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Abstract

Wepropose amethod for acting on the spin state of a spin- 1

2
localized particle, or qubit, bymeans of a

magnetic signal effectively generated by the nearby transit of amagnetic soliton, there conveyed
through a transmission line.We first introduce the specificmagnetic soliton of whichwewillmake
use, and briefly review the properties thatmake it apt to represent a signal.We then show that a
Heisenberg spin chain can serve as transmission line, and propose amethod for injecting a soliton into
the chain by acting just on one of its ends.We finally demonstrate that the resultingmagnetic pulse can

indeed cause, just passing by the spin- 1

2
localized particle embodying the qubit, a permanent change in

its spin state, thus realizing the possibility of getting through to a single, localized qubit, and
manipulating its state. A thorough analysis of how the overall dynamical systemoperates depending
on the setting of its parameters demonstrates thatfine tuning is not necessary as there exists an
extended region in the parameters space that corresponds to effective functioning.Moreover, we show
that possible noise on the transmission line does not invalidate the scheme.

1. Introduction

The ability of addressing, initializing, and possibly controlling one single qubit without spoiling its quantum
features or disturbing other nearby qubits is a necessary prerequisite for putting a quantumdevice into
operation. Depending on the specific device architecture, however, this can be amost challenging task, as it
implies the opening of the qubit towards an environment that, in oneway or another, embodies some
macroscopic apparatus. One possibility for avoiding that this opening alters the fragile properties of the qubit is
to place the apparatus at a distance, and use a transmission line for conveying a suitable signal to the qubit itself.
In particular, when the qubit is represented by a localizedmagnetic particle [1–4] it comes quite natural that the
above signal is a time-dependentmagnetic field, which nonetheless leaves the question open as to how to realize
the transmission line. For this purpose, we here propose the use of classical spin chains featuring soliton-like
excitations, a choice suggested by these observations: i) a soliton faithfully represents a signal in so far as it is a
finite-energy excitationwhich is well localized in space at any given time, and can travel at fixed velocity with
constant profile; ii) solitons are known to travel undisturbedwithin theirmedium,which allows us to place the
apparatus that generates the pulse at a great distance from the qubit and yet be sure that the signal will pass near
its target undeformed; iii) solitons relative to the very samemodel can have different shapes and energies, which
gives us the freedomof choosing the signal that best controls the qubit, withoutmodifying the transmission line.

As for this latter component, we know that some classical fields defined on a one-dimensional space display
solitonic excitations, whose renowned stability stems from the competition between linear and non-linear terms
in the field’s equations ofmotion (EoM). Based on thewell established connection between classical vector-field
theories andmodels of interacting spin-S particles in discrete one-dimensional lattices [5], one can expect
soliton-like excitations to typify some spin chains [6–11], which directly suggests that one such chain can serve
for supporting a solitonic signal.Moreover, as extensively shown in the literature [12–17], a renormalized
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classical approach [18–21] is often appropriate for describing the actual behavior of real compoundswith
S 1 2> [22–24], which allows us to treat the signal’s generation and propagation at a classical level.

The paper is structured as follows: in section 2we introduce and characterize the soliton of whichwewill
make use as a non-linear excitation of a classical vector field. Based on the fact that such afield is the continuum
limit of a spinmodel in a one-dimensional lattice, namely theHeisenberg spin chain, in section 3we numerically
check that the dynamical configurations corresponding to discrete versions of the above solitons can be
solutions of the chain’s EoM; in the same sectionwe propose amethod for injecting solitons by applying a time-
dependentmagneticfield to one end of the chain. In section 4we thoroughly analyze the effects of the soliton’s
transit on the spin state of the spin- 1

2
localized particle embodying the qubit, considering both an ideal and an

injected soliton, as well as the possibility of thermal noise along the chain. Comments about possible
experimental implementations of the scheme are put forward in section 5, with attention focused on the validity
of the assumptionswe havemade in order tomake our scheme function.

2. Solitons as signals

Consider the classical vector-field in one spatial dimension, s x t( , ), such that s x t( , ) 1∣ ∣ = , withHamiltonian
density

sx x t H s x t( )
1

2
( , ) 1 ( , ) ; (1)x

z2 2⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦  γ= ∂ + −

its EoM

s s s Hx t x t x t( , ) ( , ) [ ( , ) ], (2)t x
2 γ∂ = × ∂ +

with H H(0, 0, )= , has been shown [25] to permit analytical solutions, corresponding to localized excitations,
stable under collisions [26], that travel at constant velocity. In polar coordinates these solutions read

x t
x t

x t
( , ):

( , ) 2 sin (sin sech ),

( , ) cot tan (tan tanh ),
(3)( )

( ) 1
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=
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β
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x vt x t
, (4)ξ

λ λ τ
≡ − = −

β β β

and the parameter β univocally characterizes each v 0> soliton, setting its characteristic

v

H
amplitude: 2 2arccos

2
, (5)β

γ
=

H
length:

1

sin
, (6)

λ
γ β

=β

Henergy: 8 sin , (7) ε γ β=β

H
time:

1

sin 2
. (8)τ

γ β
=β

Adynamical (v 0> ) soliton defined by equation (3)will be hereafter referred to as ‘β-soliton’. Notice that
equation (5) sets amaximumvalue for the velocity, v H2 γ∣ ∣ < , implying that the second termof the
Hamiltonian (1)must befinite in order for themodel to support dynamical solitons. Once this condition is
fulfilled, a β-soliton can be readily seen as a signal, i.e., afield’s dynamical configurationwith a distinctive trait
that can be spotted, for time intervals of the order of τβ , in a spatial region of size λβ, thatmoveswith constant
velocity in the one-dimensional spacewhere the field is defined. An example of a β-soliton is shown infigure 1.

3.Heisenberg chain as transmission line

Let us now consider a classical spin chain, i.e., a one-dimensional array of (spin-)vectors S sSl l≡ , whose
magnitude S has the dimension of an action; the time dependence of the spin-variables will be hereafter
understood, whenever possible. TheHeisenberg chain is defined by theHamiltonian
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2
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where J 0> is a ferromagnetic nearest-neighbor coupling, H H(0, 0, )= is an externalmagnetic field, and γ is
the gyromagnetic ratio. In the (continuum) limit of vanishing lattice spacing d 0→ with finite S d and Jd3,
model (9) reproduces equation (1)with

S

d
Jdand . (10)3 ≡ ≡

The EoM for sl , obtained from the Poisson brackets s s S s{ , }l j lj l
1 δ ϵ=α β αβγ γ− , consistently have the same form as

equation (2), reading

( )s s s s HJS . (11)t l l l l1 1
⎡⎣ ⎤⎦γ∂ = × + ++ −

Despite the analogy, analytical soliton-like solutions of equation (11) are not known; however, as the
continuumapproximation doesmake sensewhenever the relevant configurations vary slowly on the scale of the
lattice spacing, we expect that, for dλ ≫β , the discrete counterpart of a β-soliton, t( )l

( )Σ β defined by
equation (3)with

l
H

JS
Htsin sin 2 , (12)ξ γ β γ β= −

might still represent an excitation ofmodel (9). In fact, by numerically solving equation (11), we have checked
that theHeisenberg spin chain properly supports β-solitonswhenever the Zeeman energy HSγ ismuch smaller
than the bond energy JS2, as implied by dλ ≫β via equations (6) and (10). This resultfits with the experimental
observation, in quasi one-dimensional systems, ofmagnetic behaviours whose origin can be unequivocally
ascribed to the presence of soliton-like excitations [23]. Inwhat follows, wewill therefore assume that the time-
dependent chain configuration s t t{ ( ) ( )}l l

( )Σ= β is a solution of the discrete EoM (11), embodying the signal we
want to convey to the qubit, with the respectiveHeisenberg chain serving as transmission line.

3.1. Injecting a soliton into the chain
Let us now consider the problemofmaking one specific soliton t( )l

( )Σ β exist and run through theHeisenberg
chain. In the process of accomplishing this goal, wefirst notice the following: consider afinite (though long at
will) chain, with L(2 1)+ spins sitting on sites labelled from L− to L+ . Suppose S t( )L− evolved as if a soliton
were reaching it travelling from afictitious, infinitely left-extended chain, l L< − ; that solitonwould continue
travelling towards the region l L> − , i.e., it would be successfully injected into the chain, at least in the
continuum limit. Therefore, enforcing

s t t( ) ( ) (13)L L
( )Σ= β

− −

as a boundary condition should result in the selection of the configuration corresponding to t( )l
( )Σ β , amongst all

those that solve equation (11).On the other hand, it can be easily seen that equation (11)with condition (13)

Figure 1. x t( , )( )Σ β for tan 2β = : s 1 2 sin coshz 2 2β ξ= − as a function of x vt− and (inset) the corresponding trajectory of the
in-plane components s x and s y.
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enforced gives the EoMof aHeisenberg chainwith L l L− < ⩽ , and an auxiliarymagnetic field

b t
JS

t( ) ( ) (14)L
( ) ( )Σ

γ
=β β

−

acting just on S L 1− + . This suggests that by applying themagnetic field (14) to one end of the transmission line, it
should be possible to generate a soliton-like signal, that will then travel through to its target. The consistency of
the above description has been checked for different values of β, as follows.

First, we have numerically solved equation (11)with the time-dependent constraint equation (13), and

Ld2 λ≫ β, bymeans of a second-order symplectic algorithm [27–31]. The chain has been initialized in the
ferromagnetic configuration, s z{ ˆ}l = , as well as in some possible thermal configurations. These have been
determined, with reference to the quadratic approximation of theHamiltonian (9)which is diagonal in Fourier
spacewith frequencies JS k H2 (1 cos )kω γ= − + , as inverse Fourier transforms of generated sets of
independent variables s s{ , }k

x
k
y with variances s s s s k T S( )k

x
k

x
k
y

k
y

kB
ω〈 〉 = 〈 〉 =− − . The resulting configurations

have the thermal correlators s s s s( ) ( )l
x

l
x

l
y

l
y

1
2

1
2 〈 − 〉 = 〈 − 〉 ≃+ + and s s JS H( ) ( )l

x
l
y2 2  γ〈 〉 = 〈 〉 ≃ , where

k T JS2
B

 ≡ .
We have then analyzed the resulting solutions and found that when the field b t( )( )β is applied to s L 1− + , i.e.,

after the injection of t( )l
( )Σ β , dynamical configurations t( ; )lΓ β , identifiable as soliton-like, actually appear in

the chain. In order to better characterize these configurations, we have numericallymeasured their velocity v′
and, assuming the validity of equation (5), we have obtained values for the respective amplitudes,

v JS H2 2arccos[ ( )]β γ′ = ′ . These values have been found to agreewith those independently determined by
fitting t( ; )l βΓ with equation (3), for all values of β considered.Moreover, bymonitoring the chain’s energy
throughout the numerical integration, we have calculated the total work done by the forcing term, and found it
to be very close to εβ′, meaning that thework done on the chain does actually correspond to the energy needed to

generate a soliton t( )l
( )Σ β′ . Summarizing, the above analysis confirms that:

• by applying thefield b t( )( )β defined in equation (14) to the left tail of the chain,

• a dynamical configuration t( ; )lΓ β is generated inside the chain itself,

• with the essential features of a soliton t( )l
( )Σ β′ .

The above picture is also confirmed for 0 > , and even for rather narrow injected solitons ( d5λ ≃β ). In
figure 2we show the colour-density plot of t( ; )l

z βΓ as a function of l and JSt, for different  . The strong
resilience of the generated signal is evident: evenwhen fully embedded and barely recognizable within the
thermal noise, as in the last panel, its time propagation along the chain can still be easily followed.

Figure 2. Samples of generated soliton-like excitations t( ; )lΓ β in a discrete chain of 500 spins; the parameters of the injected soliton
t( )l

( )Σ β are H JS 0.05γ = and tan 2β = . Density plots are shown for the space–time evolution of s t( )l
z at zero (upper left panel) and

finite temperature, indicated in the lower, right edge of each panel. The propagating soliton is reflected by the open boundary at site
n=500. The thin, red line reports the time dependence of s t( )l

z at the site n=250. Thermal noisemakes the generated soliton-like
excitation broader and faster.
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4.Qubit dynamics

Aqubit is a physical system that can be described by the spin- 1

2
operator ˆ

2
σ represented by the Paulimatrices

ˆ ( ˆ , ˆ , ˆ )x y zσ σ σ σ= ; its state tˆ ( )ρ in terms of the Bloch vector n t t( ) Tr [ ˆ ( ) ˆ]σρ≡ , reads

nt tˆ ( )
1

2
ˆ · ( ) . (15)⎡⎣ ⎤⎦σρ = +

In our scheme, the qubit is realized by a localized spin- 1

2
particle, sitting near the site of the chain labelled by the

index ‘0’.We assume that theway the qubit feels the presence of the chain’smagneticmoments, as depicted in
figure 3, can be generally described as a Zeeman interactionwith an effectivemagnetic field proportional to

s st p t˜( ) ( ) , (16)
j

j j∑≡

where sj are the unit vectors entering equation (9), and pj is expected to decrease rapidly with j∣ ∣. In fact, the
detailed dependence of pj on j is not relevant, particularly if, as in the present scheme, the time dependence of the
magneticmoments is primarily due to the transit of a signal whose length is of a finite number of lattice spacings.
Therefore, we can safely choose aGaussian dependence p A jexp( 2 )j

2 2α= − , whereA is such that p 1
j j∑ = ,

and the standard deviation α characterizes the interaction range, in units of d.
From sections 2 and 3we have learned that the presence of a constant and homogeneousmagnetic field H is

necessary for theHeisenberg spin chain to support solitonswithfinite velocity: therefore, we take H 0≠ and
identify its direction as the quantization axis used for encoding the qubit states into the spin degree of freedomof
the spin- 1

2
localized particle. The qubit’sHamiltonian thus reads

z sH g S tˆ ˆ ˜( ) ·
ˆ

2
, (17)qubit

⎡⎣ ⎤⎦ σγ= − +σ


where γσ is the gyromagnetic ratio of the particle realizing the qubit, and g is an overall coupling constant. The
corresponding evolution of the qubit’s Bloch vector is ruled by the equation

n n z sˆ ˜( ) , (18)⎡⎣ ⎤⎦δ μ τ∂ = × +τ

where ẑ (0, 0, 1)= , and H tτ γ≡ is the (chain’s) dimensionless time that will be hereafter used. The two
dimensionless parameters

gS

H
(19)δ

γ
γ

μ
γ

= ≡σ

characterize the qubit’s interactions with the external and the effective field, H and s t(̃ ), respectively. Notice that
despite the chain parameter γnot appearing in the qubit’sHamiltonian (17), it does enter the EoM for the qubit’s
Bloch vector via the definition of the dimensionless time τ; in fact, the relevant time scale of the overall dynamics
is exclusively set by the chainHamiltonian (9), a statement based on the implicit assumption that the presence of
the qubit has no effect (no ‘back-action’) on the chain itself.Wewill further comment upon this assumption in
section 5.

Suppose now that amagnetic signal in the formof ( ; )lΓ β τ runs through the chain ( 0 = ). In the early stage
of the process, at a timewhen the soliton is still far from the site 0, it is s z(̃ ) ˆτ ∝ and the qubit Bloch vector
undergoes a uniformprecession around ẑ , unless it is not initially aligned along the z-axis itself. In order to
isolate the qubit evolution exclusively due to the soliton transit, it is therefore convenient to choose n z( ) ˆiτ = ,
with iτ as the earlier timewhen s ẑL ≠− . Notice that this does not imply the addition of a previous single-qubit

Figure 3.The qubit interacts with a bunch ofmoments of the classical spin-chain, with couplings j g pl l= ; a constant uniform field is
applied to the overall system.
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manipulation step in the overall scheme, but rather the preparation of thewhole system in a globally aligned
state, which is readily obtained as H 0≠ .

Consider now a time fτ during thefinal stage of the process, i.e. after the soliton has travelled along the chain
far beyond the qubit; the qubit’s Bloch vector, set inmotion by the soliton’s transit, can 1) align back to ẑ , 2) tilt-
up and hence precess around ẑ , or 3) perfectly flip and anti-align along ẑ− . Situations 2) and 3) are those in
whichwe aremost interested, as they represent the possibility of permanentlymodifying the qubit state, which is
in fact thefinal goal of our scheme. In order to analyze the conditions under which they are obtained, onemust
numerically integrate equation (18)with the effective field s̃( )τ as from equation (16)with

s ( ) ( ; ). (20)j jΓτ β τ=

For the sake of clarity, inwhat followswewill specifically concentrate on the case when the qubit’s response to
the signal consists of a permanent flipping.

4.1.Qubitflipped by an ideal soliton
Let usfirst take ( ; ) ( )l l

( )Γ Σβ τ τ= β and the chain initially prepared in the ferromagnetic state ( 0 = ).When
α=0we know [32] that whenever δ=0 the qubit always goes back to its initial state; therefore, in order to obtain
a permanent flipping, the physical object embodying the qubitmust have afinite gyromagnetic ratio. As
studying n ( )z

fτ suffices to distinguish the above situations 1), 2), and 3), infigure 4we plot n ( )z
fτ in the plane

( , )δ μ ; when 1δ μ= = theflipping is complete, while the change in n ( )z
fτ decreasesmonotonically when

getting far from this point. Remarkably, for 1δ μ= = there is no dependence on β; the qubit isflippedwhatever
the amplitude of the signal running through the chain. An additional feature, numerically observed and clearly
seen infigure 4, is that n ( )z

fτ is symmetric in the exchange δ μ↔ , even though the evolution of the qubitmay
be different in the two cases. Themost relevant feature displayed byfigure 4, however, is the presence of a region
where almost complete flipping occurs: thismeans that fine-tuning is not necessary and if δ is difficult to alter
one can still act on μ, or vice versa, depending on the specific physical realization of the scheme.

When afinite interaction range ( 0α ≠ ) is considered, as in the case shown infigure 5, the qubit’s dynamics
are qualitatively similar to those observed for α=0 [33], but the value of n ( )z

fτ is found to be quite sensitive toα
itself. However, an almost complete flipping, even better than that observed infigure 5, can be obtained by
further adjusting the available parameters. In this respect, notice that the ratio h H JSγ= is a relevant quantity,
when 0α ≠ , as it contributes to setting the length scale of the soliton; for example, h 0.05= and
tan 2, 1, 0.5, 0.2β = define β-solitonswith d d d d5 , 6.3 , 10 , 22.8λ =β , respectively.

Figure 4.Contour plots of n ( )z
fτ as a function of δ and μ, for α=0. In each panel themagnetic signal acting on the qubit is that

produced by an ideal β-soliton, t( )l
( )Σ β .
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Infigure 6we showacontour-plot relative to n ( )z
fτ in theplane (tan β,μ), forδ=1anddifferent values ofh. As

expected, for smaller tan β thequbit’sdynamics are less affectedby thefinite interaction range, as broad solitons
( dλ α≫β ) are littlemodifiedby the ‘smearing’ entailedby equation (16). Inparticular, theplot forh=0.01 shows that
thepartialflip shown infigure 5 canbe improvedby taking smallerβ, i.e. longer solitons, or increasingμ, i.e. thequbit–
chain coupling.Theflip quality decreases alsowhen, due to thephase term cotξ β appearing in equation (3), thex
and y components of s t(̃ ) shrinkunder the smearing (16).This effect canbe reduced, as suggestedby equation (12), by
requiring that h cos 1α β ≪ , i.e., for smallβ, h 2α≪ − . In fact,figure6 shows that by taking a smallerh, theflip
quality canbemade to approachoptimal values in an extended regionof theβ–μplane.Referring to thedefinitions
(19), this optimization canbe typicallyperformedbydriving the externalfieldonly.

4.2.Qubitflipped by a generated soliton
Let us now consider the case when the soliton running through the chain is not ideal, but rather a generated one,

( ; ) ( )l l
( )Γ Σβ τ τ≃ β′ . Infigure 7we show the qubit’s state evolutionwhen tan 2β = and 5λ =β (α=0); in the left

panels one can appreciate how the evolution of n ( )z τ follows that of the generated soliton, both for zero (top)
andfinite (bottom) temperature; the right panels display the overall trajectory of the qubit’smagnetization on
the Bloch sphere. The qubit’s behavior under the action of a generated soliton looks similar to that described in
the previous sections for ideal solitons: in particular, for 0 = an almost complete flipping is obtained.More
pronounced differences emerge for 0 ≠ , where the asymptotic value n ( )z

fτ is no longer constant in time but
fluctuates, being subjected to the thermalfluctuations of the spin chain.However, we note that suchfluctuations
are conceptually different from the decoherence phenomena commonlymetwhen dealingwith open quantum
systems, as the (however noisy) effective field acting on the qubit is still classical, keeping the qubit evolution on
the Bloch sphere.

Figure 5.Time lapse of qubit’s evolution (represented by n ( )τ ) while a β-soliton propagates along the chain. The graphs on the left
side display s̃ ( )z τ (full lines) and s̃ ( )x τ (dashed lines), i.e., the components of the effective field acting on the qubit as a consequence of
the soliton’s transit, drawn up to the same time τ. The parameter values are: h=0.01, tan 0.2β = , μ=1, δ=1, andα=3.
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5. Conclusions

Using dynamical solitons asmagnetic signals running through spin-chains is quite a promising prospect, that,
however, needs in-depth analysis in order to become amore solid possibility. In fact, besides checking intuitions,
quantitative conditionsmust also emerge and be tested, with specific reference to the realization one has in
mind. In this respect, the scheme presented in this workmight find several different applications, as spin chains

Figure 6.Contour plots of the asymptoticmagnetization n ( )z
fτ as a function of the parameters tan β and μ, for α=3 and δ=1. In

each panel a different value of h is considered.

Figure 7. Left panels: time evolution of n ( )z τ (solid blue line) for the qubit interactingwith the soliton (z-component, dashed red line)
generated by injecting a soliton (tan 2)β = with 0 = (top) and 0.002 = (bottom); μ=1, δ=1, andα=0. Right panels: parametric
plots of the qubit’s state evolution on the Bloch sphere, under the same conditions of the respective left panel.
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are versatilemodels that can be used for describing themost diverse real situations. Let us therefore end this
work by briefly commenting upon the conditions identifiable as essential in our analysis, in the case of an
implementation based on solid-state systems [34–38].

First of all, we have numerically demonstrated that systems of interactingmagneticmoments in one-
dimensional lattices, possibly offinite length, support dynamical configurations which are the discrete
counterparts of β-solitons if dλ ≫β , i.e., H JS sin 1γ β ≪ , to be confrontedwith H 0≠ for getting v 0> .
Given the values of S and J typically observed inmagnetic compounds, it is JS 1 10 K2 3∼ ÷ meaning that, as

0.67Bμ = K/Tesla, only very largefields could break the above inequality, and the continuum approximation is
thereforemost often justified. Further notice that our schememight also be considered in the case of dynamical
solitons that do not require H 0≠ to be supported by theHeisenberg chain [25].Moreover, we know that
solitons exist and run also in anisotropic spin chains [6, 9], whichmakes our scheme potentially efficient in the
case of anisotropic quasi one-dimensional real compounds. In fact, this is quite a relevant featurewhen thinking
of implementations based on one-dimensionalmonatomicmetal chains deposited on surfaces [39]where the
system’s geometry inevitablymakes the intra-chain exchange anisotropic [40].

As for the issue of howdynamical solitons can be generated, we have preliminary indications that our
proposal keeps being effective when the action of thefield pulse b t( )( )β is not punctual, as understood by
equation (13), but rather extends to afinite part of the chain end (shorter than the induced soliton), as required
in a realistic setup; hence, the effect of b t( )( )β is amplified by the effective number of spins it affects and its
intensity canwell be comparable withH.

Having shown that a controlled action on the qubit can actually be obtained by its interactionwith the
nearby runningmagnetic soliton, we notice that the condition required by the continuum approximation is fully
consistent with the small values of H JSγ that are found to produce a permanent variation of the qubit state,
according to the analysis presented in section 4.Moreover, the energy exchanged between qubit and chain in the
case of completeflipping (obtained by, say, H JS 0.05γ = ,α=0, tan 0.2β = , μ= δ=1) amounts to
E gS H JS( ) 10 2 2δ γ= + ≃σ

− ; as the soliton energy is of the order of JS2, the chain dynamics are unaffected by
the evolution of the qubit, essentially validating the ‘no back-action’ approximationmentioned in section 4. As
for the limits dictated by the typical coherence times attainable in solid state qubit realizations, an additional
relevant quantity is the time tprop required by the soliton to reach the qubit after its injection; for a time scale of
JS( ) 101 13∼− − s, we can estimate t 1prop ∼ ns, if the qubit lies around 103 lattice constants away from the
chain end.

Finally, it is worth noticing that themagnetic soliton propagationwe have studied is an energy-conservative
phenomenon and has proved to be robust against thermal noise up to a reduced temperature 0.01 ∼ ; this
suggests that, besides the specific proposal presented in this work, using solitons for transferring either classical
or quantum information in solid-state devicesmight strongly alleviate the heat dissipation requirements that
seriously affectmore conventional solutions, without requiring a highly demanding lowering of the operating
temperature.
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