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Decoherent time-dependent transport beyond the Landauer-Biittiker formulation:
A quantum-drift alternative to quantum jumps
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We develop and implement a model for decoherence in time-dependent transport. Inspired in a dynamical
formulation of the Landauer-Biittiker equations, it boils down into a form of wave function that undergoes a
smooth stochastic drift of the phase in a local basis, the quantum-drift (QD) model. This drift is nothing else but a
local energy fluctuation. Unlike quantum-jumps (QJ) models, no jumps are present in the density as the evolution is
unitary. As a first application, we address the transport through a resonant state |0) that undergoes decoherence. Its
numerical resolution shows the equivalence with the decoherent steady-state transport in presence of a Biittiker’s
voltage probe. In order to test the dynamics we consider two many-spin systems, which are cases of experimental
interest, where a local energy fluctuation is a natural phenomenon. A two-spin system is reduced to a two-level
system (TLS) that oscillates among |0) = [1]) and |1) = || 1). We show that the QD model recovers not only
the exponential damping of the oscillations in the low perturbation regime, but also the nontrivial bifurcation of the
damping rates at a critical point, i.e., the quantum dynamical phase transition. We also address the spin-wave-like
dynamics of local polarization in a spin chain. By averaging over N; realizations, the QD solution has about half
the dispersion respect to the mean dynamics than QJ. By evaluating the Loschmidt echo (LE), we find that the
pure states |0) = |1]) and |1) = || 1) are quite robust against the local decoherence. In contrast, the LE, and
hence coherence, decays faster when the system is in a superposition state (|1) £ |1))/+/2, which is consistent
with the general trend recently observed in spin systems through NMR. Because of its simple implementation,
the method is well suited to assess decoherent transport problems as well as to include decoherence in both

one-body and many-body dynamics.
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I. INTRODUCTION

The last decade has seen an increasing demand to describe
quantum dynamics on a variety of complex systems in the
presence of an environment. Among them are atomic systems
in optical lattices [1,2], networks of interacting spins [3], and
charge and magnetization dynamics of nanoscopic devices in
a transport setup [4-6].

The most common way to deal with environmental de-
coherence in small closed systems, is the master equation
for the density matrix in a Lindblad form [7,8]. In order
to deal with bigger systems, the most standard approaches
implement the Redfield theory for a relaxation superoperator,
which does not ensure the strict unitarity of the Lindbad
form [9,10]. Alternatively, some works pointed to strategies
for computing the evolution of an open system based on the
stochastic dynamics of a state vector that suffers instantaneous
quantum jumps (QJ) [11-15]. Indeed, for large systems, it was
shown that the stochastic method is faster than the density
matrix implementations [16].

With regard to decoherent steady-state transport, the tradi-
tional evaluation in terms of the Kubo linear response [17,18]
was progressively replaced by the Landauer’s motto that
conductance is a quantum transmittance [19]. This is imple-
mented in the Landauer-Biittiker (LB) scattering formulation
where decoherent processes are induced by current-conserving
voltmeters. These impose a self-consistent reinjection of the
electrons that ensures the current cancellation. Biittiker had the
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idea that this reinjection describes a decoherent process [20], a
concept extended by D’ Amato and Pastawski to deal with more
general situations [21,22] becoming a popular tool to address
decoherent transport [23-25]. A dynamical formulation, called
the generalized Landau-Biittiker equation (GLBE), based on
the Kadanoff-Baym-Keldysh (KBK) quantum field theory for
nonequilibrium processes was then developed [26]. The GLBE
seeks to find, in a linear response, the nonequilibrium Keldysh
density function, which is proportional to the density matrix. In
recent years, there has been a burst of progress in the use of the
KBK formulation of nonequilibrium dynamics in a framework
consistent with ab initio calculations [27,28]. Nonetheless,
numerical solutions of many-body systems become exces-
sively demanding. In particular, they involve time integrals
of self-consistent memory kernels [26-28]. Additionally, in
strongly interacting many-body systems, which are beyond a
mean-field description, such as spin systems, it would involve
costly averages over the participating configurations.

The above limitations can be overcome by resorting to
two strategies. The Trotter-Suzuki step-by-step evolution
makes practical some calculations of the Keldysh density
function [29,30]. The ensemble average is bypassed by a
recent strategy, dubbed quantum parallelism, which uses a
single wave function that is a superposition of all the states
participating in the statistical ensemble [31]. However, these
strategies are limited to coherent dynamics.

In this work, we propose a stochastic model that extends the
Biittiker-D’ Amato-Pastawski approach to evaluate decoherent
time-dependent problems. Our quantum drift (QD) model
is based on a wave function stochastic dynamics. Within
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a discrete-time setup, we impose an incoherent reinjection
that ensures density conservation. Then, as in quantum
parallelism, we propose that the wave function should sum
up both a coherent and an incoherent part. Thus, being fairly
representative of a set of stochastic interaction histories, this
wave function does not present jumps but smooth drifts in
a single unitary evolution. Further averages over realizations
are performed only in the needed amount according to the
addressed observable.

This paper is organized as follows. In Sec. II we review the
basis of the Biittiker’s model for transport in open systems. In
Sec. III we present the basis of our QD model. By addressing
a wave packet dynamics through a double barrier resonant
tunneling device (DBRTD), in Sec. IV we show that QD
recovers the decoherent steady-state transmittances of the
Biittiker formulation. In Sec. V we compare the QD dynamics
with the Keldysh solution in a decoherent closed system
with a simple but nontrivial situation: a two-level system
(TLS) that undergoes a quantum dynamical phase transition
(QDPT) [32]. In Sec. VI, we perform a many-spin calculation
for a case of experimental and theoretical interest, that of a
quantum channel, showing the agreement of QD and QJs and
comparing their numerical performance. Finally, in Sec. VII
we use the QD model to evaluate decoherence through the
Loschmidt echo (LE) in the TLS of the Sec. V under local
decoherence processes [33]. This allows us to show that while
Rabi oscillations decay uniformly, decoherence is not uniform:
it affects the system only while it goes through nonlocal
superposition. We present the final discussion in Sec. VII.

II. DECOHERENT QUANTUM TRANSPORT:
REINJECTION, PARALLELISM, ATTENUATION, AND
ENERGY BROADENING

The first phenomenological model for decoherence was
developed for Biittiker in the context of electronic transport
in phase-coherent mesoscopic systems [19]. He realized that
decoherence may be introduced by including a terminal
connected to a voltmeter. This key idea may be readily
visualized by considering a three-terminal circuit. There, two
terminals (source L and drain R) provide an infinitesimal
voltage difference that produce a current through the system
while the third one, ¢, is connected to the voltmeter. The
electrons from the left (L) and right (R ) leads that enter into the
voltmeter undergo a decoherent process. An appropriate local
chemical potential at ¢ (i.e., the measured voltage) ensures
current cancellation, i.e., a reinjected electron compensates
each electron that flies into the voltmeter. Then, this electron
does not keep any memory or phase correlation with respect
to the electrons inside the sample.

Let consider that 7;; represents the quantum coherent
transmittance from the j to i channel connecting them to the
reservoirs (i # j, take the values L,R or ¢). The application
of the Landauer-Biittiker equations for a system with one
voltmeter results in a transmittance through the system given
by

(D

coherent
decoherent
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The first term is the probability that the particle travels from L
to R without undergoing a decoherent process at the voltmeter
¢. The second term accounts for those electrons that have
interacted with the environment at ¢. Indeed, one can recognize
it as the conductance of two parallel pathways. One of them
with a conductance (2e/h)Tgr, while the other one adds a
series of two conductances, (2e/h)Try and (2e/h)Ty; .
These results adopt a more concrete form by introducing
an explicit model. Let us consider a quantum dot where E
is the relevant eigenstate energy, ¢ the Fermi energy, E, the
local energy properly shifted by the presence of the contacts,
and 'y, and g, the energy uncertainties produced by the
escape toward the left and right leads, respectively. The dot’s
Green’s function is defined in terms of the effective Hamilto-
nian parameters as: G(¢) = [(¢ — Eg) 4+ i(I'g + F¢)]’1, where
'y = 'y + g is the natural width due to the presence of the
leads [26,34]. Thus, each of the transmittances used above
may be written explicitly in terms of G(g) by using the
Fisher-Lee formula T;; (¢) = 2T |G(¢)|2T; withi # j. If TS,
is the transmittance from L to R that accounts for electrons
in absence of the voltmeter (i.e., when I'y = 0), the coherent

part Tg, in Eq. (1) can be further written as the product of T,(;)L)
and an attenuation factor [1 — A(¢g)]) [35]. Thus, the effective
transmittance is written in terms of a attenuated coherent part
plus an incoherent one.

D’Amato and Pastawski’s (DP) model generalize these
ideas and introduce an effective Hamiltonian that constitutes a
microscopic model for decoherence in the steady state [21]. In
this case, the isolated system is described by a Hamiltonian H.
DP identify the escape of the electrons towards the voltmeter
with their interaction with the infinite degrees of freedom of an
environment. Here, decoherence is induced by local processes
(e.g., a voltage probe, a local phonon bath) in the Fermi
golden rule (FGR) approximation. These interactions produce
an energy uncertainty I'y for each local state with a rate of
system-environment interaction, 1/tsz = 2I'y/h, which has
an irreversible character [21,26,34].

The local density of states (LDoS) is calculated from the
dot’s Green’s function

1 . 1 Iy
No(e) = ——ImGV(e)= ——————— . (2
7 T (e — Eo)? + T}

By including the system-environment interaction, the LDoS
acquire an extra energy uncertainty or broadening I'y. Then,
the LDoS in presence of decoherence, ﬁo(s), is obtained from
Ny(e) by replacing the characteristic width I'g by I'g + I'¢. On
the other hand, 1\70 may be obtained by considering that indi-
vidual decoherent processes shifts the resonances in an amount
AE from Ej. Then, by averaging over the possible AE,

No(e) = /No(e — AE)P(AE)dAE, 3)

1 r
with P(AE)=———*% )
7 (AE)? 4+ Ty?
where, P(AFE) is a Lorentzian probability distribution for the
shifts AE. Similar broadening occurs in other observables
that depend on energy, such us correlation functions.
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III. QUANTUM-DRIFT MODEL

By using the Trotter-Suzuki expansion, the quantum dy-
namics is obtained by the sequential application of unitary
evolution operators that transform the initial state in small
time steps, dt. If the system-environment interaction has a rate
1/tsE, during each interval dt, the particle has a probability
p = dt/tsg toundergo a decoherent process and a probability
(1 — p) to survive it [22,26]. Let us consider a single state |0)
that may undergo a decoherent process. Thus, after a time dt,
the coherent amplitude is reduced by the factor /1 — p owing
to decoherent processes. In order to conserve the density,
and in accordance with the Landauer-Blittiker picture, the
wave function must include a term that accounts for the
decoherent reinjection. Thus it has a random phase 6 drawn
from some distribution Py. We can represent both the coherent
and the incoherent contributions in the same wave function,
resembling quantum parallelism. This is,

incoh.

To=ve" + vy ©)
= (V1= p+ 2, (6)

where 1;0 = (0|1Z ). The cross terms cancellation in the
ensemble average is ensured by [ Py /T — pige'?df = 0. In
any case, the coefficient 1y should be chosen to account for
density conservation |/T — p + Age'?| = 1. Thus,

Vo = Py, (7)

for some random phase fy.

Notice that, in a Trotter-Suzuki evolution, the phase shift
e'™ is actually a correction AEy = hfy/dt in the energy of
the state |0). Equation (3) shows that the single level coupled
to an environment acquires an energy uncertainty I', which in
a FGR approximation, is characterized by a Lorentzian shape.
This, in turn, is assimilated to a distribution of instantaneous
energy shifts AEj drawn from the Lorentzian distribution. In
our model, the correction A Ej is taken to be a random number
that varies step by step to represent the uncertainty introduced
by the environment. Thus, the probability distribution Pg, is

l F¢dl/h
7 B2+ (Tpdt /h)?

Therefore, the key decoherent processes are the highly im-
probable processes that involve a large AE( (the tails of the
Lorentzian).

This proposal can be extended to all the levels E, of a
Hamiltonian in an arbitrary basis. In particular, in a tight-
binding basis, each site energy £, acquires a Lorentzian energy
uncertainty I'y ,, and these are perturbed with a random energy
AE,. More formally, we can define ¥ as a diagonal operator
where ¥, = AE,8,,.Fora N x N matrix Hamiltorli\an H,

P(Bo) = (8)

we consider an effective instantaneous Hamiltonian H .4 =
Hy + X. Thus, we obtain the unitary evolution operator in a
Trotter-Suzuki expansion,

0(dt) = e~ et/ ©)
~ oI Bd/h =it/ — (1 (dn)Oo(dt).  (10)
We can define the decoherence operator as Us =

exp[—iSdt/h], that is unitary, it conserves the density
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and, thus, the density does not presents jumps. However,
observables involving two-sites correlation (e.g., currents and
momentum) do have jumps. However, these last are smoothed
out by taking the ensemble average.

In summary, the prescription to include decoherence in a
quantum dynamics is to include in every time step a random
correction, $,, to the phase of each local state. This correction
has a distribution probability given by the Pg, of Eq. (8). Thus,
the evolution of a wave function is performed by

N ~
Y1) = [ [ e Z/me oty o)), (1)

j=1

where N, = t/dt.

IV. DECOHERENT TRANSPORT: D’AMATO-PASTAWSKI
TRANSMITTANCE

Let us first test our model in the system that inspired
it: decoherent transport through a double barrier resonant
tunneling device (DBRTD). In a tight-binding scheme, this
is represented by one resonant site of energy Ey = 0 coupled
to two semi-infinite leads of bandwidth 4V (where V is the
unit of energy), L and R that act as current source and drain.
The tunneling amplitudes through the barriers are V; and V.
Thus, the tight-binding Hamiltonian is

Hy = Eoélé, — Vi@ &, +ele_)) — Vr(ele, + éle))
) —00
A A At A ata
- Z V(cn+lcn + Cjtcn-H) - Z V(ci1+1cn + clllcn+l)'
n=1 n=—1

12)

To evaluate the transmittance from a dynamical calculation,
we build a Gaussian wave packet well inside the left lead.
A wide wave packet ensures a well-defined energy. The
transmission coefficient is obtained by integrating the density
at the right side after the wave packet has been transmitted or
reflected. This transmittance is equivalent to the steady-state
analytic result of the Fisher and Lee formula [34].

Decoherence is introduced only at the resonant level as
described in the previous section during the whole evolution.
In Fig. 1 we compare the QD results with those resulting from
the Biittiker’s solution of Eq. (1). We plot these quantities for
different decoherence strengths I'y. These are in a very good
agreement, made even more valuable by considering that the
number of realizations in the average was of the order of 10.
This is because the observable of transmitted density involves
a spatial integration. The same self-average is observed for the
decoherent conductance in long one-dimensional (1D) wires.
In that case even a single realization is enough to reproduce
the known results in this problem [21].

The QD method fits the theoretical values to the desired
precision. The only difference that one might notice in certain
specific cases, such as narrow peaks, would arise from the
fact that wave packets are built from states within an energy
range as a consequence of the uncertainty principle. On the
other hand, scattering theory, by using asymptotic plane waves,
has no energy uncertainty. This example is representative of
a wide variety of steady-state problems that can be solved
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FIG. 1. (Color online) Decoherent transmittances obtained for
two values of the decoherence strength. For I'y/V =0.01, the
Biittiker transmittance is plotted with the short-dot line and the
transmittance of the QD model is plotted with the red triangles for a
number Ny = 5 of realizations in the average. For I'y/V = 0.3, the
Biittiker transmittance is showed by the solid line and the QD result,
with the blue circles for a number of Ny = 50 realizations. The other
parameters are: V =1, Eg =0, V, = Vg =0.15, E, = 0.

with the QD method, at only the cost of numerical resources.
Indeed, we tested QD on extended systems, a situation where
an implementation of the QJ would impose excessive local
fluctuations. We found that in QD, much as in quantum
parallelism [29], the collective observables have a tendency
to self-average. This makes our model a very promising
tool to evaluate decoherent dynamics in extended systems
and in many-body problems. However, the true advantage
of QD starts to be appreciated in addressing time-dependent
problems, as we do in the next section.

V. QUANTUM DYNAMICAL PHASE TRANSITION IN A
TWO-LEVEL SYSTEM

Let us consider a two-level system (TLS) that describes
charge or spin dynamics [5,30], say states |0) = |[1]) =
63|Vacuum) and [1) = [|1) = Ehvacuum), with degenerate
energy Ej and an interaction V mixing them. Such simple
system was seen to have a nontrivial dynamics when one of
its levels interacts with an environment of spins: a quantum
dynamical phase transition (QDPT) [32]. In a QDPT certain
observables present a nonanalytic dependence on the system-
environment interaction strength. The QDPT was missed in
a solution for the density matrix in the usual secular approx-
imation of the Redfield theory [36] but showed up in a QJ
variant [32]. When the TLS suffers the asymmetric interaction
of an environment, the QDPT already appears in the spectrum
of the effective non-Hermitian Hamiltonian [37]. However, if
the interaction is symmetrical, the QDPT only occurs in the
density matrix if positivity is ensured [38]. Thus, obtaining
the QDPT in a model with symmetric interaction with the
environment constitutes a definitive test for the QD method.

The Hamiltonian of the TLS is

Hy = Eo(éle, + ¢le) — viele, + éle)). (13)

PHYSICAL REVIEW A 91, 022117 (2015)

The survival probability of an excitation with an initial
state | (0)) = |0), i.e., the diagonal element of the density
matrix, is

Poolt) = |{0]e™ /710 2, (14)
= 1/2 + 1/2cos wot. (15)

Here, we can observe that Pyy(z) has Rabi oscillations [39]
with frequency wg = 2V /h and period T = wh/V.

Let us consider now an environment that interacts indepen-
dently with each state with arate described by the Fermi golden
rule 1/tsg = 2Ty /h, where I' is the energy uncertainty of the
level. Physical implications of this model are discussed in the
next section in the context of a spin system. The numerical
evolution of the TLS is now performed by choosing I'y as the
width of the Lorentzian distribution.

Here we will compare our QD method, where the decoher-
ent survival probability is

2
N;

(O| He—i)i,,dl/he—iﬁgdt/ﬁlo>
n=1

with the analytic solution of the GLBE. This last was

analytically solved for this problem in Refs. [22,32,38], giving
for the survival probability

Poo(t) = (16)

D 1 1 —Tyt/h Ftl) :

Poo(t) = = + —e™ *"""| cos(wt) + — sin(wt) |. (17)
2 2 2w

Thus, the oscillations of both the diagonal and nondiagonal

elements of the density matrix oscillate with a frequency w,

which is lower than the Rabi frequency wg according to

w = Jw? — (Ty/h)2. (18)

This evidences that the oscillation frequency of a TLS exhibits
a nonanalytic behavior. The frequency w takes real values
provided that 'y /i < w, (underdamped regime). Beyond this
value, i.e., for I'y/h > w, (overdamped regime), Re(w) =0
and thus the oscillations are fully suppressed, and Py(?) is the
sum of two exponential decays:

- 1
Po(t) = = — M
2 2(n—w) 21 — ¥2)

where the decay rate y(y) is

1 [
Y1) = ﬁ(l‘¢ + Fi - (ha)o)z) (20)

Note that, at short times, Pgo(t) is always of the form 1 —
w?t?/4 = 1 — V2¢?/R?, which is characteristic of a quantum
evolution without perturbations. This is because at short times
the environment interplay has a small cumulative effect on
the survival probability, which is still determined by the
unperturbed quantum dynamics. In a strongly decoherent
regime, I'y/h > w,, the decay rates tend to y; =~ 2I4/h,
¥2 > hw? /2T 4, defining a short-time decay rate y; and a
rate y,, that dominates the long times as Pyy(¢) ox e~ ”*'. Both
exponential terms are needed to obtain the whole evolution.
An equivalent solution for the QDPT may be obtained by
considering models for environmental noise [40].

In Fig. 2(a) the decay rates are shown. The QDPT is
manifested as the bifurcation in these rates. The fitted rates

e*}’zt

. (19
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FIG. 2. (Color online) (a) Theoretical rates of decay predicted by
the Egs. (17) and (20) . Red points indicate the rates of the GLBE
solution for (b)—(d). The QDPT occurs as a bifurcation in the rates for
the critical value I'y,/ V' = 2. The dotted line represents the asymptotic
value 2T, /h. In (b)—(d), we show the survival probabilities Pyo(t)
(thick blue line), the GLBE solutions (thin black line), and individual
realizations (thin gray line) in the underdamped regime, in (b) with
I'y/V =0.1and (c) withI"y/V = 1, and in the overdamped regime,
(d) with T'y/V = 2.1. Individual realizations tend to preserve the
oscillations. These do not have jumps in the densities but in the
slopes. The ensemble average is taken over Ng = 100 realizations.
For Py(t) ~ 1/2 are clear the typical fluctuations of the order of
1/+/Ny. The average Py(t) tends to the GLBE solution by increasing
Ns.

are shown as points superposed to the theoretical curve. In
Fig. 2(b), we show the Rabi oscillations of the average survival
probability Pyo(t), which are exponentially attenuated with
1! >~ Ty /h = 1/2(ts)~". This is the most common example
of decoherence in TLS’s. The Py(t) and the fitted decay rates
match perfectly the GLBE solution. A single realization of
QD method is also shown. Notice that there are no jumps
in the survival probability, and an oscillatorylike behavior
dominates the whole evolution. In Fig. 2(c) we show the Py(t)
in the underdamped regime for a value of I'y = 1V, where,
the oscillatory behavior is small. In Fig. 2(d) we show Poo(t)
in the overdamped regime for I'y = 2.1V. We can identify the
initial quadratic behavior and, at large times, the exponential
decay with therate y, o< 1/TI'y. Thelarger I'y, the slower Poo(t)
decays. This is a signature of the quantum Zeno effect in which
the system is continuously perturbed freezing its evolution
close to the initial condition. By increasing I'y, each single
realization seems to be a stochastic process while preserving
the quadratic initial starting. Single realizations do not present
jumps in the density but in the correlations, seen as sudden
changes on the slopes.

The actual dynamics of the observables emerge after
ensemble averaging. As long as the survival probability is
not too close to 1/2, a fair representation of Py(t) is obtained
with about N = 100 realizations as shown in Fig. 2. Strongly
damped cases evidence the typical fluctuations of random
numbers where the observables have a precision of 1/+/N.
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In these cases, individual systems maintain a substantial
oscillation whose slopes can be strongly discontinuous. Thus
to obtain coincidence with the exact theoretical values within
the graphical resolution (say 1%) one needs about N =
10000 realizations. We tested binary and Gaussian phase-drift
distributions and the fluctuations and their influence on the
precision of the ensemble averages persist. However, this is
hardly a limitation if one is still far from the asymptotic values
or when one addresses global observables.

VI. QUANTUM JUMPS VERSUS QUANTUM DRIFT IN A
MANY-SPIN DYNAMICS

Here, we will further assess the differences between the QJ
and QD in a situation of actual experimental relevance where
the density matrix approach is clearly restrictive: that of many-
spin dynamics. We will address the decoherent dynamics of
this problem, which is nontrivial in terms of the density matrix.
We are interested in the dynamics of a local spin excitation in
a system of M interacting spins 1/2. Let us say that the state
att = 0 is given by the density matrix:

1 . N
po= 337 (£ +25). @)

which describes that spin 1 is up-polarized. At very high
temperature the other spins are not polarized at all, i.e.,
tr[S’lz,éo] = % and tr[S‘f,éO] = 0Vi # 1. In order to be more
specific, let us consider the particular case of a linear chain with
M =5 that was addressed theoretically and experimentally
in NMR and where a decoherent calculation is lacking [41—
43]. There, the effective Hamiltonian is reduced to nearest-
neighbors planar (or XY) interactions. The Hamiltonian, using

the spin lowering S'i_ and raising .SA’:[ operators is

M-1
Agpain = Z e (S8 + 55,87

i=l1

u cro 1
+ —

+ ;m <S,. S 2). (22)
The first term is the XY Hamiltonian, accounting for the
couplings to nearest neighbours. We will take J;;4; = J as
the unit of energy. The second one is the Zeeman Hamiltonian,
where the precession frequencies are €2; = wy, and wy is the
Larmor frequency in the external magnetic field. As predicted
by the coherent calculation, the local excitation gy was seen
to propagate as a spin wave through the molecular chain and
returns to the initial site in the form of a mesoscopic echo
(ME). It is precisely the wave-packet behavior that makes these
systems promising as quantum channels [3,44-46]. However,
the experiments show that these spin waves decohere and
attenuate as time pass by. Thus, here we consider that each spin
is perturbed by a local environment that acts as a fluctuating
Zeeman field. Thus 2; = wy + dw;, where dw; fluctuates with
time.

We will solve this problem by resorting the Jordan-Wigner

transformation [47], which in this case looks S’f <~ 6‘},

87 «— ¢ and §F «— éjéi — 1/2. Thus, this many-spin sys-

tem can be reduced to a one-body problem. This transformation
remains valid when considering the random fluctuations in the
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FIG. 3. (Color online) Density as function of time at each spin
for (a) the coherent evolution, (b) an average evolution with a finite
coherence time T.,, = 3h/J, (c) a single realization of the QD
model, and (d) a single realization of the QJ model. When the spin
wave reaches the edge of the chain, it is reflected constituting the
mesoscopic echo. Note that the curves for QD are smooth in density
whereas those for QJ present a sudden change when the jump is
produced.

Zeeman field. Then, it is clear that these produce local energy
fluctuations hdw; that show up as decoherence in the spin
dynamics. Note that the fluctuations are naturally described
within the QD prescription and, conversely, the random phases
of QD have a direct physical meaning in this problem.

In Figs. 3(a) and 3(b) we compare the coherent and
decoherent evolutions of the spin wave. The local excitation
travels from site 1 to the edge of the chain and there it is
reflected and returns to the initial spin as a ME. We use
a decoherence time of about 3A/J, consistent with the
experimental observation [41]. In Figs. 3(c) and 3(d) we show
the local density for a single realization for both the QD
and QJ methods. The QD has a smoother profile whereas

PHYSICAL REVIEW A 91, 022117 (2015)

T T T
05k E
aQ
2]
% &8 ® QD N~10
4 o QI N=I0
N 4 QD N~100
) & QJ Ng=100
& 4 QD N_=500
0.0 ? o Q Nsszsoo . 7

0 Time (units of h/J) 20

FIG. 4. (Color online) The standard error o times /N, as func-
tion of the evolution time, for N; = 10,100, and 500 . Note that o N!/?
does not depend on N, but in the QD or QJ method. Note that, for the
same N,, 0¥ /o ® ~ 2.

the QJ resembles the coherent evolution until the jump is
produced.

In similar problems, the master equation for the density
matrix could be used to obtain the decoherent dynamics [48].
However, with regard to numerical calculations, it is very de-
manding. Thus, the QJ method, which is based on a stochastic
wave function, has proved to be more convenient in addressing
large systems [16]. Indeed, it is faster and less demanding to
perform an average over many realizations of the QJ than
computing the whole density matrix. Since our QD method
is also based in a stochastic wave function, for large enough
systems the QD must become more convenient than a density
matrix approach. Thus, we shall compare the QD with the QJ.

We will look at the convergence to the average decoherent
dynamics for both QJ and QD methods. Due to the discon-
tinuous nature of QJ, we expect that the difference with the
mean dynamics is greater for QJ than for QD [see Figs. 3(c)
and 3(d)]. This can be quantified in terms of the time average
of the standard error,

1 T Ny
@Q.Qh — | ____ dt QD.QN 1y _ 5y 2. 23
7 NST /(; ; (’Olql ( ) pt,z( )) ( )

Here, T is the evolution time and p;;(f) = m is the mean
density at time ¢ at site i obtained from an average over Ny =
10° realizations, where both QJ and QD converge to the the
same average dynamics with negligible error. In Fig. 4 we show
O‘Nyl /2 for different values of N; as function of the evolution
time 7. Thus, this result evidences the general tendency of the
QD method to present a smaller deviation from the mean than
the QJ. Indeed, for each N,, 0¥ is greater than o by a factor
of almost 2. Thus, to converge with a given o, QD needs to
perform roughly the half of realizations than QJ.

VII. LOSCHMIDT ECHO

Following the logic of the two previous sections, one would
be tempted to assign the meaning of decoherence to the decay
of the oscillations. However, it has been clarified that a way
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FIG. 5. (Color online) Survival probability (thick blue line) and
the Loschmidt echo (thin black line) as function of the time of action
of the environment for: (a) n/V = 0.1 and (b) n/V = 2.1, averaged
over Ng = 10000 realizations. (c): the same as in (b) but in log scale.
The rate of decay of the LE, 1/7sg = 1.12V /A, is smaller than the
minimum decay rate of the Py, 1/7, = 1.46V /h.

to filter away the intrinsic dynamics from the observable
is by using the Loschmidt echo (LE) [33]. This is the
amount of excitation recovered after a time-reversal procedure
implemented in presence of an environment. The advantage is
that the LE codifies in a local observable the losses of nonlocal
correlations. As in NMR experiments, this consists in changing
the sign of the acting Hamiltonian Hy —> — Hj. By using the
Trotter-Suzuki expansion, the LE can be defined as

2N,
M()()(QJ): <0| l_[ €+iH0dt/hefi2mdt/h
m=N;+1
N, 2

% l_[e—izndt/he—iflodz/hw)

n=I1

(24)

where N, = t/dt, and 3, is the perturbation’s Hamiltonian.
Note that, whereas the sign of the Hamiltonian changes, the
perturbation remains with the same sign. -

In Fig. 5(a), we show the survival probability Pyy(#) and the
Loschmidt echo M (#) in the underdamped regime as function
of the time of interaction with the environment ¢. Surprisingly,
in the underdamped regime, My is not a simple exponential
but has plateaus whenever the reversal starts while the system
is at |0) or |1). On the contrary, My suffers a maximal decay
if the reversal starts when the system is at a superposition
state [|0) £ [1)]/ /2. When the density is placed on one site,
decoherent interactions act as a change in the global phase,
which does not destroy the phase correlations between |0)
and |1). Notice that the homogeneous exponential decay of
the survival probability does not discriminate on the initial
state, while the LE does. In any case, if one should define a
overallrate yy1 g = 1/74Lg from the LE, it would coincide with
that observed in the oscillation decay, i.e., ysrg = I'y/h =
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1/2(tsg)~". Thus, the LE gives a rationale to the 1/2 factor:
decoherent processes are effective on one half of the dynamical
cycle.

The overdamped regime is shown in Fig. 5(b) and in a
log scale in Fig. 5(c). This last clarifies the different decay
rates and the difficulties to obtain probabilities around 1/2
from a limited number of realizations. The LE has a wider
plateau than the survival probability at short times. For the
same period of action of the decoherent processes, the LE
signal is higher than the survival probability. This fact is
consistent with that, in order for decoherent processes to be
effective, the dynamics must first build up the superposition
state. The decay rate of the LE does not fit with Eq. (20).
By using a single exponential, the decay rate is 1/74 g =
1.12V /h, which is slightly smaller than the minimum rate of
Poo, o =Ty — v T; — (hwp)* = 1.46V. This indicates that
the LE gives more weight to the less correlated short-time
processes where the strong interaction with the environment
does not allow us to create the correlations and thus, it should
have a slower decay.

VIII. FINAL DISCUSSION

We developed and implemented a stochastic model to
include decoherent processes in quantum dynamics. Inspired
in the Biittiker-D’ Amato-Pastawski description of decoherent
transport, it boils down to a wave function that undergoes
smooth stochastic drifts in a local basis.

Unlike the quantum jumps (QJ) approach, no collapses of
the wave function occur and phase shifts are introduced in
a unitary dynamics. Thus, in QD jumps can only appear in
the correlations functions, not in the local densities. Being
an appealing conceptual framework with a clear physical
meaning, our QD model results particularly adapted to deal
with extended system. Besides, it admits further extensions,
ranging from the evaluation of currents in transport setups to
the representation of specific many-body interactions.

Using numerical calculations, we proved that our dynamical
model is in a full agreement with the decoherent-steady-state
conductances through the resonant state |0) of a decoherent
quantum dot, even resorting to a quite restricted ensemble
average. For steady-state transport in extended systems, a
QD evaluation of the wave function is, by construction, more
efficient than density matrix approaches [48].

In spin systems, the physical foundation of the QD model
becomes evident. Decoherence associated to the fluctuation
of the local energy is a natural ingredient associated with the
fast fluctuation of the local Zeeman fields. Thus, we tested the
dynamical properties of QD model by applying it to a two-spin
system and a five-spin system in presence of decoherence.
The first is a two-level system (TLS) that oscillates among
0) = |1)) and |1) = ||1). There, a nontrivial quantum
dynamical phase transition shows up, which was observed
in NMR and obtained from the solution of the generalized
Landauer-Biittiker equations [29,30]. We recovered not only
the exponential damping of the oscillations at low rates of
interaction with the environment but also the bifurcation of
the decoherence rates at a critical interaction strength. The
evaluation of the decoherent dynamics of a five-spin system is
also done in connection with NMR experiments [41]. By using
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rates consistent with the experiment, we show the robustness
of the mesoscopic echo under decoherence. We also show that,
for a given tolerance error for an observable, the QD method
demands about half the realizations than QJ.

By evaluating decoherence in the TLS through Loschmidt
echo (LE), we found that the pure states |0) = |1]) and
[1) = || 1) are quite robust against local perturbations of the
environment. In contrast, the LE, and hence coherence, decays
faster when the system is in a superposition state (|1) %
|4 1))/~/2. These results are in agreement with the general
trend recently observed in spin systems through NMR [49].

In summary, we proposed a QD model that provides a
stochastic unitary dynamics of the wave function. Observable

PHYSICAL REVIEW A 91, 022117 (2015)

evaluation of observables through QD and QJ are naturally
parallelizable and thus they result in being more scalable
than density matrix methods [16]. This quality, which adds
to the intrinsic physical significance, should make the QD
method a suitable tool to address dynamical observables in
both extended one-body and many-body systems.

ACKNOWLEDGMENTS

The authors acknowledge F. Pastawski and R. Bustos-
Marun for valuable discussions. This work was performed with
the financial support of CONICET, ANPCyT, SeCyT-UNC,
and MinCyT-Cor.

[1] 1. Bloch, Quantum gases in optical lattices, Phys. World 17, 25
(2004).

[2] J. L. Cirac and P. Zoller, New frontiers in quantum information
with atoms and ions, Phys. Today 57(3), 38 (2004).

[3] P. Cappellaro, C. Ramanathan, and D. G. Cory, Simulations of
information transport in spin chains, Phys. Rev. Lett. 99, 250506
(2007).

[4] W. Lu, Z. Ji, L. Pfeiffer, K. W. West, and A. J. Rimberg, Real-
time detection of electron tunneling in a quantum dot, Nature
(London) 423, 422 (2003).

[5S] M. J. A. Schuetz, E. M. Kessler, L. M. K. Vandersypen, J.
I. Cirac, and G. Giedke, Nuclear spin dynamics in double
quantum dots: Multistability, dynamical polarization, criticality,
and entanglement, Phys. Rev. B 89, 195310 (2014).

[6] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A.
Yacoby, M. D. Lukin, C. M. Marcus, M. P. Hanson, and
A. C. Gossard, Coherent manipulation of coupled electron
spins in semiconductor quantum dots, Science 309, 2180
(2005).

[7] G. Lindblad, On the generators of quantum dynamical semi-
groups, Commun. Math. Phys. 48, 119 (1976).

[8] A. Kossakowski, On quantum statistical mechanics of non-
hamiltonian systems, Rep. Math. Phys. 3, 247 (1972).

[9] A. Redfield, The theory of relaxation processes, Adv. Magn.
Res. 1, 1 (1965).

[10] C. P. Slichter, Principles of magnetic resonance (Springer,
Berlin, 1996), p. 199.

[11] J. Dalibard, Y. Castin, and K. Mglmer, Wave-function approach
to dissipative processes in quantum optics, Phys. Rev. Lett. 68,
580 (1992).

[12] K. Mglmer, Y. Castin, and J. Dalibard, Monte carlo wave-
function method in quantum optics, J. Opt. Soc. Am. B 10,
524 (1993).

[13] W. G. Teich and G. Mahler, Stochastic dynamics of individual
quantum systems: Stationary rate equations, Phys. Rev. A 45,
3300 (1992).

[14] H. J. Carmichael, S. Singh, R. Vyas, and P. R. Rice, Photo-
electron waiting times and atomic state reduction in resonance
fluorescence, Phys. Rev. A 39, 1200 (1989).

[15] H. J. Carmichael, Quantum trajectory theory for cascaded open
systems, Phys. Rev. Lett. 70, 2273 (1993).

[16] H. P. Breuer, W. Huber, and F. Petruccione, Stochastic wave-
function method versus density matrix: A numerical compari-
son, Comput. Phys. Commun. 104, 46 (1997).

[17] B. L. Altshuler and A. G. Aronov, in Electron-Electron Inter-
actions in Disordered Systems, edited by M. Pollack and A. I.
Efros (North-Holland, Amsterdan, 1985).

[18] D. J. Thouless, Electrons in disordered systems and the theory
of localization, Phys. Rep. 13, 93 (1974).

[19] Y. Imry and R. Landauer, Conductance viewed as transmission,
Rev. Mod. Phys. 71, S306 (1999).

[20] M. Bittiker, Role of quantum coherence in series resistors, Phys.
Rev. B 33, 3020 (1986).

[21] J.L.D’ Amato and H. M. Pastawski, Conductance of a disordered
linear chain including inelastic scattering events, Phys. Rev. B
41, 7411 (1990).

[22] H. M. Pastawski, Classical and quantum transport from general-
ized landauer-biittiker equations, Phys. Rev. B 44, 6329 (1991).

[23] N. A. Zimbovskaya and G. Gumbs, On the low frequency
electromagnetic waves in quasi-two-dimensional metals, Solid
State Commun. 146, 88 (2008).

[24] D. Nozaki, C. Gomes da Rocha, H. M. Pastawski, and
G. Cuniberti, Disorder and dephasing effects on electron
transport through conjugated molecular wires in molecular
junctions, Phys. Rev. B 85, 155327 (2012).

[25] C. J. Cattena, L. J. Fernandez-Alcazar, R. A. Bustos-Martn,
D. Nozaki, and H. M. Pastawski, Generalized multi-terminal
decoherent transport: Recursive algorithms and applications to
saser and giant magnetoresistance, J. Phys. Condens. Matter 26,
345304 (2014).

[26] H. M. Pastawski, Classical and quantum transport from gener-
alized landauer-biittiker equations. ii. time-dependent resonant
tunneling, Phys. Rev. B 46, 4053 (1992).

[27] P. Myohanen, A. Stan, G. Stefanucci, and R. van Leeuwen,
Kadanoff-baym approach to quantum transport through inter-
acting nanoscale systems: From the transient to the steady-state
regime, Phys. Rev. B 80, 115107 (2009).

[28] E. Khosravi, A.-M. Uimonen, A. Stan, G. Stefanucci, S. Kurth,
R. van Leeuwen, and E. K. U. Gross, Correlation effects in
bistability at the nanoscale: Steady state and beyond, Phys. Rev.
B 85, 075103 (2012).

[29] G. A. Alvarez, E. P. Danieli, P. R. Levstein, and H. M. Pastawski,
Decoherence under many-body system-environment interac-
tions: A stroboscopic representation based on a fictitiously
homogenized interaction rate, Phys. Rev. A 75, 062116 (2007).

[30] E. Danieli, G. Alvarez, P. Levstein, and H. Pastawski, Quan-
tum dynamical phase transition in a system with many-body
interactions, Solid State Commun. 141, 422 (2007).

022117-8


http://dx.doi.org/10.1063/1.1712500
http://dx.doi.org/10.1063/1.1712500
http://dx.doi.org/10.1063/1.1712500
http://dx.doi.org/10.1063/1.1712500
http://dx.doi.org/10.1103/PhysRevLett.99.250506
http://dx.doi.org/10.1103/PhysRevLett.99.250506
http://dx.doi.org/10.1103/PhysRevLett.99.250506
http://dx.doi.org/10.1103/PhysRevLett.99.250506
http://dx.doi.org/10.1038/nature01642
http://dx.doi.org/10.1038/nature01642
http://dx.doi.org/10.1038/nature01642
http://dx.doi.org/10.1038/nature01642
http://dx.doi.org/10.1103/PhysRevB.89.195310
http://dx.doi.org/10.1103/PhysRevB.89.195310
http://dx.doi.org/10.1103/PhysRevB.89.195310
http://dx.doi.org/10.1103/PhysRevB.89.195310
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1007/BF01608499
http://dx.doi.org/10.1007/BF01608499
http://dx.doi.org/10.1007/BF01608499
http://dx.doi.org/10.1007/BF01608499
http://dx.doi.org/10.1016/0034-4877(72)90010-9
http://dx.doi.org/10.1016/0034-4877(72)90010-9
http://dx.doi.org/10.1016/0034-4877(72)90010-9
http://dx.doi.org/10.1016/0034-4877(72)90010-9
http://dx.doi.org/10.1016/B978-1-4832-3114-3.50007-6
http://dx.doi.org/10.1016/B978-1-4832-3114-3.50007-6
http://dx.doi.org/10.1016/B978-1-4832-3114-3.50007-6
http://dx.doi.org/10.1016/B978-1-4832-3114-3.50007-6
http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1364/JOSAB.10.000524
http://dx.doi.org/10.1364/JOSAB.10.000524
http://dx.doi.org/10.1364/JOSAB.10.000524
http://dx.doi.org/10.1364/JOSAB.10.000524
http://dx.doi.org/10.1103/PhysRevA.45.3300
http://dx.doi.org/10.1103/PhysRevA.45.3300
http://dx.doi.org/10.1103/PhysRevA.45.3300
http://dx.doi.org/10.1103/PhysRevA.45.3300
http://dx.doi.org/10.1103/PhysRevA.39.1200
http://dx.doi.org/10.1103/PhysRevA.39.1200
http://dx.doi.org/10.1103/PhysRevA.39.1200
http://dx.doi.org/10.1103/PhysRevA.39.1200
http://dx.doi.org/10.1103/PhysRevLett.70.2273
http://dx.doi.org/10.1103/PhysRevLett.70.2273
http://dx.doi.org/10.1103/PhysRevLett.70.2273
http://dx.doi.org/10.1103/PhysRevLett.70.2273
http://dx.doi.org/10.1016/S0010-4655(97)00050-7
http://dx.doi.org/10.1016/S0010-4655(97)00050-7
http://dx.doi.org/10.1016/S0010-4655(97)00050-7
http://dx.doi.org/10.1016/S0010-4655(97)00050-7
http://dx.doi.org/10.1016/0370-1573(74)90029-5
http://dx.doi.org/10.1016/0370-1573(74)90029-5
http://dx.doi.org/10.1016/0370-1573(74)90029-5
http://dx.doi.org/10.1016/0370-1573(74)90029-5
http://dx.doi.org/10.1103/RevModPhys.71.S306
http://dx.doi.org/10.1103/RevModPhys.71.S306
http://dx.doi.org/10.1103/RevModPhys.71.S306
http://dx.doi.org/10.1103/RevModPhys.71.S306
http://dx.doi.org/10.1103/PhysRevB.33.3020
http://dx.doi.org/10.1103/PhysRevB.33.3020
http://dx.doi.org/10.1103/PhysRevB.33.3020
http://dx.doi.org/10.1103/PhysRevB.33.3020
http://dx.doi.org/10.1103/PhysRevB.41.7411
http://dx.doi.org/10.1103/PhysRevB.41.7411
http://dx.doi.org/10.1103/PhysRevB.41.7411
http://dx.doi.org/10.1103/PhysRevB.41.7411
http://dx.doi.org/10.1103/PhysRevB.44.6329
http://dx.doi.org/10.1103/PhysRevB.44.6329
http://dx.doi.org/10.1103/PhysRevB.44.6329
http://dx.doi.org/10.1103/PhysRevB.44.6329
http://dx.doi.org/10.1016/j.ssc.2008.01.007
http://dx.doi.org/10.1016/j.ssc.2008.01.007
http://dx.doi.org/10.1016/j.ssc.2008.01.007
http://dx.doi.org/10.1016/j.ssc.2008.01.007
http://dx.doi.org/10.1103/PhysRevB.85.155327
http://dx.doi.org/10.1103/PhysRevB.85.155327
http://dx.doi.org/10.1103/PhysRevB.85.155327
http://dx.doi.org/10.1103/PhysRevB.85.155327
http://dx.doi.org/10.1088/0953-8984/26/34/345304
http://dx.doi.org/10.1088/0953-8984/26/34/345304
http://dx.doi.org/10.1088/0953-8984/26/34/345304
http://dx.doi.org/10.1088/0953-8984/26/34/345304
http://dx.doi.org/10.1103/PhysRevB.46.4053
http://dx.doi.org/10.1103/PhysRevB.46.4053
http://dx.doi.org/10.1103/PhysRevB.46.4053
http://dx.doi.org/10.1103/PhysRevB.46.4053
http://dx.doi.org/10.1103/PhysRevB.80.115107
http://dx.doi.org/10.1103/PhysRevB.80.115107
http://dx.doi.org/10.1103/PhysRevB.80.115107
http://dx.doi.org/10.1103/PhysRevB.80.115107
http://dx.doi.org/10.1103/PhysRevB.85.075103
http://dx.doi.org/10.1103/PhysRevB.85.075103
http://dx.doi.org/10.1103/PhysRevB.85.075103
http://dx.doi.org/10.1103/PhysRevB.85.075103
http://dx.doi.org/10.1103/PhysRevA.75.062116
http://dx.doi.org/10.1103/PhysRevA.75.062116
http://dx.doi.org/10.1103/PhysRevA.75.062116
http://dx.doi.org/10.1103/PhysRevA.75.062116
http://dx.doi.org/10.1016/j.ssc.2006.11.001
http://dx.doi.org/10.1016/j.ssc.2006.11.001
http://dx.doi.org/10.1016/j.ssc.2006.11.001
http://dx.doi.org/10.1016/j.ssc.2006.11.001

DECOHERENT TIME-DEPENDENT TRANSPORT BEYOND ...

[31] G.A. Alvarez, E. P. Danieli, P. R. Levstein, and H. M. Pastawski,
Quantum parallelism as a tool for ensemble spin dynamics
calculations, Phys. Rev. Lett. 101, 120503 (2008).

[32] G.A. Alvarez, E. P. Danieli, P. R. Levstein, and H. M. Pastawski,
Environmentally induced quantum dynamical phase transition
in the spin swapping operation, J. Chem. Phys. 124, 194507
(2006).

[33] R. A. Jalabert and H. M. Pastawski, Environment-independent
decoherence rate in classically chaotic systems, Phys. Rev. Lett.
86, 2490 (2001).

[34] H. M. Pastawski and E. Medina, Tight binding methods in
quantum transport trough molecules and small devices: From
the coherent to the decoherent description, Rev. Mex. Phys.
47(S1), 1 (2001).

[35] An explicit evaluation of the energy dependence of A(e)
shows that attenuation is not much effective for the small
off-resonance tunneling, as the electrons with energies away
from the resonance spent a very short time at this interacting
state.

[36] L. Miiller, A. Kumar, T. Baumann, and R. R. Ernst, Transient
oscillations in nmr cross-polarization experiments in solids,
Phys. Rev. Lett. 32, 1402 (1974).

[37] I. Rotter, A non-hermitian hamilton operator and the physics
of open quantum systems, J. Phys. A: Math. Theor. 42, 153001
(2009).

[38] H. Pastawski, Revisiting the fermi golden rule: Quantum
dynamical phase transition as a paradigm shift, Physica B 398,
278 (2007).

[39] C. Cohen-Tannoudji, G. Grynberg, and J. Dupont-Roc, Arom-
Photon Interactions: Basic Processes and Applications (Wiley,
New York, 1992).

PHYSICAL REVIEW A 91, 022117 (2015)

[40] E. Paladino, Y. M. Galperin, G. Falci, and B. L. Altshuler, 1/f
noise: Implications for solid-state quantum information, Rev.
Mod. Phys. 86, 361 (2014).

[41] Z. L. Madi, B. Brutscher, T. Schulte-Herbriggen, R.
Brischweiler, and R. R. Ernst, Time-resolved observation of
spin waves in a linear chain of nuclear spins, Chem. Phys. Lett.
268, 300 (1997).

[42] H. M. Pastawski, G. Usaj, and P. R. Levstein, Quantum
interference phenomena in the local polarization dynamics of
mesoscopic systems: An nmr observation, Chem. Phys. Lett.
261, 329 (1996).

[43] H. M. Pastawski, P. R. Levstein, and G. Usaj, Quantum
dynamical echoes in the spin diffusion in mesoscopic systems,
Phys. Rev. Lett. 75, 4310 (1995).

[44] S. Bose, Quantum communication through an unmodulated spin
chain, Phys. Rev. Lett. 91, 207901 (2003).

[45] M. Christandl, N. Datta, A. Ekert, and A. J. Landahl, Perfect
state transfer in quantum spin networks, Phys. Rev. Lett. 92,
187902 (2004).

[46] A. Zwick, G. A. Alvarez, J. Stolze, and O. Osenda, Robustness
of spin-coupling distributions for perfect quantum state transfer,
Phys. Rev. A 84, 022311 (2011).

[47] E. Danieli, H. Pastawski, and P. Levstein, Exact spin dynamics
of inhomogeneous 1-d systems at high temperature, Physica B
320, 351 (2002).

(48] M. Znidari¢ and M. Horvat, Transport in a disordered tight-
binding chain with dephasing, Eur. Phys. J. B 86, 1 (2013).

[49] C. M. Séanchez, R. H. Acosta, P. R. Levstein, H. M. Pastawski,
and A. K. Chattah, Clustering and decoherence of correlated
spins under double quantum dynamics, Phys. Rev. A 90, 042122
(2014).

022117-9


http://dx.doi.org/10.1103/PhysRevLett.101.120503
http://dx.doi.org/10.1103/PhysRevLett.101.120503
http://dx.doi.org/10.1103/PhysRevLett.101.120503
http://dx.doi.org/10.1103/PhysRevLett.101.120503
http://dx.doi.org/10.1063/1.2193518
http://dx.doi.org/10.1063/1.2193518
http://dx.doi.org/10.1063/1.2193518
http://dx.doi.org/10.1063/1.2193518
http://dx.doi.org/10.1103/PhysRevLett.86.2490
http://dx.doi.org/10.1103/PhysRevLett.86.2490
http://dx.doi.org/10.1103/PhysRevLett.86.2490
http://dx.doi.org/10.1103/PhysRevLett.86.2490
http://dx.doi.org/10.1103/PhysRevLett.32.1402
http://dx.doi.org/10.1103/PhysRevLett.32.1402
http://dx.doi.org/10.1103/PhysRevLett.32.1402
http://dx.doi.org/10.1103/PhysRevLett.32.1402
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1088/1751-8113/42/15/153001
http://dx.doi.org/10.1016/j.physb.2007.05.024
http://dx.doi.org/10.1016/j.physb.2007.05.024
http://dx.doi.org/10.1016/j.physb.2007.05.024
http://dx.doi.org/10.1016/j.physb.2007.05.024
http://dx.doi.org/10.1103/RevModPhys.86.361
http://dx.doi.org/10.1103/RevModPhys.86.361
http://dx.doi.org/10.1103/RevModPhys.86.361
http://dx.doi.org/10.1103/RevModPhys.86.361
http://dx.doi.org/10.1016/S0009-2614(97)00194-2
http://dx.doi.org/10.1016/S0009-2614(97)00194-2
http://dx.doi.org/10.1016/S0009-2614(97)00194-2
http://dx.doi.org/10.1016/S0009-2614(97)00194-2
http://dx.doi.org/10.1016/0009-2614(96)00978-5
http://dx.doi.org/10.1016/0009-2614(96)00978-5
http://dx.doi.org/10.1016/0009-2614(96)00978-5
http://dx.doi.org/10.1016/0009-2614(96)00978-5
http://dx.doi.org/10.1103/PhysRevLett.75.4310
http://dx.doi.org/10.1103/PhysRevLett.75.4310
http://dx.doi.org/10.1103/PhysRevLett.75.4310
http://dx.doi.org/10.1103/PhysRevLett.75.4310
http://dx.doi.org/10.1103/PhysRevLett.91.207901
http://dx.doi.org/10.1103/PhysRevLett.91.207901
http://dx.doi.org/10.1103/PhysRevLett.91.207901
http://dx.doi.org/10.1103/PhysRevLett.91.207901
http://dx.doi.org/10.1103/PhysRevLett.92.187902
http://dx.doi.org/10.1103/PhysRevLett.92.187902
http://dx.doi.org/10.1103/PhysRevLett.92.187902
http://dx.doi.org/10.1103/PhysRevLett.92.187902
http://dx.doi.org/10.1103/PhysRevA.84.022311
http://dx.doi.org/10.1103/PhysRevA.84.022311
http://dx.doi.org/10.1103/PhysRevA.84.022311
http://dx.doi.org/10.1103/PhysRevA.84.022311
http://dx.doi.org/10.1016/S0921-4526(02)00746-9
http://dx.doi.org/10.1016/S0921-4526(02)00746-9
http://dx.doi.org/10.1016/S0921-4526(02)00746-9
http://dx.doi.org/10.1016/S0921-4526(02)00746-9
http://dx.doi.org/10.1140/epjb/e2012-30730-9
http://dx.doi.org/10.1140/epjb/e2012-30730-9
http://dx.doi.org/10.1140/epjb/e2012-30730-9
http://dx.doi.org/10.1140/epjb/e2012-30730-9
http://dx.doi.org/10.1103/PhysRevA.90.042122
http://dx.doi.org/10.1103/PhysRevA.90.042122
http://dx.doi.org/10.1103/PhysRevA.90.042122
http://dx.doi.org/10.1103/PhysRevA.90.042122



