonperturbative contribution to the Green’s
function can be neglected. We consider the adiabatic limit
E — 0, where the isolated Green’s function becomes trivial
since ar(t) =0, a_(t) =1, and U(t) = L«,. In this limit,
the lesser Green’s function reads as

. dw it
[Gaata. 1], = 2T / 22 fo@ye =)

X (LoWa O LoWp), 3D

where £, represents the Laplace transform (from 7 to I" 4 iw)

| LoVa(1)) = f | Yot — 7)) THOT, (32)
0

In this section we try to construct an adiabatic perturbation
expansion of the nonequilibrium Green’s function. This can be
done when the relaxation time 1/(2T") is sufficiently shorter
than the typical timescale of adiabatic parameter change
(x1/E). In such a case, the Laplace transform (32) can be
evaluated in an asymptotic series form as follows.

A straightforward and elementary approach to obtain an
asymptotic expansion is successive use of integration by parts
based on the relation

~ 3, (ef(r‘+ia))1:7if,07 df’s,,)

= (33)

. L o=T 4,
e_(F_Hw)T_lf’() dt's, : : ’
I'+iow—ig,(t — 1)

where we have introduced a shorthand notation &,(t — 7) =
eq(k — E(t — 7)). Instead, here we use a more systematic
approach in the following.

Since the integrand decays in the timescale of 1/I", one
can Taylor expand the slowly changing part of the integrand
around t = 0 and perform the termwise Laplace transform,
which yields the asymptotic series solution. However, as
can be seen in the definition (4), the integrand [V, x(f — 7))
has two different timescales. One is the adiabatic timescale
appearing via k(t) = kK — Et, while another is the time de-
pendence due to the dynamical phase factor —i ftf) dt’ey. The
latter should be separately treated in performing the Taylor
expansion (at least at the leading order). To this end, we
introduce the slow component at time ¢ as

[Voit, D)) = [Yar(t — 7))e e« (34)

where the additional phase factor cancels the dynamical phase
around T = 0. One can easily check that d.|¥, (¢, 7)) =

O(E). Now, by expanding the slow component |$a,k(t, 7)),
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we obtain © gn Ut T
o0 — L = Z ath [F _::i:'i(lg ()t))]n+l (37)
| Loy (1)) = / d":wfa,k(t: -L—)>e_[r+l(u—l€a(t)]f (35) =0 [ =
0 p—
o0 [ d 9 } Vo i, 7))
1 8” —_ = eXp —— | .
= Z — 5 Vet 7)) IsdT | s+io  |oroie,@).=0
n!oth =™ 120
n=0 (38)
00 . .
X / dt the THe—is Ol (36) Equation (31) then reads as
0
|
(G, 1)] 2"e P[ 22 00 ]1( VWit DI ) (39)
d\f» o =1 X —a s _ _,_, S, S o, k\bs k ) 3
“ ’ dsdt 95’ It g s=T+igg (t),s'=T —igy (t'), 1=1'=0
[
where The remaining 7 derivative can be evaluated using
—iw(t—t") — L —
165, ) = / do _fow)e ™77 40) (Wit DDV 1 (1, 7)) = £alt) — 84t —T),  (47)
21 (s —iw)(s' + iw)

Let us evaluate the w integral I(s, s"). In this section, let
us focus on the case t = t’. The integration can be performed
using the residue integral as

I(s,s') = fr(Ims, —Ims’), 41)

s+
by using Res = Res’ = I > 0. Here, fr(e1, &2) is given by

1o I T+ig
) = - — lIJ ~
frlen e =5 2m'[ (2 + 2nkBT>

w 1 n I — i82 (42)
2 2mkgT )|
with W being the digamma function, which can be regarded

as a “modified distribution function” reflecting the presence
of the fermionic reservoir. We note that

1
Refr(ey, &) = E[fr(81,81)+fr(82,82)], (43)

and fr(e,e) — fp(e) as I'/kgT — 0. Namely, the present
bath behaves as an ideal bath when I' < kgT .

Having completed three integrations, we can obtain the
expression for the lesser Green’s function by evaluating
exp[—0d;0; — 9y d,/]. While the s derivative of Eq. (41) consists
of that of the distribution fr and that of the denominator
(s + )7, the former should be smaller since it is higher
order in I'/kgT. Thus, we truncate the former series at the
first order:

e—axar—av,a,,l(s’ §) = eiasla,—ia%a,,fre—a(aﬂua,,)(s + s/)—l (44)
= [fr +i(0¢, fror — Oe, fror)]
x e 0O (s 4 7 (45)
which leads to
[Ga(t, D]yp = ifr(€a(t), €a(t))dap
—2I(0s, + 0e,) fr(ea(t), 5(1))

« 6*31‘31/2 (Ea,k(t’ T)|iaf|$ﬁ,k(tv T))
eq(t) —ep(t) —i2

=0
(46)

(W41t DN Wi, 7)) = W(t — 1)+ OO 1 (48)

which results in, for the diagonal part,

E
(Gt )] ~ifpe+(t)) + ifé(ei(t))akgi(t)ﬁ (49)

at the leading order, which reproduces the well-known result
of the Boltzmann equation with the relaxation-time approxi-
mation. One can neglect the off-diagonal part

2036, + 3: ) fr (64 (1), e~ (1)

(Gt D], _ = e (t) —e_(1) — 2T

W),
(50)

which can be shown to be canceled with the perturbative
correction to U (1).

We examine the obtained formula by calculating the carrier
density n4(t) = Im[G=(¢, t)]++ in Fig. 4, where we set ' =
0.468, kgT =6, and E = 0.2(7182/11) for the Landau-Zener
model. As can be seen in the numerical result plotted in
Fig. 4(a), the results for the full expression of G<, Eq. (20),
and G3; given by Eq. (31) agree well, which implies that
the thermal excitation is the dominant mechanism for the
carrier generation in this parameter regime. We plot the re-
sult using the asymptotic expansion (46) truncated at zeroth,
first, and second derivatives with respect to t. The first-order
formula reproduces the numerical result semiquantitatively.
The second-order correction makes the result worse, which
is characteristic to the asymptotic expansion with vanishing
convergent radius. One can also notice the overestimation of
the height of the peak. This deviation is related to a non-
perturbative effect peculiar to insulating systems, with which
the agreement is substantially improved as can be seen in
the green curve obtained with the saddle-point method. We
discuss details of this effect in Appendix B.

C. Tunneling contribution

As one decreases the temperature or increases the field
strength, the dominant mechanism for the carrier generation
should switch from the thermal excitation to the quantum
tunneling, which is not taken into account in the previous
section. In this section, we consider the nonperturbative
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FIG. 4. Carrier density n(t) = Im[G=(¢, ¢)],+ of the Landau-
Zener model as a function of time. I' = 0.45, kgT =6, and E =
0.2(76%/v). (a) Numerical calculation based on the full Green’s
function (20) (red) and based on the adiabatic component (31) (gray).
(b) Comparison of the adiabatic component with the asymptotic ex-
pression (46). The Taylor expansion of e~r%/2 is truncated at the nth
order. The green line is the result of the saddle-point approximation
(see Appendix B).

tunneling contribution. Since the Green’s function includes
such nonperturbative contribution in the time evolution of
the isolated system a.(¢), here we consider the first-order
correction (8) in terms of the adiabatic perturbation.

The central issue here is that we have to compute a(¢) as
a function of ¢, which is in contrast to the conventional tunnel-
ing problem discussing the t — oo limit. We first discuss this
using the Lefschetz thimble approach [54]. Then, we construct
Gg (t,t") with the tunneling correction and derive the formula
for G=(z, ).

1. Thimble decomposition

As is also known in the DDP method, it is essential to
regard the #; integral in Eq. (8) as a contour integral of
a complexified variable (k — Et; — z; here), in capturing
the nonperturbative nature of the tunneling probability. The
Lefschetz thimble method is a powerful tool in computing
contour integral, which provides a systematic decomposition
of the contour of integration Cy [with a,(¢) = fCo dzief @]
into a deformed contour C composed of the steepest descents
of Ref(z;) that extend from saddle points (and the end point
of (). See Refs. [54,55] and Appendix C for details. Because
the steepest descent of Ref(z;) coincides with the isopleth of
Imf(z;) due to the Cauchy-Riemann relations, the integrand
along the deformed contour has no oscillation (as opposed to
the original one) and is easier to evaluate.

The saddle point is a special point where the steepest de-
scent and ascent join, whose position is obtained by solving

d;, f(z1) = 0. In the present case, this equation reads as

0 InA = iR=0 51
8Zln+_1E1_, (&2))
where A, _(z;) is the analytic continuation of the dipole ma-
trix element |A,_(k—Et))|, R=A;y —A__ — OpargA;_
the shift vector, and A =¢; —¢_. As we show in
Appendix C, when E is small enough, the solution z; = k, can
be found in the vicinity of the gap-closing point z; = k. with
A(k.) = 0 (i.e., where the second term vanishes). This can
be seen in the plot of Ref(z;) for the Landau-Zener model
(E > 0) (Fig. 5), where the gap-closing points and saddle
points are marked with black and red points, respectively.

According to the Lefschetz thimble method, the steepest
descent attached to a given saddle point belongs to the de-
formed contour C, if its steepest ascent has an intersection
with the original contour Cy, as exemplified in Figs. 5(a) and
5(b): The saddle point in the lower half-plane (marked with
red dot) has a steepest ascent parallel to the imaginary axis
(red dashed line), which crosses the real axis at z = k — Et,
[the gap minimum point d; A = 0, represented by the blue dot
in Fig. 5(b)]. As the original contour Cj (blue line) runs from
400 to k — Et, the steepest descent has a contribution when
t > t,. Indeed, the deformed contour C drawn by red curves is
composed of two pieces in Fig. 5(b) with ¢ > f,, in contrast to
Fig. 5(a) with t < t,. While there are also two saddle points in
the upper half-plane (and more on another Riemann surface),
they always have no contribution as their steepest ascents do
not intersect with the real axis.

The saddle-point contribution presentin¢ > f, can be eval-
uated approximately using Laplace’s method, which results in

a+(t) ~ \/F()@([) — eIm(I;)k( dk[A/|E|+Sgn(E)R]®(t). (52)

Here, for simplicity, we have set t, = 0 by shifting the origin
of time, and set arg A _ (k = 0) such that the tunneling ampli-
tude becomes real [see Eq. (C23)]. We keep only the leading
order in E for the prefactor. See Appendix C for details.

The discontinuous behavior ®(¢) roughly approximates
the time profile shown in Fig. 2 if we neglect the overshoot
behavior in 0 < 7 < 1/+/vE. The overshoot behavior is re-
lated to the last segment of the deformed contour C (steepest
ascent toward the terminal point z; = k — Et), although we
neglect it in this study. When E is small enough, perturbative
evaluation of the last segment yields an O(E+/Py) term to the
Green’s function, which reproduces the overshoot behavior,
although it cannot capture the suppression in the strong E
regime. We note that its contribution to the electric current is
higher order than the interband component (we derive below)

with O(J/Pp).

2. Green’s function

Let us evaluate the influence of the tunneling contribution
(52) on the nonequilibrium Green’s function. With this con-
tribution, the retarded Green’s function of the isolated system
reads as

Go(t,1) = —i®(t —1")hya + i(f%% ;ﬁ)%)@(—t’),

(33)
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FIG. 5. Ref(z;) fora,(t) = fCo dzie’@ [see Egs. (8) and (C1)]
in the complexified momentum plane (z; = k — Et;). Gray lines are
the steepest descents. The gap-closing points z; = k., k) are indi-
cated by black dots, from which the branch cut drawn by the black
thick lines extends. The saddle points z; = k, are marked with red
dots, while red dashed lines are associated steepest ascents. The
original contour of integration C indicated by blue line is deformed
into C composed of the steepest descents attached to saddle points
(and the terminal point of the Cp), drawn as red solid lines. f, is
defined via the crossing point z; = k — Et, between the real axis and
the red dashed line (steepest ascent). ¢ = f, (whether z; = k — Et,
intersects with Cy or not) determines whether the steepest descent
attached to the saddle point (z; = k;) belongs to C or not.

where the diagonal entries in the second term arise from the
correction to a_(t) that keeps the norm conservation |a . |> +
la_|> = 1 up to O(Py).

Since the tunneling process is approximated to be in-
stantaneous and represented by the step function within the
present approximation, the second term can be rewritten
in terms of G§f ,4(0,1") = —i®(0 — )1, Then, G*(1,1') =
GR(t,1)e7 "= reads as

GR@t, ')y =GR, 1) + M(1)O(1)GE (0, 1), (54)

where
P2 P\ _;

d 55
VP P2 )e )

and GR,(t,1') = G§ (¢, 1))e "0,

By substituting this and GA(z,t') = [GR(t',1)]" into
Eq. (20), G= = GR + ©= x GA, we obtain G= with the tun-
neling correction, in terms of G = GX x = x G4, (here the
asterisk denotes convolution in time and matrix product in
the band index). Namely, we can summarize the (equal-time)
expression into

G=(t,1) = G4(t, 1)+ G ,(t,1)O() (56)

M) = —(

with
Gy, (t, 1) = M(t)G4(0,00M' (t)
+ M()G5(0,1) + G, )M (1). (57)
In particular, the diagonal component of the correction term
G, (t, 1) reads as
[Giy(t, )],y = [G(0, 0)]  Poe ™"
—iIm[G(t, 0)]_ Poe "
+2iIm[Gy5 (¢, 0)] . VPoe ™. (58)

Since we have evaluated the equal-time expression
G(t,t) in the previous section, we have to evaluate the
adiabatic Green’s function G(t,t") with ¢ > t' = 0 here. If
we evaluate Eq. (40) with ¢ > ¢/, we obtain

ikgTe= =1

I(s,s") (s — w)(s" + wy)

_ —s(t—t") o
_ Jo(=is)e B 59)

/
s+ s =

where w, = (2n 4 1)mwkpT is the Matsubara frequency. Since
we are considering kg7 > I' = Res, the second term is neg-
ligible for + — ¢’ # 0. In addition to the s derivative of the
distribution fp and the denominator (s + s')~!, we have
that of e ¢~ in the evaluation of e~ %% 9% [(s, s') in the
present case. This contribution is problematic when ¢ — ¢’ is
large since

e—asa, e—s(t—t’) — e—s(t—t’)e—asaz e(t—t’)&, (60)
acts as a time-translation operator for t. This leads to the
breakdown of the assumption that t is small, which is nec-
essary for performing the gradient expansion (38). To cancel

this time translation effect, we need to choose the slow
component as

[Wak(t — 7)) = [Yg(t', T — (t — 1)) == (61)

For details, see Appendix D. Then, as the remaining factors in
I(s, s') are the same as in the previous calculation, we arrive
at a similar expression as Eq. (46):

[Gaa(t. 1) = ifp(ea(t’) — D)™ 78, 5
— 2T f} (84 (t") — iT)e T¢—1)

% 6*3[‘31/2 (WQ,k(t/’ T)|lar |Eﬂ,k(t/9 T))
eq(t') —eg(t’) —2il"

(_62)
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As the drift correction ofj, is less relevant when E is
increased (correction may make the asymptotic expansion
worse), let us consider only the first term. The correction to
the nonequilibrium Green’s function reads as

(G, )], .O0)
= £i[ fp(e-(0)) — fo(e+(0)]Poe >'O®).  (63)

The physical meaning of this expression is apparent. The
tunneling occurs at t+ = 0 with probability Py, which is instan-
taneous and governed by the quasiequilibrium distribution at
t = 0 (although this is an approximation). This contribution
decays in the timescale of 1/(2T), as the excited electrons are
relaxed due to the dissipation to the heat bath. This picture is
schematically summarized in Fig. 1.

In the same way, one can calculate the off-diagonal part as

(Gt D], > ([G(0,0)]__ — [Ggg(t, 0], )v/Poe™""

(64)
ilfp(e—(0) — fo(e4 ()P ", (65)

where we have dropped O(E Fy). It is worth noting that the off-
diagonal component has a halved nonperturbative exponent,
which implies that the interband current may be crucial for
the transport property. We compare intraband and interband
contributions for the electric current in Sec. IV A.

12

IV. APPLICATIONS

A. Nonperturbative electric transport in band insulators

We have derived a formula for the nonequilibrium Green’s
function with the nonperturbative correction in the previous
section. The original motivation to calculate this is to obtain
the nonequilibrium distribution of the electron and calculate
physical observables, such as the electric current. Here, let
us evaluate the nonperturbative electric current of the band
insulators as an application of the present framework. The
velocity operator in the snapshot basis is expressed as

b= Z(GIBkH(k — En)|o’)&], (1)eo: (1) (66)

oo’

1ﬂ+k(t) ok — E1) Y x(t) 7
Y x(t) Yok (t)

A0 ( 2 iAW/E> Vi k(1) 68)
V@) \—iAW*/E e ) \J_ )]

where A =&, —¢_. Note that this expression is exact for
an arbitrary E (i.e., it contains all the nonlinear terms with
respect to the vector potential). We also note that arg W (¢)
depends on argA,_(k = 0), which has been fixed such that
the asymptotic form of a, () becomes real [see Eq. (C25)].
As we have mentioned in the end of Sec. II B, physical observ-
ables are given as a momentum average of the single-electron
expectation value calculated with the nonequilibrium Green’s
function (and are thus time independent). In the adiabatic
limit, the electric current is given as

Jud = —i/ ;l—kTr[ e (69)

E dk
—>r / 2 - Z(akea)zfg(ea)

dk 2P A2|A, |
—-E Ea 70

which vanishes in the insulating system at the low tem-
perature, as f}, becomes zero. On the other hand, the
nonperturbative correction has a temperature dependence as

J = (1) + I fole—(0)) — foles ON]. (71

Here, the zero-temperature expressions JSZ) I A ) are the intra-
band and interband currents given as

J I P 72
Lz = Fo o, Ckie ) (72)
FA T

O dk R
JI(‘zz) — ZJFORe/ _|A+7|Ae—1Refkr dk (A/E+R)+2I‘k/E’

FA
(73)

where + = sgn(E).> Here, A is a cutoff momentum, which

should be replaced by 2 divided by the lattlce constant in the

case of lattice systems (see Sec. IV C). JLZ is asymptotically
2n| 2T ak  4T2? 9k2

evaluated as
. 74
2" 0k~ 4T? 9k? :|k=0 74

which survives since fp(e—(0)) — fp(e+(0)) ~ 1. When the
first derivative of A vanishes as in the Landau-Zener model,
the intraband tunneling current turns out to be proportlonal to
E*Py. One can evaluate the interband current JLZ by the
similar asymptotic series expansion. The leading-order term
reads as

E? 92A

P E 90A
|

(75)

7@ VP [EIAL_|2TA
™ | Tz |
T A2 AT |,

where we have assumed Re fok‘ dk'(AJE + R) = 0 for sim-
plicity. While J]Ezz) has a smaller power E /Py compared with

J{2), the Lorentz factor makes the value small when I' < A.
Thus, whether the intraband or interband effect is dominant
depends on the strength of the dissipation.

We plot Jilz) 1L z and JIEIZ) —}—JLZZ) for the Landau-Zener
model in Figs. 6(a) and 6(b), respectively, as functions of
E and T'. Here, we have numerically integrated Eqs. (72)

2While the present formula is justified only if the decay time 1/2T"
is shorter than the adiabatic timescale, its I' — O limit partially
reproduces the result in the ballistic limit as follows. The ' — 0
expression for the intraband current is given as J{lz) — P[A(A) —
A(0)]/27. Here A(A) can be regarded as the applied voltage in the
Landauer picture, when two leads are sandwiching the system and
the cutoff momentum is determined by the chemical potential of the
leads. In this picture, we obtain the electric conductance as Py (¢?/h),
if we drop the small contribution from A(0). Also, when I' — 0, the
integral in the interband current (73) has no perturbative expression
with respect to E. One can show by the saddle-point method that J2)
is higher order than J|) in this limit.
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FIG. 6. Electric current response of the nonequilibrium steady
state for the Landau-Zener model attached to a fermionic reservoir.
(a) Ratio of the intraband and interband currents J\})/J\2) as a func-
tion of the electric field £ and the dissipation I". Dashed line indicates
I =2 (b) J1) + J2) as a function of the electric field E and the
dissipation I'.

and (73). We find that the interband current is dominant in
a wide region of the parameter space. The intraband current
is dominant only when I'" < 0.168, where one has a crossover
from the interband-dominant to intraband-dominant regime as
increasing the field strength.

Such dominance of interband contribution to the current
response cannot be captured by conventional analyses of
tunneling processes that only focus on tunneling probabil-
ity. Namely, the intraband contribution to the current can be
deduced from the tunneling probability and group velocity.
In contrast, the interband contribution, which turns out to
be dominant in a wide parameter range, requires analysis
of phase coherence of tunneling electrons, and cannot be
captured only by looking at the tunneling probability. Thus,
our Green’s function approach has an advantage in describing
tunneling current response with an ability to incorporate the
intraband and interband contributions on an equal footing.

B. Nonreciprocal transport
1. Nonreciprocal charge transport

As we have revealed in the previous study [18], the tunnel-
ing probability Py has a geometric factor that involves the shift
vector R. In particular, for noncentrosymmetric systems, this
factor exhibits nonreciprocity (depends on the sign of E):

P E 21m f3¢ dk(A/|E|+R) ke
Yp = 0(+| |) = ¢ T = exXp ZIm/ dkR|.
Po(—|E|)  p2Im [ dk(A/IEI-R) 2

5
c

(76)

S mm
5

0.4 0.6 0.8
E/Eth

FIG. 7. Nonreciprocity ratio y = J(+E)/J(—E) in the steady
state for a two-band model of noncentrosymmetric insulator with a
nonzero shift vector, Eq. (77). Nonreciprocity is enhanced for larger
electric field E and is suppressed for stronger dissipation I.

The shift vector R is an odd function of k when the system is
inversion symmetric, and does not lead to nonreciprocity. In
contrast, noncentrosymmetric systems can host nonreciproc-
ity arising from the geometric factor.

When the tunneling process is the main mechanism to
generate carriers, the nonreciprocity ratio y = J(+E)/J(—FE)
for the electric current should also be characterized by that for
tunneling probability yp. However, since the intraband and
interband currents (JIEIZ) and J]EZZ) in the previous section) are
respectively proportional to Py and /Py, the nonreciprocity
ratio y for the electric current should undergo a crossover
from ,/yp to yp when the dominant contribution is switched
from the interband to intraband current, e.g., by sweeping the
strength of the field.’

To demonstrate the crossover, we introduce a model for a
noncentrosymmetric insulator

H(k) = 8o, + mv/'1 + ck?o, + vko,

where the parameter m controls the strength of inversion
breaking [0 H (k)o, # H(—k)] which yields a nonzero shift
vector. Note that this model is time-reversal symmetric,
o H*(k)o, = H(—k), which prohibits nonreciprocal response
that arises from asymmetric band structures such as magne-
tochiral anisotropy [6]. We show the nonreciprocity ratio y in
Fig. 7 as a function of the electric field £ and the dissipation
strength I". We choose m = 0.56 and ¢ = 0.5v?/82, which
leads to yp = 2.62, ,/yp = 1.62. We note that yp has no de-
pendence on E and I'. We can see that the nonreciprocity ratio
changes from ~,/yp to ~yp as the field strength is increased,
which clearly captures the change of the dominant mechanism
for the electric current from the interband to intraband effect.
Namely, for the weak electric field regime, the interband effect
is dominant since the phase coherence between the two bands
is important for the current response with a small number

(77)

3In a paper by two of the present authors [56], the section on
“Absence of dc nonreciprocal current in noninteracting systems”
contains an incorrect argument around Eq. (14). Namely, the non-
reciprocal current proportional to E? may exist in time-reversal
symmetric noninteracting systems in general. Such nonreciprocal
current ocE? can be studied based on the Keldysh Green’s function
method developed in this paper, which would be an interesting future
problem.

245141-10



CURRENT RESPONSE OF NONEQUILIBRIUM STEADY ...

PHYSICAL REVIEW B 102, 245141 (2020)

of excited electrons. For the strong electric field regime, in
contrast, the intraband effect becomes dominant which means
that there appear many tunnel electrons which carry current
according to their group velocity. In addition, Fig. 7 shows that
strong dissipation I" suppresses nonreciprocity. In particular,
we find that nonreciprocity in the crossover regime is quickly
suppressed by the dissipation.

2. Nonreciprocal spin transport

It is interesting to investigate a different type of nonrecip-
rocal transport that is not characterized by the nonreciprocity
of the tunneling probability. The momentum distribution of
the excited electrons due to the tunneling process is highly
asymmetric around the gap minimum (only left or right is
occupied according to the sign of the electric field), which is
a peculiar property absent in metallic systems.

We can exploit this feature to obtain a nonreciprocal spin
transport when the band dispersion has a skew around the
gap minimum. Under the time-reversal symmetry, however,
the gap minimum with an opposite skew exists at —k, so
that the asymmetry in the electric current should vanish if
contributions from this pair of gap minima is added up. The
nonreciprocal transport due to this asymmetry may survive
when we consider the spin current. We here consider an in-
sulating model with a Rashba spin-orbit coupling

H(k) = (vk 4 As,)o, + (8 — yk*)o., (78)

where s, is the (real) spin of the electron. This model is time-
reversal symmetric since o,s,H*(k)s,0. = H(—k), while it
lacks the inversion symmetry as o,H (k)o, # H(—k). We plot
the energy dispersion of this Hamiltonian in Fig. 8(a). Due to
the Rashba spin splitting, the time-reversal partner at —k has
the opposite spin polarization. Thus, the tunneling current for
the spin up and down differs due to the skewed dispersion,
as shown in Fig. 8(b). The spin current due to this difference,
shown in Fig. 8(c), does not change when the electric field is
inverted, i.e., the spin current exhibits nonreciprocity. This is a
different type of nonreciprocal transport which is absent in the
metallic transport with the shift of the Fermi surface. Note that
there are two pairs of saddle points for each spin sector of this
model, and we have neglected the pair with larger threshold
field, for simplicity. We also have neglected a (E-dependent)
slight deviation of the crossing point z; = k — Et, from the
gap minimum.

Recently, spin-dependent transport has been found in DNA
molecules [51], and spin transport in chiral materials [chiral-
induced spin selectivity (CISS)] is attracting growing interests
[52]. In CISS, photoexcited electrons propagate through in-
sulating DNA molecules and show spin accumulation due to
spin-dependent decay rates. Similarly, the above-mentioned
spin transport in the tunneling process indicates a spin
rectification effect, and can induce spin accumulation in
noncentrosymmetric and chiral semiconductors with applica-
tion of electric fields. While the present mechanism of spin
accumulation applies for tunneling electrons and not for pho-
toexcited electrons in CISS, these two effects could be related
with each other in that both induce spin accumulation via
electron propagation through an insulator. In particular, the
spin current in tunneling problem implies that application of

(a) 7.5 - up (b) = up
== down == down
5.0 1.5
2.5
(‘Q t‘Q 1.0
v 0 S
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-3-2-101 2 3 0 0.20406081.0
vk/& E/Eg
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FIG. 8. Nonreciprocal spin current in the nonequilibrium steady
state of a Rashba-splitted insulator, Eq. (78). A =0.45, y =
1.25v%/8. (a) Energy dispersion. (b) Spin-resolved current as a func-
tion of electric field E for I' = 0.134. (c) Nonreciprocal spin current
Jy — J, against electric field E and dissipation I'. J; (=E) = —J (E)
leads to directionality J1(E) — J (E) = J;(=E) — J (=E).

strong DC electric fields to chiral molecules including DNAs
can induce spin current generation and spin accumulation.

C. Extension to lattice systems

So far, we have considered models in a continuous limit,
such as the Landau-Zener model. Here, we briefly introduce
an extension of the formalism to lattice systems with a Bril-
louin zone. In isolated lattice systems, the electron passes
through the gap minimum periodically, with the period of the
Bloch oscillation T = 27 /|E|ag (ap is the lattice constant).
Thus, the asymptotic form of the tunneling amplitude a. (¢) is
modified from Eq. (52) to

oo
@)~ VB Y ARG Ty (79)

n=—N

Here, N — oo should be taken after the calculation of Green’s
functions for the open system, to avoid the divergence of
the sum. The n summation appears due to the contribution
from the multiple saddle points, which has a phase difference
originating from the dynamical phase factor [W(t 4 Tp) =
W(;)eifoTB di(A+ER)],
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interference factor

By repeating the derivation in the previous sections with
Eq. (79) instead of Eq. (52), one can show that the correction
to the nonequilibrium Green’s function is modified as

(14 e [Gry(t, )],y
—20Ty—i [ dt(A+ER) 12 ’

(G, 0], _
| — =20 Ts—i [{? dt(A+ER)’

(G, D] — (80)

[1—e

[Giz(t, D], — (81)
for t € [0, Tg). The expression for an arbitrary time can
be obtained by employing the periodicity [G;,(t 4+ Tp,t +
Tp)l++ =[G, (t, )4+ and  [G,(t + T, t +Tp)]4— =
[sz(t’ t)]+_eif0TB dt(AJrER)_

The additional factor characterized by the dynamical phase
and I'Ty = 27T /Eay describes the interference between tun-
neling processes with different times. The electron excited
at t+ = nTp acquires the dynamical phase i fOT” dt(A + ER)
relative to the electron excited at t = (n + 1)7g. The interfer-
ence becomes significant when the electric field is so large
that the relaxation time 1/T" leading to the decay of the
amplitude is comparable to the period of the tunneling pro-
cesses T. We plot the interference factor (1 4 e=27)/|1 —

i (TB . .
e 2 Ts=i [y" d1A |2 i Fig 9,

V. CONCLUSION

In this paper, we studied the nonequilibrium steady state
of the insulating systems with the nonperturbative correction
derived from the quantum tunneling. We established a frame-
work for the nonequilibrium Green’s function in the tunneling
problem, where the Green’s function in the snapshot basis
is represented by the solution to the time evolution of the
isolated system that the conventional approaches are based on.
We perform an asymptotic evaluation of the nonequilibrium
Green’s function in the snapshot basis, which reproduces the
result of the Boltzmann equation with the relaxation-time
approximation in the adiabatic limit. By combining the Lef-
schetz thimble method, we also obtain the nonperturbative
correction to the nonequilibrium Green’s function, and discuss
the electric current in the nonequilibrium steady state. We also
discuss the nonreciprocal transport associated with the tunnel-
ing current, and propose the crossover of the nonreciprocity

ratio in the nonmagnetic noncentrosymmetric insulators, and a
nonreciprocal spin current derived from the asymmetric band
dispersion in spin-splitted insulators.

The application of the present formalism in the strong-
field regime turned out to be unexpectedly successful for the
Landau-Zener model. This should be attributed to the fact
that the asymptotic evaluation of the tunneling probability
coincides with the exact solution. Such feature is absent in
generic models (in particular for lattice models with an energy
cutoff), and we have to substantially improve the asymptotic
method adopted in this study, e.g., by a more sophisticated
treatment of the Lefshetz thimble. Extension of the present
formalism to many-body systems [24,26] is also an important
open problem.
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APPENDIX A: DERIVATION OF THE NONEQUILIBRIUM
GREEN’S FUNCTIONS IN THE SNAPSHOT BASIS

Here, we derive the expressions for the nonequilibrium
Green’s function in the snapshot basis. Let us begin with the
Heisenberg equation of the annihilation operators,

ibko (1) =Y (o|H(k — ED)|6")ekor (1) + ) Viibiop (1),
o’ P

(AD)
il;kap(t) = wpl;kap(t) + Vpéka @). (A2)

The latter one can be solved with respect to bas

t
bkap(t) = bkﬂp(ti)e_m}p(t_tl) - le/ dt/ékn (t/)e_lwl>(t_t )9

t
(A3)
where t; = —oo is the initial time where the system is in
equilibrium. By substituting this into the former equation of
motion, we obtain

it (1) =Y (o|H(k = EDN0 Yo (1) + Y Vi biop(ti)

o’ p
. t . /
x e—zw[,(z—z;) _ ZZ |Vp|2/ dt,éka (t/)e—uup(t—t )'
t:
P i

(A4)

The memory effect described by the last term vanishes (i.e.,
dynamics becomes Markovian) when the fermionic reservoir
satisfies the broadband condition (13): The last term is shown
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to be instantaneous as

t
S [ dr e @he e
P

t
t
- / de|Vp|28(a)—a)p) / di'e (e ) (A5)
t

P
d r : !
= / 2or [ A6 (e ) = Té (1), (A6)
2 i
Namely, we obtain

idio (1) = Y _(|H(k = ENI0")oto (1) = iT s (1)

o’

+ Y Vibigp(t)e (A7)
P

Then, by performing the unitary transformation (14), we ob-
tain

oA (Vex®) =<—ir W(r)) V()
dir \f_ (1) W*(@t) =il ) \J_x(t)

% (W+,k(f)|0))A —iw,(t—t;)
+ Vv bio»(t; P
2 ”<<w_,k<r>|a> or(tide

(A8)

In order to solve this differential equation, we introduce
the unitary matrix U (¢) defined as Eq. (22). By replacing the
off-diagonal matrix in the right-hand side as

0 W =iUNOU @ A9
(W*(I) 0>_, OU (1), (A9)

we can deform Eq. (A8) into

d | (e®N
i U’ R
’d,[ (’)<vf—.k<r>>e }

(Vi x(@lo) » . ,
; L, U'(1) W ®)lo) o p(tide (A10)

which we can solve just by integrating on [¢;, t]. Especially,
when I' =V, =0 (i.e, the case of the isolated system),

we obtain
Vi) o[ Vx@)
L =U@0U )| . , All

(W,k(ﬂ) U )<1ﬁ,k li ) (AID

by which the expression for [GR(t,1")]ap = —i({Var (),
wqu(t’)})()@(t —1t"), Eq. (24), immediately follows. When
' #0,V, # 0, we arrive at

'(/f—t-,k(t) — iGR (1) 1{4—,k(ti) Tt
v x(1) Vi)

. - <1/f+.k<r>|a>>
+f e 2.4 r)<<w_,k(r)|a>

X i p(t)e 7D, (A12)

where the first term vanishes in t; - —o0. Now, the field
operator v is expressed by the bath operator b at the infinite
past. As the bath fermions are in equilibrium at the infinite
past, we can evaluate the Green’s functions of i by using

1}y (1): birorg (1)} = 85084, (A13)
(Bl pt)brorg 1)) = 8508 pqf0(@)).

For the retarded Green’s function, one can derive Eq. (17) as

GR@,t) = zr/

—00

(Al4)

;
dt GR(t,t)e T+ =21 (A15)

=GR, t)e T (A16)

by using ZP|V,,|2e’i"’f’(”f/):21"8(t —1') [see Eq. (A6)],
> (Ya i (Do) o [¥p (1)) =84, and Gi (1, DGR, D] =
iGg(t, t")O@" — t) for t > t’. The expression for the lesser
component, Egs. (20) and (21), can also be derived using

> Vol (bl t)biop(ti))e =)

p

d o
—or / 29 ¢ (@) @T=T), (A17)
27

APPENDIX B: NONPERTURBATIVE CONTRIBUTION TO
THE DRIFT EFFECT

As can be seen in Fig. 4(b), the drift effect described
by the relaxation-time approximation (49) overestimates the
height of the peak. This is due to the nonperturbative effect
non-negligible around the band top.

The failure of the approximation is derived from the
order-by-order evaluation of the gradient expansion, for-
mally expressed by the exponential operator exp(—ard;/2) in
Eq. (46). The exact result is recovered by replacement of the
expression

=i/ e(t—1)—e()
2r

=0
N /Dodr e et — ) — e(®)]. (B1)
0

Let us consider to apply the saddle-point (thimble) method
to the t integral. The saddle point must satisfy

0e(t — 1)

Tt -0

(B2)
When 7 is so small that we can approximate the denomina-
tor by td,e(t — 7), we obtain T = 1/2I", which recovers the
result of the gradient expansion at the first order.

On the other hand, when &(t) = e(—t) holds, T =2t +
1/2T is also an approximate solution:

de(t — (2 +1/2T))  —de( + 1/2T)
ety —e(t — 2t +1/2I))  e(t) —e(t +1/2I) —

(B3)

While the contribution from this saddle point is negligible for

large ¢ due to the factor of e~*"", it can be relevant when ¢ is
small, i.e., when the tunneling process occurs.

Let us see this contribution from the additional saddle point

using a specific example. For the Landau-Zener model, e(¢) =
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¢/(1/2T)

FIG. 10. The position of the saddle point z, 1 (red for 4 and blue
for —) as a function of 7. Dashed lines are T = 1/2T", 2¢r + 1/2T.

vV (VEt)? + 62, Eq. (B2) reads as

t—t 1

Y
R )

A2 (t — )2 + (§/VE)?

(B4)
While this is a quartic equation, the last term can be neglected
regardless of the value of r — 7, if the adiabatic condition
1/T" « §/vE is satisfied. We obtain

1 1
Mt — 12+ — B5
Ts,i + 2F + 4F2 ( )

for the approximate position of the saddle point. As we show
in Fig. 10, 7, 1 is significantly deviated from v = 1/2I", 2t +
1/2I" around the gap minimum ¢ = 0, in addition to the fact
that both of the two saddle points are relevant here. By apply-
ing the saddle-point method, we obtain

OO —2I't E
ZF/ dte [e(t — 1) —e(@®)] =~ —=[v+(t) + v_(1)O@)],
0 2r

(B6)
where
vi(t) = _'2”3_8 (VA +1+ 1)3 e%zm:M)_
e Ok\Y @r2yara?+1

(B7)

We plot this result by a green line in Fig. 4, which accurately
follows the numerical result.

APPENDIX C: TUNNELING AMPLITUDE EVALUATED BY
THE LEFSCHETZ THIMBLE METHOD

In this Appendix, we explain how to calculate the asymp-
totic form of the tunneling amplitude a, (¢), Eq. (8), using the
Lefschetz thimble method [54].

1. Analytic continuation

First, we perform the analytic continuation of the integrand
to rewrite Eq. (8) as a contour integral in the complex plane.
We here introduce a complexified momentum k — Et; — z; €
C (and k — Et" — 7' € C in the phase factor) as the variable
of integration.

We note that, in analytic continuation, we have to be careful
on the treatment of the Berry connection difference A, —
A__ in the phase factor of Eq. (7), which is not gauge invariant

and not necessarily analytic. It is convenient to employ the
alternative expression (10) for the integrand W (¢) with the
shift vector R=A,; —A__ — 0y argA;_ to circumvent this
problem. This expression is analytic with respect to k — Et;
in generic cases.

To avoid confusion, let us introduce A+_(z]) and R(z;) as
an analytic continuation of |A;_(k — Et;)| and R(k — Ety),
respectively. Then, Eq. (8) reads as

a (t) = jo rgA—(0) / dZ1A+7(Z1)e—ifél dz/(A/E-H?)’ (C1)
Co

where A = ¢, — ¢_. Cj denotes the half-line on the real axis
z1=x€R, x:sgn(E) x oo - k — Et.

There are exceptional cases where |A,_(k — Et;)| and
R(k — Et;) cannot be analytically continued. Such a sit-
uation happens when there exists a gauge choice such
that A, (k) =A__(k) and A, (k) e R with A, _((k,) =0
hold because the shift vector becomes R(k) = 7 Zku Sk —
k,) (mod 2m). Still, in such cases, the combined quantity
A, (k — Ef)leh "R — 1A (k — Ety) is analytic and
does not depend on a gauge choice (up to the phase factor
¢/ 724+~ Thus, as an exceptional treatment, we introduce
A, _(z1) as an analytic continuation of A,_(k — Et;) in the
above-mentioned gauge instead, and set R(z;) = 0.

2. Analytic property of 2 x 2 Hamiltonian

When the system is described by a 2 x 2 Hamiltonian, one
can express the Hamiltonian using a pseudospin o as

H(k) = do(k)lx2 +d (k) - 0, (C2)

with o being the Pauli matrices. We assume that d is an ana-
Iytic function of k. Then, the analytically continued variables
are expressed as [18]

Alzy) = 2V, (C3)
) Jd % 0dy
Ay (z1) = Vi@ x od) ;zk ) ) (C4)
o dxod)-0id
Ra) == V. (C5)

Note that this expression includes the exceptional cases men-
tioned in the previous subsection, which correspond to the
situation where (d x 0,d) - 8,3d = 0. Because R is indetermi-
nate at k = k, with (d x 9d)*|i=, = 0, R can be a singular
function when the branch of /(d x 9d)? for A,_ is not
appropriately chosen.

As the gap-closing point z; = k. with A(k.) = 0 plays a
key role below, let us see properties of the above variables
in the vicinity of z; = k.. The gap-closing points appear in a
pairwise manner [i.e., A(k.) = A(k¥) = 0] because d(z}) =
[d(z))]* holds for Hermitian Hamiltonian d(k € R) € R3.
For future convenience, we label the gap-closing points as
EED EED L with k07 = (km)*.

Since d? is analytic, d? should be expanded as d?> =
(@ — k) + a2 — kD 4o, with o #£0 for
generic cases. Namely, the gap-closing point behaves as a
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square-root branch point

Azy) ~ 2y (z — k). (C6)

In a similar way, we assume that (3;d)> = (()") + ﬂf")(zl —
k™M) 4 -+ and (d x &d) - 03d = ng” +n{" (@ — k") + - -
with n(()") # 0. Then, we obtain

1
d x 3d)* = d*(3d)* — Z<akd2)2 (C7)
1 n n n n n
= ‘z“i 2+ a8 — o) (@ — k) A
(C8)
which leads to
. Znsgn(Imk™)
Ap(z) ~ ot (C9)
YT i — k)
. 47]('” N
R@z) ~ =y o — k" (C10)
oy

as leading-order expressions. ¢, = {_, = %1 arises from the

multivaluedness of /(d x 0d)?.

3. Saddle points

In order to apply the Lefschetz thimble method to the
evaluation of Eq. (C1), we need to identify the position of the
saddle point of f(z;) with ay(t) = ie' ¥4+ © /Co dz el @),
The saddle point is given as the solution of 9, f(z;) =0, i.e.,
it satisfies [see Eq. (C1)]

A Ry =0,

ilnfLr,(zl)—i (C11)
821

For simplicity, we focus on R = 0 cases here. Results for R #
0 can be recovered by replacing A by A + ER in the final
expression (see Ref. [18] for details).

For now, we consider E > 0. Since the second term di-
verges in E — 0, the saddle-point approach the gap-closing
point k.. However, the first term also diverges in this
limit since
1

1 — Ke

ad ~ a
— A, (z1) ~——1In(z1 — ko) = — (C12)
311 321

follows from Eq. (C9). Combined with Eq. (C6), the solutions
of Eq. (C11), z; = k;, at the leading order of E are given as

EZ 1/3
k(n,m) _ k(n) ~ efni+4m'm/3
s c 4™
1

(C13)

with m = 0, 1, 2. Due to the branch point, arg(k{™™ — k)
is mod 47 here. We note that, in contrast to the gap-closing
point, z; = (kK"™)* is not the saddle point.

Let us evaluate the integral along the thimble (steepest
descent) ., associated with the saddle point z; = k"™,
Since f(z1) — f(ks("’m)) e R (z1 € Jn.m) takes the maximal
value at z; = k("™ the integral can be approximated as

/ dZ] ef(zl ) ~ / dZ] ef(kin,m))+fu(klmm))(Zl _kin,m))Z/z (C14)

nm nm

known as Laplace’s method. Using
1/3

11 (1,(n,m) 2a§")2 —2mim/3
frkS™y~3 ——) e , (C15)

E4
we can parametrize the steepest descent around z; = k"™
as z; — k™ = (o)~ Bxe~im/2H4mim/3 with x € R. Here,
the direction of the contour around the saddle point k"™
is counterclockwise seen from the gap-closing point k.
Combined with

(nm) 2alm 13 ) EON
ef(ks’ )Nl-{nsgn(lmkgn))< 1 ) 674n1m/3671.f0 dzA/E’

16E2
(C16)

we obtain the asymptotic form of the integral as

2/3 o)
/ dzie! @ ~ §nsgn(Imk(.”))‘/£e—e_ijgc AN/
Tnom V32

(C17)

According to the exact result obtained by the DDP method
[30], the prefactor /7 /3¢*/3/2 =0.9965... should be re-
placed by unity when the higher-order terms of the adiabatic
perturbation theory are taken into account. Hereafter, we drop
this prefactor.

When E < 0, the position of the saddle point around k"
reads as

E®

kgn,m) _ kén) ~ (
E (n)
dor;

1/3
) e?‘[l’*47‘[im/3 , (C18)

which corresponds to (k{™"™)* in the E > 0 case. The ex-
pression for the integral coincides with Eq. (C17) (note that E
in the exponent becomes negative).

4. Tunneling amplitude

Let us apply the Lefschetz thimble method. Using
Cauchy’s integral theorem, we can deform the contour of the
integral Cy to a set of steepest descents [54,55]

C= Zlvn.mjn,m - F(l),

n,m

(C19)

where the sum of the contour is defined as || rar, = /i N E frz'
Here, I'(¢) represents the steepest descent extending from
the end point of the original contour Cy, i.e., z; = k — Et.
The Morse index N, ,, = (Co, Kum) € {—1,0, 1} counts the
(oriented) number of intersection between the original contour
Co and the steepest ascent K, associated with k™. The
orientation is defined as (. m, Ko ) = Snw Sm.ny - Namely, if
we neglect the contribution from I'(z), we can rewrite Eq. (C1)
as a sum of Eq. (C17):

O .
Q1) ~ Y Ny ysan(Tmk{?ye 4B ),
n,m

(C20)

The remaining task is to identify the Morse index N, ,,. As
the extension to the case of the multiple pairs of gap-closing
points is straightforward, here let us assume that N, , =
81.18m.0N1,0 holds for E > 0, and the thimble ;¢ passes
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through z; = k — Eté(,'), i.e., the momentum at f; = téﬁ”. With-
out calculating the steepest descent directly, whether the latter
assumption is consistent can be verified by Ref(k!1:?) <
Ref(k — Et{"), which must hold since they are on the same
steepest ascent K o. The position of z; =k — E té” can also
be identified by comparing Imf. Note that, while z; = k —
E téf” coincides with the gap minimum for the Landau-Zener
model, it is not necessarily the case for generic models [e.g.,
Eq. (78)]. In particular, #, can be a function of E.

As the steepest ascent Ko has an intersection with Cp
when ¢t > tg(l) (as z; =x € [k — Et, +00) for z; € (), the
Morse index is given as

Ny = —sgn(Imkf,l))(@(t — t;l)). (C2D)

Here, the sign factor arises because Cj is clockwise (counter-
clockwise) seen from the gap-closing point k(! in the upper
(lower) half-plane.

When E <0, N, =68, -16m0N-1,0 should hold since
—i X" az AJE = [—i [ a7 AJIE|]*. Now, the original
contour is Cy = (—o0, k — Et], and is counterclockwise
(clockwise) seen from k{1 on the upper (lower) half-plane.
Namely,

N_1o = sgn(Imk{)O(r — 1{V). (C22)
We can summarize the above results as
ap(t) ~ —igsgn(E)VPy® (1 — 1)
« ¢ Re fok‘('l) dz/ (AJE+R)+i argA+,(0)’ (C23)
where
Py = o2m fokw dZ/[A])E|+sgn(E)R] (C24)

is the tunneling probability.

When there is only one pair of the gap-closing points (z =
k&), we can set 1) = 0 by choosing k and A;_(0) such
that the asymptotic form of the tunneling amplitude is real:
a,(t) ~ /PyO(t). This expression is used in the main text

for simplicity. We note that in such a case the interband matrix
element W (¢) reads as

—iRe fkﬁf’ dZ/ (AJE+R)
¢

W) = iti|E[|Ay—(k — Er)le . (C25)

which is used for the evaluation of the electric current in
Sec. IV A (¢ = 1 is assumed in the main text).

APPENDIX D: EVALUATION OF THE TIME-DIFFERENCE
FACTOR IN THE GRADIENT EXPANSION

In the evaluation of ¢~ %% =93 [ (s, s') with ¢ > ¢/, we have
to deal with (T(t,1')| == e~ %% e 0=y, (¢, T)|F (s) with
s =T +ig,(t), T =0, and an arbitrary function F(s). As we
have mentioned in the main text, ¢=¢~") acts as a time-
translation operator as

(T(t, 1) = ™M= (g (2, )IF (s) (D)

= (Y (1, T+ 1 —1)IF (5). (D2)

As T 4+t —t’ is no longer small, we need to shift the origin
time of the slow component. Using the definition of the slow
component (34), we obtain

(T(t, t/)| — efs(rfz’)efasar eisu(t)(rwttft’)fiaa(t’)t (Ea,k(tlv )|F(s)

(D3)

— o Tt p=0:3r y—ilea () —ea ()13 (Ea,k(t,v T)|F(s), (D4)

which can  be rewritten as (T(r,1)] = e %
e T (' D)IF (s) with s = T + igg(t'), T = 0. Using
this expression, we obtain [G(z, ')]qp as

[Gra(t, 1], = 2T e "7 it

X %(Ea,k(ﬂv DY’ 7)), (D5)

evaluated at s = I' + i (t), s’ =T —igg(t’), t =1 =0.
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