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Most of qubit systems known to date are isolated paramagnetic centres in magnetically diluted
samples since their dilution allows to considerably weaken the dipole-dipole inter-qubit interaction

and thus to prevent the decoherence.

Here we suggest an alternative approach for spin qubits

which are built on spin S = 1/2 defects in magnetically concentrated strongly correlated systems
- spin chains. The corresponding qubits are made of spin solitons resulting from local breaking of
transitional symmetry associated with point-defects. We provide the first evidence for coherence
and Rabi oscillations of spin solitons in isotropic Heisenberg chains, simple antiferromagnetic-Néel
or spin-Peierls, proving that they can be manipulated as single spin S = 1/2. The entanglement of
these many-body soliton states over macroscopic distances along chains, gives rise to networks of
coupled qubits which could easily be decoupled at will in extensions of this work.

PACS numbers: 71.27.4+a,03.67.-a,75.10.Pq,76.30.-v

Most physical, chemical or biological systems showing
quantum oscillations are of relatively small size: isolated
NV-centers in diamond [1], 4f or 3d transition-metal ions
(single-spins, 0.1 nm) [2, 3], single molecule magnets [4]
(15 spins, 1 nm), or marine algae (5 nm wide proteins)
[5]. Their environmental couplings are necessarily weak
in order to reduce damping [6]. In magnetic systems,
decoherence is usually dominated by spin-bath dipole-
dipole interactions [7] and observations of quantum os-
cillations require qubits dilution. Here, we demonstrate
the feasibility of a new approach for magnetic qubits,
which relies on spin S = 1/2 defects in magnetically con-
centrated strongly correlated systems - spin chains.

Following the idea of Loss-DiVincenzo spin-qubit
quantum computer [8], an increasing number of propos-
als were made during the last decades showing theoreti-
cally how spin chains may enable the implementation of a
quantum computer. Most of them discuss the possibility
of using spin chains as quantum wires to connect dis-
tant qubits registers without resorting to optics [9-14].
Different versions of Heisenberg model were considered
with the purpose to see how the entanglement between
two distant spins depends on magnetic anisotropy [11],
temperature [10, 11, 15], applied magnetic field [10, 11],
frustration [13, 15] and lattice dimerization [13]. It was
concluded that, in spite of short-ranged spin correlations,
most spin-chain models exhibit the long-distance entan-
glement [10, 12, 15], thus a spin chain can be used as
a communication channel. However, according to this
scheme, to realize a qubit network one needs first to cre-
ate qubits and then to match them to the communication
channels.

Therefore, we suggest to built up a qubit network with-
out adding any new spins to the chain, but by using topo-
logical defects of a spin chain called solitons (or kinks)
as qubits. Solitons are frequently viewed as a mobile do-
main walls representing by a large number of correlated
spin. In a presence of crystallographic defects/disorder
(bond-alternation defects, chain ends etc.) the solitons
are trapped by the defect [16] and since they carry a spin
S = 1/2 they can serve as a qubit (hereafter, we will
consider only this type of qubits and we will call them
soliton-qubits (sol-qubits).

From what has been said, theoretically, it appears that
a spin chain itself represent a very promising network for
solid state quantum information processing.

From experimental side, however, the situation is less
clear. While there are some experimental indications
that the macroscopic entanglement can be achieved in
spin systems [14], almost nothing is known about quan-
tum dynamics of sol-qubits. Moreover, the general ex-
perimental situation concerning the coherent dynamics
of magnetic cluster, nanomagnets, rings etc rather indi-
cates that the decoherence time in these objects is very
short thus preventing their use as qubits.

In this Letter we present the first and clear evidence of
long-living Rabi oscillations in sol-qubits with the deco-
herence time up to a several us , which show exceptional
figures of merit larger than 20 and are extremely robust
against microwave decoherence. These results open the
way to further prospects and practical applications of
spin chains in quantum information processing.

This first study of sol-qubits was performed on single-
crystals of the so-called antiferromagnetic quantum spin



FIG. 1. Colour online.(a) Schematic representation of
(TMTTF)2X chain. The TMTTF molecules are stacked in
the a axis direction forming the chain. Each double molecules
of TMTTF carries a spin S = 1/2. The counter anion X is not
represented here. (b), magnetic representation of the chain.
The blue spheres are the double molecules of TMTTF car-
rying a spin (black arrow) and coupled along the a axis by
the exchange J(1£4). (c), artistic view of trapped solitons
in a dimerized spin chain. Here the defect is a non-dimerized
spin which polarized the neighbor sites. The green arrows are
the local magnetization. The global shape of the soliton is
inspired by DMRG simulation.

chains (TMTTF).X, with X = AsFg, PFg, SbF¢ (Fig. 1).
This family of organic magnets, also called Fabre salts
[17], was extensively studied during the last decades and
shows an extremely rich phase diagram [18]. The phys-
ical properties of these magnets depend on the counter
anion X of the molecule and are found to be quite sensi-
tive on the presence of paramagnetic defects (spin-Peierls
and superconducting transition). The systems with X =
AsFg and PFg show a gapped dimerized spin-pair sin-
glet ground-state below their spin-Peierls transitions at
Tsp = 13 K and 19 K respectively, whereas the system
with X = SbF¢ exhibits a Néel antiferromagnetic phase
below Ty = 7 K.

The isotropic part of the exchange interaction of these
three systems, J ~ 400 K, is relatively large whereas the
intra- and inter-dimer contributions of (TMTTF),PFg
and (TMTTF);AsFg, give a bond alternation (dimeriza-
tion) parameter § ~ 0.03 leading to the singlet-triplet
gap A = 35 K [19]. Such a value is more than enough to

provide an excellent separation of the ground state at the
Kelvin scale of temperatures, i.e. an extended collective
singlet ground-state in which two trapped soliton qubits
can be strongly entangled.

The single crystals of (TMTTF)2X were grown by
an electrochemical technique. The crystals are needle-
shaped with typical dimensions: 3x0.5x0.1 mm?3. The
samples crystallize in the triclinic PT space group. The
magnetic principal axes (b' and ¢*) are different from the
crystallographic axes [20]. The static magnetic field can
be applied in any direction in the ' —c* plane. For each
set of measurements a fresh sample was used.

Continuous Wave (CW) and Pulsed Electron Param-
agnetic Resonance experiments were performed with the
three systems using a conventional X-band Bruker spec-
trometer operating at about 9.7 GHz between 3 K and
300 K and enabling sample rotations. The crystals were
glued on the sample holder with their a-axis oriented
along the microwave field (hy,,,) direction which is the
same as the sample-rotation direction (the static H be-
ing applied in the basal b’ —c¢* plane).

Above 30 K a single Lorentzian-shaped EPR line (main
line) is observed, displaying an anisotropy of g factor, as-
sociated with different orientations of H, and its temper-
ature dependence which are typical of uniform quantum
Heisenberg spin chains. Below about 30 K a second EPR
line, a very sharp one, appears in the three systems at
the same magnetic field as the main line. The integrated
intensity of this sharp signal is much smaller (by a factor
of 102 — 10?) than the one of the main line, indicating its
defect origin.

As an example, figure 2(a) gives a set of spectra ob-
tained with X = AsFg between 30 K and 3 K with H || ¢*
showing how the very sharp signal progressively appears
below 30 K. Below Tsp = 13 K the system starts to
dimerise and enters in the spin-Peierls phase. The in-
tensity of the main peak drops but that of the sharp
peak remains almost unchanged. The same behaviour
has been observed in PFg compound. In the SbFg sys-
tem, the linewidth of the main line diverges when 7' de-
creases down to Ty = 7 K whereas the sharp-line remains
unchanged, except below T where it disappears [21].
This behaviour is quite contrary to that of an isolated
paramagnetic impurity, the intensity of which is strongly
temperature-dependent (Curie law), and is rather char-
acteristic of an ensemble of correlated spins.

In the limit of the resolution of the X-band spectrom-
eter, the measured resonance field and therefore the g
factor were identical for both the broad and sharp peaks
and did not change significantly for different molecules.
A two-lorentzian fit shows that their linewidths differ by
a factor of ten (~ 1 G for the former and ~ 0.1 G for
the latter, Fig. 2(b)). In order to improve the resolu-
tion we measured the CW-EPR in these systems at 120
GHz in a homemade quasi-optical CW-EPR spectrom-
eter [22] (the angular dependence of the magnetic field
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FIG. 2. color online. CW-EPR, evidence of the soliton sig-
nal. (a) Set of CW-EPR spectra of (TMTTF)2AsFs when
the temperature decreases for H || ¢*. (b) EPR spectrum of
(TMTTF)2AsFg at T' = 12.5 K. The dots are the experiments
and the red line is a fit of 2 derivative of Lorentzian. (¢) An-
gular dependence of the resonance fields of (TMTTF);SbFg
at 120 GHz. The black squares are the main lines, the red
circles are the soliton lines. (d) Angular dependence of the
linewidth of (TMTTF)2AsFs at 9.5 GHz and 7' = 12.5 K.

resonance of the SbFg system is given in figure 2(c). The
resonance fields of both lines remaining identical for all
the applied-field orientations to an accuracy better than
1075,

Figure 2(d) gives the linewidth angular dependence of
the two peaks observed. The broad/sharp linewidth ra-
tio reaches its maximum of ~10 when the static field is
applied along the ¢* axis. Surprisingly, whereas the res-
onant field of the two peaks is observed to be the same
whatever the angle 6, the angular dependences of their
linewidths are opposite. The width of the broad line fol-
lows the well-known behavior of a uniform S = 1/2 chain
(proportional to 1+ cos? #, with a maximum for § = 0° )
whereas the one of the sharp line is minimum for 6 = 0°.
This last result indicates that the linewidth-angular de-
pendence of a semi-infinite spin chain is fundamentally
different from that of a large but finite number of corre-
lated spins (soliton). To sum up, all our EPR findings
and model analysis clearly show that the observed sharp
signal stems from the correlated spin-chain defects bears
a spin S = 1/2, which we attribute to trapped solitons.

The pulsed EPR experiments were performed on
(TMTTF)2AsFg and (TMTTF),PFg single crystals with
a microwave field h,,,, varying between 0.1 and 1.5 mT.

The coherent signal, resulting from the sharp EPR line
observed in CW experiments, was recorded by the Free
Induction Decay method. The spin-echo detection can-
not be used here, in contrast with most other known sys-
tems, because of the absence of sizable inhomogeneous
line-broadening. In fact the line-broadening of ~ 0.1 G
observed is essentially homogeneous (see discussion be-
low). Examples of Rabi oscillations obtained at 3 K for
X = PFg are given in figure 3. The oscillations are very
well-fitted by the exponentially damped sinusoidal func-
tion (S, (t)) o sin(Qgt)exp(—t/7r) with Qp the Rabi
pulsation and 7r the Rabi damping characteristic time.
The Rabi frequency increases linearly with Ay, with a
slope d(Qg/27)/dhmw ~ 28 MHz/mT close to the ex-
pected value for spins S = 1/2 (Fig. 3(b)), thus provid-
ing an additional evidence in favour of our model of a
trapped soliton with S = 1/2.

This figure also shows the microwave-field dependence
of the Rabi damping 1/7g allowing one to evaluate
the damping by the microwaves, the same as those
which induce the Rabi oscillations [2, 4, 23]. This
“over-damping”, associated with inhomogeneous line-
broadening due to distributions of the transverse g fac-
tor (resulting itself from weak ligand-field distributions)
or to the microwave-field amplitude (non-homogeneous
cavities) is generally unavoidable [24]. In the present
case, and this is rather exceptional, the “over-damping”
is particularly small due to the homogeneous character of
the EPR line. The measured value of d(1/7r)/dhmw =
0.4 MHz/mT (Fig. 3(b)), is 10 to 50 times smaller than
in ion diluted systems [23, 24]. In addition, contrary to
most other systems, the figure of merit Qyr = Qr7r/27
of sol-qubits in (TMTTF);PFg does not saturate when
the Rabi frequency increases (Fig. 3(c)) and follows the
expression Qnr = Qr/(8.54 0.015Qr). Our largest mi-
crowave field hy,,, = 1.5 mT gives at 3 K Qpr ~ 23 while
a value of the order of 70 may be expected for a larger
field. Whereas Qs of CaWO4:Er3T and MgO:Mn?"
which saturate at about 3, Qs of sol-qubits is an order
of magnitude larger.

The fact that sol-qubits are almost not sensitive to
system parameters (g factors, inhomogeneous magnetic
and microwave fields, etc.) is worthy of special consid-
eration. Qubits are actually never identical and in most
qubit systems they are coupled by the magnetic dipole-
dipole interaction which is inevitably a major source of
decoherence. In the present case the situation is just
opposite: the interactions between qubits eliminate the
decoherence caused by inhomogeneous distributions of
Rabi frequencies. The reason is that we deal here with
an ensemble of S = 1/2 defects (sol-qubits) in a strongly
correlated spin-chain system. In consequence, the dy-
namics of two sol-qubits even distant from each other is
not independent but controlled by an effective isotropic
erchange interaction. We anticipate that the physical
picture developed for the interacting S = 1/2 degrees of
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FIG. 3. colour online. Rabi oscillations and coherence prop-
erties of soliton-qubit. (a) Series of Rabi oscillations of
(TMTTF)2PF¢ measured at T = 3 K and f =9.7 GHz us-
ing the FID method while increasing the microwave magnetic
field hmw. Each point is an average of 1000 FID measure-
ments. The blue lines are fits using sin(Qgr). exp(t/7r). (b)
Rabi frequencies (Qr/27) and damping (1/7r) as function
of hmw. The black line represents the Rabi frequency of spin
S=1/2. The blue line is a fit using ['o+~.~mw, Lo = 1.35 MHz
(the zeros microwave field coherence) and v = 0.41 MHz/mT
the effect of microwave field on the Rabi damping. (c) Merit
factor Qs of (TMTTF)2PFg compared to diluted ion systems
[24]. The black line is a simulation using the I'o and ~ from

(b).

freedom in Haldane spin chains with S = 1 can be applied
here [25]. This leads to a kind of narrowing mechanism
which homogenizes the parameter distributions explain-
ing why the coherence of sol-qubits, rather robust against
microwaves, is limited by 275"

In conclusion, we suggest that S = 1/2 defects in
strongly correlated spin-chain systems can be used for
quantum information processing. This is in striking con-
trast with known spin-qubits systems where qubits are
uncoupled or weakly coupled by an anisotropic interac-
tion leading to decoherence. By observing long-living
Rabi oscillations of sol-qubits in Heisenberg gapped spin-
Peierls systems, we provide first and clear evidence for
the coherence of solitons trapped at defects in spin-
chains. Due to an isotropic inter-qubit exchange interac-
tion, the EPR lines observed are homogeneous and nar-
rowed. This eliminates most of the decoherence mech-
anisms associated with disorder i.e. with non-perfectly
identical qubits. Remarkably, the important effect of de-
coherence by the microwaves which tends to burst out

with the number of qubits is shown to be here negli-
gible. In the present case, coherent spin-information is
not transferred by tractable inter-dots semiconducting-
insulating tunnel-barrier [8], but by simple addressing
spin-chains singlet-portions which fulfill the required con-
ditions for the implementation of a quantum computer.
These results obtained at a zero moment transfer (g ~O0,
as in most EPR experiments) may be extended to the
case of finite ¢ in which case the response would not be
limited to trapped sol-qubits but also to travelling sol-
qubits, implying an instantaneous spin-state transfer or
teleportation from one end of the chain to another one
(non-locality) using spin-chains as quantum wires to con-
nect distant qubits registers without resorting to optics
[26]. This work constitutes the first stone paving the way
for the very the exciting physics of coherent dynamics
of spin-chains solitons, either frozen (sol-qubit quantum
computers) or moving (teleportation, quantum communi-
cation through singlet spin-channels, dynamical coherent
spin-transport etc.).
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