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Transitional steady states of exchange dynamics between finite quantum systems
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We examine energy and particle exchange between finite-sized quantum systems and find a new form of
nonequilibrium state. The exchange rate undergoes stepwise evolution in time, and its magnitude and sign
dramatically change according to system size differences. The origin lies in interference effects contributed by
multiply scattered waves at system boundaries. Although such characteristics are utterly different from those of
true steady state for infinite systems, Onsager’s reciprocal relation remains universally valid.
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I. INTRODUCTION

One of the most fundamental phenomena in physics is
energy and particle exchange between systems, which occur
in the form of heat and mass current in the presence of
temperature and a chemical potential gradient. It is our interest
to understand steady state (SS) with constant exchange rate.
A great deal of research has been performed to clarify the SS
properties, such as the Landauer-Biittiker (LB) formula for
fermionic particle current [1-4], Onsager’s reciprocal relation
in the linear response regime [5,6], and the thermoelectric
effect [7-11]. Also in the modern formulation of stochastic
thermodynamics, the SS fluctuation theorem explains the
directionality of the flow as a consequence of the second law
of thermodynamics [12-16] and proves symmetry relations
between nonlinear response coefficients [17—-19].

Decay from an initial transient state into SS usually occurs
if a system is subject to a dissipation due to a coupling to
an environment [20,21]. Recent theoretical studies show that
types of dissipation processes [22] and the presence of a bound
state [23] are crucial for the formation of SS. Numerical tools
have been developed to examine how an open quantum system
can reach SS [24]. It is worth noting that SS can also existin a
quantum system isolated from a dissipative environment if the
system itself is infinite to have continuum energy spectra. An
elementary but illuminating example is Fermi’s golden rule
for the constant transition rate in a system having continuous
density of states [25].

As for SS in isolated quantum systems, despite the fact
that quantum systems are not infinite in their size, we
presume that if the energy levels of considered systems are
spaced densely enough, SS would also be established in a
very similar manner to infinite systems. In this regard, the
assumption of infinite size or continuum energy levels seems
only a matter of mathematical convenience. However, it is
obvious that the exchange rate between two finite systems
cannot be constant perpetually. If so, we reach an unphysical
situation, for example, that particles flow constantly from
system A to system B even if system A is totally evacuated.
Furthermore, finite quantum systems evolving according to
the time-symmetric Schrodinger equation cannot reach SS
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in the strict sense. Hence the behavior of SS predicted for
infinite systems should cease to persist after a certain time
scale .. The following questions arise. What determines 7.?
What are the subsequent states for a time longer than 7.7 Does
any alternative form of SS emerge which cannot be explained
by existing theories for infinite systems? These are issues of
fundamental importance in understanding exchange dynamics
between isolated quantum systems.

We answer these questions for a minimal model composed
of two systems of noninteracting fermions in one-dimensional
chains. The system details are introduced in Sec. II. In order
to quantify the exchange rate between the two systems, we
consider particle and heat currents, which are defined in
Sec. III. We preform numerical calculations to obtain particle
and heat currents between the two systems, and results for
the particle current are given in Sec. IV. We then adopt a
perturbative approach and get analytic results that explain
well the numerical data, presented in Sec. V. The behavior
of the heat currents and its implication to Onsager’s reciprocal
relation are discussed in Sec. VI. A summary and discussion
follow in Sec. VIL

II. SYSTEM

We consider two Fermonic systems (system L and system
R), each of which is well described by a noninteracting tight-
binding Hamiltonian:

M,—2
Ho=—t Y (cl e +cl ic) (1)

Xg=lo

with « = L,R. Here c,, (CL) symbolizes an operator which
annihilates (creates) a fermionic particle at a site x, in the
system « and satisfies anticommutation relations: {c,,c,, } =
{CL,CL/} =0, {cia,cxa,} = 0y,,x, 00,0’ We focus on size ef-
fects, assuming that the two chains can be different only in
their lengths. The model Hamiltonian H, describes various
physical systems such as hard-core bosons in one-dimensional
optical lattices [26], quantum spin rotors [27], and naturally a
system of electrons if spin degrees of freedom are irrelevant.
Initially (at time T = 0), the system « is in grand canonical
equilibrium state at the inverse temperature 8, and chemical
potential pi,. The corresponding initial density matrix reads as

Peq = e_ﬁL(HL_MLNL>e_ﬁR(HR_/LRNR)/(ZLZR), (2)
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FIG. 1. Schematic setup: The upper figure shows the schematic
diagram of the composite system, where 7 and y represent the hopping
amplitudes defined in Eq. (1) and Eq. (3), respectively. There are
M, — 1 lattice sites in the chain «, and B,,u, are parameters for
the initial equilibrium states described by the density matrix (2).
The lower figure exemplifies the Fermi-Dirac distributions, f,(E) =
[1 + ePaE-1)]~1 with B, and u, satisfying the range (4). Here the
blue line represents the energy dispersion, £ = —2t cos k(E) [29].
Energy levels contributing to the currents populate the shaded region
with finite fz(E) — fL(E), which is located near the band center
k(E)=m/2.

where Z, is the grand canonical partition function of the
system o, and MV, is an operator measuring the total number
of particles in the system o, N, = 3_ N, with the particle

occupancy at xo, Ny, = ciu Cy-

A tunnel coupling between the two end sites (see Fig. 1)
is switched on at T = 0T, which is described by a coupling
Hamiltonian:

He = —y(c) cr, + ¢} c1,). 3)

The time evolution of the composite systems during 7 > 0 is
then governed by H = H, + Hg + Hc [28].

There are several relevant energy scales in our consider-
ation: 8 I"and pu, for the initial equilibrium states, and the
coupling strength y. In addition, for the system Hamiltonian
Eq. (1), we have the bandwidth w = 4¢ and the level spacing
8o X 21t /M, [29]. In this work we consider weak coupling
strength (y < t) and highlight behaviors in a regime specified
as

e By K w, 8, K By 4)

For the first condition, the systems are nearly half-filling,
and the contributions from the band edges are insignificant.
For temperatures not much higher than room temperature,
it is always B,w >> 1 for an eligible range of band widths,
0(107"yeV < w < O(1)eV. The second condition requires
that the systems should be large to have small level spacing
compared to the thermal energy; hence, the level discreteness
is irrelevant as for their initial equilibrium properties.

III. PARTICLE AND HEAT CURRENTS

In order to quantify exchange, we consider particle number
change in the system L:

(ANL(D)) = (Np(1)) — (NL).
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The angular bracket of an observable O represents (O) =
Trpe, O with p., in Eq. (2). The operator of an observable
O at time t is represented by O(t), which is determined by
the unitary time evolution: O(t) = Ut(t)OU(r) withU(7) =
e~™M*/h and O(0) will be simply denoted as O. Due to particle
number conservation, the particle number change in the system
R is a redundant variable. The particle current, Jy (¢), from the
system R to the system L is then given by

In(r) = (dN(v)/dT). (&)

‘We note here that a linear combination,

Enu = Z Apy . xq Cxy (6)

with the coefficients given by

2 . [ngmxy
an, x, = | — sin , (7
o M, M,

diagonalizes the Hamiltonian (1) into

Hy = Z Silagjqagna = ana-/\w/;’lu' 8)

Ny

Here N, = @} . is the number operator measuring the num-
ber of fermion (0 or 1) occupying the n,-th energy eigenstate,
and the energy eigenvalue is given as g,, = —2¢ cos(nqmw/My).
In the diagonalizing basis, the coupling Hamiltonian H¢ (3)
is written as

HC = 2 V”L,nR(C)lLC”R +EZRC”L)
nr,ng

with VnL.nR = —VYan; 1,.8ng,1g- o
The number operator, Ni(t) =), N, (r) for 7 >0
evolves according to the Heisenberg equation of motion:

iiidrNL(T) = [NL(T)vH]
= > Vi@, (08, (1) = &, (0)E, (1),

np,ng

and thus the particle current (5) can be expressed as

W@ =3 Y Vi, Reli @, 08, ), 9)
np,nr
where Re[ X] denotes the real part of X.

Meanwhile, energy exchange occurs in the form of heat,
which is defined as [30-33] Q(t) = [A&.(T) — AER(T)]/2.
Here, the energy change stored in the system « is A&, (t) =
(AHu(T)) — 11 (ANL(T)) With AHe(7) = Ho(T) — H,. In
the diagonalizing basis (6), the energy change in the system o
is given by

AE(T) = (en, — ta)l(E] (1)En, (T) — &} E,)].

Ny
Using the Heisenberg equation of motion for EI,U (1)Cy, (r) =

N, (7), we obtain the time derivatives of the energy change in
the system L as

dAEL(T) =2 Y (en, — ) Vi meRelic] (D, ()],

(10)
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FIG. 2. Time evolution of the particle currents. In presenting the
results, the current is normalized by J 168, the current value for infinite
systems, which is obtained by the Landauer-Biittiker formula. The
time is scaled in units of tx = 2Mg/v(0) with v(E) given by Eq.
(11), which is the minimum time required for a single round trip
along the right system. Here we set y = 0.01¢, B, = Br = 10/,
pr = 0.3¢, and ug = 0.1z. (a) Results for a symmetric arrangement
(M, = Mg = 300). The density plot of particle number change as a
function of the position and the observation time (the upper panel)
and the particle currents (the middle panel). In the lower panel, we
show the long-time behavior where the step structure becomes vague
because of the retardation of the round-trip time of a slow particle
[see the discussion following Eq.(11)]. (b) The particle currents for
AM =M, — Mg =1, AM = 2,and AM = 300 with fixing My =
300.

which upon interchanging the system indices as L <> R gives
the time derivative of the energy change in the system R.
This determines the heat current through a relation, Jo(7) =
d: Q(7) = [d: AEL(7) — d: AR(T)]/2.

IV. NUMERICAL RESULTS FOR PARTICLE CURRENTS

We numerically calculate the currents and present the
results for Jy(7) in Fig. 2. (Results for the heat currents will be
discussed in Sec. VII.) The upper panel of Fig. 2(a) displays
the density plot of the particle number variance, AN, (7),
for M; = My. The density variation propagates with the
maximum velocity (the white dashed line) given by v(0) in
Eq. (11) below, and it forms the triangular pattern. The middle
panel of Fig. 2(a) shows the particle current as a function of
time, which evolves stepwise in time, and the step heights
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are given by odd integer multiples of J5%. Here J5% is the
SS current for M; = My = oo, and it is obtained from the
Landauer-Biittiker formula (see Appendix A). Also we scale
observation time t in units of tx with 7, = 2M, /v(0), where
the group velocity v(E) is

h(E) = dE(k)/0k = /41> — E? an

for the energy dispersion E (k) = —2¢ cos k. Hence, the time
scale tx corresponds to the shortest round-trip time of a
particle occupying the band center (E = 0) along the system
R. One finds that the currents abruptly jump at every time
TR = 2MR/U(0)

The round-trip time of a particle having energy E is given by
TR(E) ~ 2Mg[1 + 2(E /w)*]/v(0) = tx[1 + R(E)]. We find
that the round trip of a particle with E # 0 is retarded to have a
round-trip time longer than 7. This retardation determines the
transient width between the mth and (m + 1)-th step, which is
roughly given by mtg R(E). This effect can be observed in the
current behavior for time T = mty with large m, as illustrated
in the lower panel of Fig. 2(a). For a longer time, the step
structure vanishes, and the current oscillates between positive
and negative values (see Appendix B).

We now look at other system size differences [Fig. 2(b)].
First note that, for 0 < T < g, the currents are given by J 55,
irrespectively of AM = M| — M. This indicates that, up to
the time 7g, the systems do not sense their boundaries, and the
exchange occurs in the same way as it does between infinite
systems. However, as time elapses, the temporal behaviors
of the currents can be very different from the symmetric
case (AM = 0). The current amplitude sensitively depends
on the size arrangement and observation time. Intriguingly,
for the case AM = 1, the current direction is negative of J LB
indicating back flow from low to high chemical potential. In
the next section, we derive an analytic formula that describes
well the numerical results and explains the size dependence of
the current behaviors.

V. ANALYTIC RESULT

In order to evaluate the particle current (9) analytically,

we need to calculate the equal time correlator (F}; (D), (T)).
This can be done through a perturbative approach for the weak
coupling strength y < ¢, as will be explained below. Note
first that the time evolution of ¢,,(t) is determined by the
Heisenberg equation of motion:

ihdfgnd(f) = [’Ena(r)vH]
= Enu’gna (T) + Z Vna»”a’gna’(r)' (12)

No! 4o

We then obtain ¢, (t) up to the linear order in V for the weak
coupling:

~ ~ p—liEng TR § : —iey ,T/R ~
Cny (‘C) e @ / Cny — Fna,na/(r)e "ol / Vnu,na/ Cny s
Nyl 2a

13)
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where the time-dependent coefficient F},, ,, ,(7) is defined as

. et i(Eng —&n_, )T/ R

i e , e e —1
Fna,na/(f) =z dr,el(sna Erg T IR

h 0 En, — En

o

(14)

Inserting Eq. (13) into the equal time correlator in Eq. (9), we
find

@ (0T, (0) = =Fupne OVl fr — 11, (15)

- FnL,nR (T)9
and the initial equilibrium averages, (F:r,aE'na,) = Sa,a'8ny.n, fa
with the Fermi-Dirac distribution function, f, =[1+
ePe(ena=1a)]~1 The particle current can then be readily obtained
by inserting Eq. (15) into Eq. (9):

where we used a symmetry relation, F* = (t) =

ng,np

2
IN@ =3 3 Vi M, (O fr = fi]

= ZTLRfR_ZTRLfL (16)

Let us first consider the term, Y, Ty g fr = J, &=L in Eq.
(16), corresponding to the current from the system R to the
system L. We find that in time domain 27/7; <« (w/E)?* the
current is determined by (see Appendix C for the calculation
details)

dE
JEL A / ETLR(E0) fr(E), (17)

where the transmission amplitude is given as

T r(E,7) = T(E){1 ~|—2D(r)Zcos[2k(E)C£]}. (18)
=1

The time dependence of T} g lies in the factor
D(z) = O(r — mqtR)®[(m + 1)gtr — 7] (19)

with ®(x) being the Heaviside step function and g being a
positive integer related to the system sizes as pM; = gMpz +
C for its co-prime pair p to make C ~ O(1). Here T(E) is the
transmission amplitude between semi-infinite chains, given in
Eq. (AS). Exchanging the system indices, L and R in Eq. (17)
[and correspondingly, g and tx in Eq. (19) should be replaced
with p and 7, respectively], we obtain the current from
the left to the right system. Noting that g, (E,7) is invariance
under L <> R and p < ¢ due to pt; & qtg, we arrive at the
following expression of the total current:

dE
Iy = / ST~ fo) 20)

which is similar to the Landauer-Biittiker formula, except for
the fact that the transmutation amplitude is time dependent.
The analytic results for the particle currents are represented
by the lines in Fig. 2, and they show good agreement with the
numerical data. Let us briefly explain how Eq. (20) together
with Egs. (18) and (19) explain the numerical results. For
example, if M; = Mp, the time interval Eq. (19) indicates that
transmission jumps occur at every tg, as indeed is displayed
in the middle panel of Fig. 2(a). For this case, we have C = 0
in Eq. (18), and the transmission amplitude for time interval
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m = 1 becomes Tz = 3T (E), explaining the current value
quantized at three times of J5%. On the other hand, if AM = 1,
we have C =1 and the cosine factor near the band center
k(E) ~ /2 becomes cos(rr £), which for £ = 1 yields Tz =
—T(E). This negative transmission yields the negative current
in the time interval given by m = 1, as shown in the upper
panel of Fig. 2(b). Behaviors for other cases can be deduced
along the same line of reasoning.

Note that C in Eq.(18) corresponds to the path difference
between the round-trip distance along the left and along
the right system. This suggests that the deviation from the
Ladauer-Biittiker formula originates from interference effects
contributed by waves reflected at the system boundaries
and returning back to the coupling region. Furthermore, the
commensurability of the round-trip times pt; & gt and the
time interval in Eq. (19) indicates that the interference effect
manifest itself only when the round trip along one system is
concurrent with the other.

VI. HEAT CURRENTS AND ONSAGER
RECIPROCAL RELATION

We now look at behaviors of the heat currents, considering
first the analytic expression (10) of the energy change rate in
the system L.

Substituting the equal-time correlator Eq. (15) into Eq. (10),
we get

d:AEL(T) = ) 2V, (e, — pL)IMFy, 0 [fr — fL].
np,ng
21
Further using a relation,
en, IMF,, n, = &, ImF,, ,, +sin[(e,, — &,,)7]

given from Eq. (14), we can write Eq. (21) as

A AEL(T) = ) fr(eny — 1) )2V, JmE,,
= fulen, = pr) Y 2V L ImEy,

+D frY_2V] . sinl(en, — £0,)T].
ng np
The last term is given by S; and C; with i > 0 in Eq. (C5),
which are delta functions or derivatives of delta functions as
shown in Egs. (C12) and (C13). Neglecting the last term acting
only instantaneously and using the definition of T,z and Tk,
in Eq. (16), we obtain

deAEL(T) =) frlEny — 1)Tir — ) frlen, — ni)Tre.

ng nL

Converting the summation into integration, we can express the
energy change rate of the left system as

dE
4, AEL (1) = f E(E ~ u)T(E. D~ fi]

and finally reach the analytic formula for the heat current
2Jo(t) = d; AEL(T) — d  AER(T):

dE B
Jo(t) = f “E-DIEDr - fil, ()
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FIG. 3. Temporal behaviors of the heat currents for various AM
with a fixed M = 300. Here the heat currents are normalized in units
of J5” given by Eq. (23), and the observation time 7 is scaled by g
asin Fig. 2. The parameters are settobe y = 0.01t, u;, = ug = p =
0.2t, B = 11/t,and Br = 9/1.

where i = (up + ugr)/2,and T(E,7) = Ty = Tpg is given
in Eq. (18).

In Fig. 3 we present the heat currents, which are normalized
by the SS heat current:

dE
1§ = [ SEE - prE - R @

Analytic results (the lines) from Eq. (22) are in good agreement
with the numerical results (the points). Also we can see that the
heat currents evolve stepwise in time, similarly to the particle
current behaviors shown in Fig. 2, which could be understood
from the time-dependent transmission, T'(E, 7).

The formula given in Eq.(20) for the particle current and in
Eq. (22) for the heat current has an fundamental implication

20
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FIG. 4. Onsager’s reciprocal relation: We evaluate Ly and Loy
for the cases presented in Fig. 2 at times t = 0.57¢,1.5t¢ and 2.57R,
and all data points are collapsed onto the single line Lyp = —Lgn.
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to the Onsager reciprocal relation [5,6]. Generally, particle
currents can be expressed as Jy(t) = de(TLRfR — TrL f1)
with Ty g (Tgr) denoting the transmission amplitude from the
right (left) to the left (right), and T is not always equal to
Trr. The transmission in our consideration is shown to be
symmetric under exchanging the system index L and R, and
there exists a symmetry,

Tri(E,7) =Tr(E,T) =T(E,1), 24)

which leads to Egs. (20) and (22) in a form similar to the
Landauer-Biittiker formula.

In the linear response regime, the particle current and
the heat current can be approximated as Jy >~ LyyBAuR +
LyoAB and Jog >~ LoyBAun + LooAB for small affinity
differences, AB = B; —Br < B and Ap = pp — ur < fi
with average temperature and chemical potential, 28 = B; +
Br and 2i = ;. + wg. Expanding fr — fi in Eqs. (20) and
(22) up to the linear order in AB and Au, one can readily
check that those forms of the current formula, Eqgs. (20)
and (22), although T(E,t) is time dependent, validate the
Onsager relation, Lyg = —Lgy. This is also confirmed by
our numerical results shown in Fig. 4. Therefore, Eq. (24), a
detailed balance condition, can be viewed as the fundamental
symmetry underlying the Onsager reciprocal relation.

VII. SUMMARY AND DISCUSSION

In this work, we suggest the existence of a new form of
nonequilibrium state, characterizing exchange properties of
finite-sized quantum systems. A fundamental trait of the states
is the stepwise evolution of currents with extreme sensitivity
to system size difference, while still preserving the Onsager
symmetry. Although we consider a one-dimensional fermonic
system, underlying mechanisms is not restricted to the specific
system, and similar size effects must be present also for higher
dimensional systems if their exchange dynamics are mainly
governed by coherent (ballistic) transport.

Experimental observation therefore depends on the avail-
ability of samples where particles maintain phase coherence.
In this aspect, carbon nanotubes are a promising candidate
material: Phase coherence of electrons is maintained over mi-
crometers, and their conduction properties at low temperatures
are well described by the theory of ballistic transport [34]. Also
important is the time resolution of current measurement. For
w =0.1-1 eV and M, = 1"um/1 A, the round trip time is
roughly estimated as 7, ~ 4(h/w)M, ~ O(10~!) ~ O(1072)
nsec. This gives a rough criterion for the required time
resolution. A superconducting quantum interference device
(SQUID) can be most efficient for the current measurement,
which detects magnetic fields generated by charge current
flows with high sensitivity and picosecond time resolution
[35]. We do not answer how effects of particle interactions,
interstitial defect, and impurity modify the behaviors revealed
here. In particular, at high temperatures electron-phonon
scattering must be a crucial phase-randomizing source (for
carbon nanotubes the scattering time is about picoseconds at
room temperature). These issues remain important questions
together with experimental challenges, which must be explored
to advance our understanding of exchange phenomena in
isolated quantum systems.

022136-5



EUIJIN JEON, JUYEON YI, AND YONG WOON KIM

ACKNOWLEDGMENTS

This research was supported by the KAIST High Risk High
Return Project (HRHRP).

APPENDIX A: LANDAUER-BUTTIKER FORMULA

The particle currents between infinite systems (M) =
My = 00) can be obtained by using the Landauer-Biittiker
formula,

dE
N = / S TENfRE) = fuE)],  (AD)

with h = 2w h. We consider the coupling sites, 1, and 1,
as a small device connecting the two semi-infinite chains.
According to the transport theory [2-4], the transmission
amplitude T(E) is given by

T(E)=T?|G (A2)

with G(E) being the retarded Green function of the coupling
device:

-1
E—-X y
y E—E) . (A3)

Here X is the self-energy for the coupling to the semi-infinite
chains,

G(E)=[E—-Hc—2]"' = (

T=C - = (Ad)

and its imaginary part gives the coupling function I" in Eq.
(A2)as I' = —2ImZX. Using Egs. (A3) and (A4), one obtains

E 2
T(E) = 4(y/t)2[1 - <E> ] (A5)

Inserting this into Eq. (A1), we can evaluate the particle current
between two infinite chains, J55.

APPENDIX B: LONG-TIME BEHAVIORS

We present here particle current behaviors at longer times.
Figure 5 shows Jy as a function of time for M = M; = 300
in comparison with Mg = 300, M = 301. For the both cases,
systems do not reach true SS even in the long-time limit.

20 0.4
o AVAVAVAVAVAN Ry (T

-20 -0.4
100 102 104 106 100

- 1 T06 150 156
= 20 0.5
= % y
™ 40 Am=o] 03 AM=1
0100 200 030 100 150 200
7- TOSC T TOSC

FIG. 5. Particle current for M; = My and M, — My = 1 plotted
for the long range of time, where we take the same parameters as
used in producing Fig. 2. Here time t is scaled by 7,c = hM/(4y)
for M, = Mg andby 1o = 2AMg/t for M, — My = 1 (see the text).
The upper panels are the enlarged views of the current oscillations.
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There are several points to be mentioned. Let us consider
transitions between energy level in one system and its closest
energy level in the other system, which we let ¢,, and ¢,,,
respectively. Due to the coupling described by H with its
coupling strength V,,, ., given by

Varng = — sin(npmw/Mp) sin(ngmw/Mg),

2y
M Mg
the two energy levels are hybridized into new levels having
energies:

E:l; = %[EnL + Eng + \/(8nL - ‘911R)2 + 4|VVlLJ’lR|2]'

Transition between the energy levels E. yields oscillation
with period toc = h/(E+ — E_). For the symmetric case
(M, = Mg =M), &,, = &n,, and the oscillation period is
given by Tose = h/(2V,, ), Which for levels at the band
center, that is, n; = ng = M /2, becomes Toc = hM/(4y).
As shown in the left upper panel, the current oscillates with
period T, and also in the time domain not shown in the figure
the oscillation period remains roughly .. This indicates
that the rapid oscillation results from a resonant transition
between two energy levels having the same energy at band
center. On the other hand, for the asymmetric case (My =
300,M, = 301),wehavee,, — &,, > 2|Vy, n,| fortheenergy
levels near the band center, and the oscillation period is
determined by the spacing between the unperturbed energy
levels: Tosc ~ h/(gy, — €n,) = 2hMp/t. Unlike the symmetric
case, Tos only roughly fits the oscillation period during certain
time intervals, for example, the time range of the upper right
panel, and very noisy signals are present, as can be seen in the
upper middle panel. Size effect appears not only in the rapid
oscillation but also in the long time-scale behaviors. For the
symmetric case, the amplitude decays inversely proportional to
/T, and around T = 1507, beating effect comes in. As time
elapses, the beating frequency increases and the effect becomes
more pronounced. For the asymmetric case (M, — Mz = 1),
current behaviors are very distinctive from the symmetry case.
Amplitude decay is accompanied by weak beating effect, and
near T = 1207, large-amplitude periodic oscillation sets in.
Detailed analysis of these size effects in long time behaviors
will be done in our future study.

APPENDIX C: EVALUATION OF JR-1

Let us first examine 7; g, the transmission amplitude from
the right to the left system. We write its explicit form,

2 2
TLR = 7_i E VnL,nRImFﬂLJlk’ (Cl)
ng

where the wave numbers kg and k;, are related to the energy
level indices, n;, and ng, as

k(x - nan/Maa
and ImF,, ,,(7)in Eq. (14) is
sin[(en, — €n)T/ ]

Eny — Eng

ImF,, ,.(7v) = (C2)

From the factor ImF,, ,,, we can see that transitions
between adjacent energy levels, ¢,, ~ ¢,,, are dominant.
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Furthermore, since we are interested in physics coming from
the band center where the energy levels are approximately
linear in k,, we find that A = kg — 7/2 and x = k; — kg are
expansion parameters. The energy difference in ImF,, ,, is
expanded as

&n, — Enp, = 2t cOoSkp — 2t cosky,
~ 2tx(1 — A?/2 — Ax/2 — x%/6)
=2tx + I'(x,A), (C3)

and the coefficient in front of ImF,, ,, in Eq. (C1) has an
approximate form:

2 8y?
Vi = 3 g S kR sin’ k)
8 2
~ V(1= x?—2xA —2AY).
MrM_Lh
Using these expansions, we can express Tz as
4y? &
Tir = [AiSi(T) + B;Ci(7)], (C4)
thMpg Py

where the time-dependent functions, S;(t) and C;(t), are
defined by

1 .
Si(t) = — Y x'"lsinQ2txt/h), (C5)
My -
1 ‘
Ci(t) = — Y x'"'cos(2txz/h). (C6)
My -
Here we give a few coefficients relevant to our analysis:
Ao~ 1—3A%/2, By =0,
Ay~ —3A/2, B = —tt A*Ay/h. (€N

Let us now evaluate Eq. (C1) with T in Eq. (C4), where
the summation should be performed over n for a given ng.
We consider an energy level n] in the left system, which has
the closest energy to ¢,,:

ny = (Mp/Mgng +&, (C8)

where £ is a number whose absolute value is less then 1/2.
Then x = k;, — kg becomes

x=mny /My —mng/Mg = (np —ny +&)m/My.

Since in our consideration the number of levels close to n}
is sufficiently large for the convergence of the summation, we
can extend the finite summation interval of n; in Egs. (C5)
and (C6) to infinite, —oo < n =ny —nj < 00:

sin[27(n + £)T, ]

Sty =M~ Y o B

n=—0o0

; (€9)

cos[2m(n + &)%)

TR

Ci(r)= (M)~ )

n=—o0o

where 7, = t/ty with v, =AM/t being the minimum
round-trip time along the left system. Note here that the
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round-trip time of a particle with wave number k is given
by

T (k) = 2Mp /v(k), (C11)

where the velocity of the particle is v(k) = |2¢ sink|/h, and
1, = 11(r/2) is the round-trip time of the fastest particle
having k = /2.

We can evaluate S} and C, which are the imaginary and the
real partof ) XTI = 3~ Q2MilE§(F, — ¢), respectively:

Si(7) = MLL > sin(r )8 — 0).
4

Ci(r) = —1 E (271@5)5([ — Z) (C12)
CoS .

! My ; L

In determining S; and C; with i 75 1, we use recursion relations,

Sip1(r) = — afLCi’

2M;p,

Cipi(r) = 0z, S;, (C13)

1
2M;
which can be derived from Eqgs.(C9) and (C10). We obtain Sy
by integrating C; over 7, as

So(T) = ML/~ dt; Cy(%)) (C14)
=14+2D(7) Zcos 2 lE, (Cl15)

=1
D(t)=0m+1—17,)0(T, —m). (C16)

Time dependence lies in the factor D(7) with ®(x) being the
Heaviside step function, and we find that the value of Sy(7)
jumps at times integer multiples of 7.

On the other hand, in (C4) Cy(t) makes null contribution
because of the vanishing coefficients By. Other terms with
i > 1in Eq. (C4) are delta functions as given in Eq. (C12), or
derivative delta function because S;.; and C;.| are given by
the derivative S; and C; with respect to 7, . Therefore, the time
dependence of Sy essentially explains the temporal behavior
of the currents shown in the main text.

A word of caution should be given here. The contribution
from C;(7) in Eq. (C4) is non-negligible for large t because
of its associated coefficient B; linearly increasing in 7. The
term B, C; is written as

B,C, — [v(kg) — v(/2)]T
2M;

where v(k) is defined in Eq. (C11). Including B;C; in Eq.
(C4), we obtain

TLr/(Gy?/Mgt) =~ AgSo(FL) + [F1(kg) — F.1A0dz, So(31L)
>~ AoSolTr(kr)],

where 77 (kg) is defined by 7.(kg) = v(kg)r/(2My). This
indicates that the time duration function D(7) in Eq. (C14)
has wave number dependence as

D(r) = ©(m + 1 — 7.(k)O[T(k) — m],

Agdz, So(T), (C17)
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and as a consequence the variation of Sy occurs over a range
of width which around time t = mt; is given by

mlty(kg) — 1] ~ mMp A*R/(21) ~ 2t (E/w)>.

Here the energy is approximated as E(k) ~ 2tA near kg =
/2, and w = 4t is the energy band width. Since E /w is very
small for E in the relevant energy range (4), the above variation
width can be visible in the long-time regime 27 (E /w)> > 1;.
Therefore, in time domain 27/7; < (w/E)? keeping only the
So term, we find the transmission amplitude,

4)/2

thMg
with A = kg — /2 = ngmw/Mp — 7 /2, which gives the ex-
pression of J¥~F as

Tig = (1 —3A%/2)Sy(7) = Q(ng)So(r),

JR=t = ZfRQ(nR)[l + 2D(r)zcos(2nzs)}. (C18)

ng =1

Let us take a look at the cosine factor in the above equation:
cos(2m &) = cos[2ml(My/Mpg)ng]. (C19)

Relating the system sizes as pM; — gMg = C, where p and
q are positive integers and mutually prime, making C to be
a constant of the order of unity (for example, for M; = 402
and Mg = 300, p = 3 and g = 4, which give C = 6), we can
write Eq. (C19) as

C\¢

cos(2m &) = cos |:2nnR <q + M_R) ;i|

which oscillates with ng and the oscillation period depends
on the size factors. The phase component associated with
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integer ¢ may cause rapid oscillations as ng varies, if £(q/p)
is not an integer, while the phase with C/M < 1 is a slowly
varying component. When performing summation over ng in
Eq. (C18), the nonvanishing contribution is made by only terms
with £ = p¢’ with ¢’ = 1,2, ... because ¢ and p are mutually
prime. Considering this fact, one arrives at

=y fRQ<nR>[1 + 2D<r>2cos(2kRCE’)]

=1
(C20)

with the time-dependent factor D(t) = ®(p(m’ + 1)ty —
7)O(t —m'p1y).

We now change the summation over ng into integration
with respect to energy E = —2¢ cos kg. Upon using

M M
Z%—RfdkR:—R/dEp(E)
P g T

with the density of state for the one-dimensional chains,
p(E) = |dk/dE| ~ [1 4+ E*/(8:%)]/(21),
Equation (C20) becomes

dE
ZTLRfR */TTLR(E,T)JCR(E),

Tir(E,tr) = T(E){1 4+ 2D(7) Z cos[2k(E)CL]}.

Here T(E) is the transmission amﬁﬁltude between infinite
chains, given in Eq. (AS).
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