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We studied the magnetic properties, in particular dynamics, of the correlated spins associated
with natural defects in the organic spin chain compounds (0-DMTTF),X (X = Br, Cl) by means
of electron spin resonance (ESR) spectroscopy. Both materials exhibit spin-Peierls transitions at
temperatures around 50 K [Foury-Leylekian et al., Phys. Rev. B 84, 195134 (2011)], which allow a
separation of the properties of defects inside the chains from the magnetic response of the spin
chains. Indeed, continuous wave ESR measurements performed over a wide temperature range
evidence the evolution of the spin dynamics from being governed by the spins in the chains at
elevated temperatures to a low-temperature regime which is dominated by defects within the spin-
dimerized chains. Such defects polarize the antiferromagnetically coupled spins in their vicinity,
thereby leading to a finite local alternating magnetization around the defect site which can be
described in terms of a soliton, i.e. a spin 1/2 quasiparticle built of many correlated spins, pinned to
the defect. In addition, contributions of triplon excitations of the spin-dimerized state to the ESR
response below the transition temperature were observed which provides a spectroscopic estimate
for the spin-gap of the studied systems. Moreover, details of spin dynamics deep in the spin-Peierls
phase were investigated by pulse ESR experiments which revealed Rabi-oscillations as signatures
of coherent spin dynamics. The latter is a prerequisite for a selective manipulation of the defect-
induced soliton spin states which is, for instance, relevant in the context of quantum computation.
From a comparison of the characteristic damping times of the Rabi oscillations with measurements
of the spin relaxation times by means of primary-echo decay and CPMG methods it becomes evident

that inhomogeneities in local magnetic fields strongly contribute to the soliton decoherence.

I. INTRODUCTION

Defects in one-dimensional spin systems continue to
be an active field of modern solid state research as they
are able to alter magnetic properties of the hosting ma-
terials drastically [1]. For example, nonmagnetic defects
introduced into isotropic antiferromagnetic (AFM) spin
chains lead to a breaking of the chains into finite seg-
ments and thereby induce additional paramagnetic-like
moments in the spin systems (see, e.g., Refs. [1, 2]). In
spin-Peierls systems which feature a nonmagnetic ground
state due to a dimerization of the (spin) lattice [3] sim-
ilar effects may appear, as illustrated in Fig. 1. In ad-
dition, such a nonmagnetic singlet ground state enables
a detailed study of the defect-induced magnetic proper-
ties as the influence of the spins residing on the regu-
lar sites of the chains is strongly reduced. Defects in
the spin-Peierls chains polarize the antiferromagnetically
coupled spins in their vicinity, thereby leading to a fi-
nite local alternating magnetization around the defect
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site [4, 5] [see Figs. 1(c) and (d)]. The latter can be
described in terms of a soliton, i.e. a spin 1/2 quasipar-
ticle built of many correlated spins, pinned to the defect
or chain break [4, 5]. As a consequence of the defect-
induced soliton formation, a spin-Peierls system can show
a magnetic response at low temperatures despite the non-
magnetic character of the ground state and of the intro-
duced impurity. This paramagnetic-like behavior of the
soliton can be evidenced, for instance, by temperature-
dependent susceptibility measurements at low tempera-
tures. In contrast to isolated, non-interacting magnetic
impurities in a three-dimensional lattice which are fre-
quently observed in real materials, a soliton is of a purely
quantum mechanical nature. Moreover, since the soli-
tons are formed from entanglement of many spins within
the dimerized chain, their properties, in particular their
extension along the chain sites as well as the coupling
strength between adjacent solitons, are intimately con-
nected to the characteristics of the chain, i.e., the cou-
pling J and the dimerization parameter § [4, 6, 7]. The-
oretically, an isotropic one-dimensional spin system that
shows a spin-Peierls transition at low temperatures could
be modeled in terms an S = 1/2 alternating-exchange
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FIG. 1. Schematic representation of the spin-Peierls transition and defect-induced soliton formation. (a) At temperatures above
the spin-Peierls temperature Tsp the uniform Heisenberg chain consists of equidistant spins coupled by an isotropic nearest-
neighbor exchange J. (b) For T' < Tsp the bond lengths within the chain lattice are modulated, eventually leading to the
formation of spin dimers (indicated by blue circles). The antiferromagnetic intradimer interaction J; = J(1 + §) is larger than
the interdimer interaction Jo = J(1 — 0) giving rise to the spin-singlet ground state of the dimerized chain. (c) A nonmagnetic
defect (gray sphere) introduced into a dimerized spin system breaks the chains into finite segments and can be modeled, for
instance, by two successive weak bonds J; and Jo (with J; < J») within the chain. The coupling constant J; describes the
effective exchange coupling between two spins across the defect site. (d) As a result of such a defect, a finite local alternating
magnetization is induced around the defect site. This can be described in terms of a quasiparticle, the pinned soliton, which
involves many entangled spins in the vicinity of the defect but carries an overall spin of 1/2. The profile of the local alternating
magnetization shown here was calculated using a density matrix renormalization group method (see Ref. [10] for further details)
considering a defect at the center of a dimerized chain with a length of 201 sites and assuming J; = J> as well as a dimerization

parameter 6 = 0.03.

Heisenberg chain Hamiltonian [8, 9]

M= J(1+06)Ssi_1-Sai+J(1—06)S2 Saiy1 - (1)

Throughout this work we consider an isotropic Heisen-
berg type exchange coupling J with J > 0 corresponding
to AFM coupling between nearest neighbor spins .S; and
S;. The dimerization parameter of the chain is defined
such that § = 0 recovers the Heisenberg chain above
the spin-Peierls transition temperature Tsp [Fig. 1(a)]
while the limit § = 1 corresponds to isolated dimers with
a singlet ground state [Fig. 1(b)]. For real spin-Peierls
systems, ¢ is expected to be in between these two limits.
Note that J and § may show a pronounced temperature
dependence below Tgp since the magnetic transition is
caused by a deformation of the crystal lattice, i.e., due
to spin-phonon interactions (see, e.g., Ref. [9]). These
two parameters are, in principle, accessible via a quan-
titative analysis of the temperature-dependent spin sus-
ceptibility if the system can be appropriately described
by the Hamiltonian in Eq. (1) [9]. Thus, temperature-
dependent measurements of the static susceptibility or
the electron spin resonance (ESR) intensity provide a
means to characterize the static magnetic properties of
solitons in real spin-Peierls materials. The latter are usu-
ally organic compounds (see, for instance, Refs. [11, 12]),
the only well-established inorganic spin-Peierls material
up to now being CuGeOs (see, e.g., Ref. [13]). Previous
studies of the magnetic properties of the organic salts

(TMTTF)2X (X = AsFg, PFg) [14] indeed could assign
the magnetic low-temperature response to the forma-
tion of solitons pinned to defect sites which are naturally
present in these crystals. Moreover, a remarkable soliton
spin dynamics was revealed featuring a substantial spin
coherence as evidenced by the observation of Rabi oscil-
lations in pulse ESR measurements [14]. Such a coherent
dynamics is a prerequisite for a selective manipulation
of the soliton spin states. The robustness of the Rabi
oscillations with respect to the presence of anisotropic
dipolar interactions, which usually result in decoherence
of the spins (see, e.g., Ref. [15]), was attributed to the
existence of isotropic exchange interactions between the
solitons which, in turn, result from the fact that the soli-
tons are built of an ensemble of strongly correlated spins
[14]. This effect renders the spin dynamics of the solitons
observed in (TMTTF),AsFg and (TMTTF),PFg compa-
rable to the one encountered in inorganic systems of mag-
netic ions diluted in nonmagnetic matrices [15-20] which
were proposed as realizations of qubits with potential ap-
plications in the field of quantum computation [16]. In
this respect, as well as for the sake of deepening the un-
derstanding of spin dynamics of pinned solitons in dimer-
ized spin chains, it is important to verify whether the ex-
istence of a coherent soliton spin dynamics represents a
generic property of organic spin chain systems with natu-
ral defects. In the present work, we address this question
by ESR studies on (0-DMTTF);Cl and (o-DMTTF);Br
[21], two members of a related family of one-dimensional



organic spin-Peierls compounds (o-DMTTF stands for
the ortho-dimethyltetrathiafulvalene molecule).

This paper is organized as follows: Details on the crys-
tal structure of the title compounds as well as on experi-
mental methods are provided in Sec. II. The results of our
experimental investigations are presented and discussed
in Sec. I1I starting with the magnetic characterization of
the spin systems by means of temperature- and angular-
dependent continuous wave (CW) ESR measurements in
Sec. IIT A. This is followed by the results of pulse ESR
experiments in Sec. III B which reveal the coherent char-
acter of the spin dynamics in (o-DMTTF)2X. Main con-
clusions of the present work are summarized in Sec. IV
while a discussion of the temperature-dependent spin sus-
ceptibility and their analysis is provided in the Appendix.

II. SAMPLES AND METHODS

Crystals of (0-DMTTF),Cl and (o-DMTTF),Br used
in this work were synthesized by electrocrystallization
methods as described in Ref. [21]. Their structural, elec-
tronic and basic magnetic characterization was reported
in Refs. [21, 22]. The crystallographic structure of the
title compounds is shown in Fig. 2 and the main features
are briefly recapitulated in the following in order to fa-
cilitate the discussion of our results. The tetragonal unit
cell (space group I42d (no. 122) [21]) comprises eight
planar o-DMTTF molecules which form stacks along the
crystallographic ¢ axis (Fig. 2 bottom) and which are ro-
tated by 90° with respect to the neighboring stacks in the
ab plane (Fig. 2 top). As a consequence of this rotation,
interactions between neighboring stacks are weak, lead-
ing to effectively one-dimensional electronic properties
[21, 22]. In (0-DMTTF)3X the o-DMTTF molecules are
only partially oxidized and each double molecule within
a stack hosts one hole (and three electrons). As a con-
sequence, the electronic bands are quarter filled (three-
quarter filled if electrons are considered instead of holes)
which gives rise to a metallic behavior at room tem-
perature and at ambient pressure [21, 22]. Resistiv-
ity measurements on (o-DMTTF)2X crystals revealed
the onset of charge localization below temperatures of
~150K (X = Cl) and ~100K (X = Br), respectively
[22]. Thus, below these temperatures and above the spin-
Peierls transition temperatures Tsp ~50 K of the respec-
tive compounds [22] the spin systems can be described
by an S = 1/2 Heisenberg AFM chain model in which
each double molecule of a stack (see Fig. 2 bottom) cor-
responds to one site in the spin-chain lattice which is oc-
cupied by a single spin associated with the localized hole.
(o-DMTTF)2 X crystals grow in a needle-like shape with
the longest side of the crystal corresponding to the c axis,
and, thus, to the stacking direction of the o-DMTTF
molecules, which allowed an easy orientation of the crys-
tals in the external magnetic field with respect to this
axis. Data presented in this study were collected on sev-
eral crystals of (0-DMTTF),Cl and (o-DMTTF),Br, re-
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FIG. 2. Crystallographic structure of the (0-DMTTF), X sin-
gle crystals. Top: View on the ab plane of the unit cell with
four o-DMTTF molecules which are rotated by 90° with re-
spect to each other. Bottom: Stacks of o-DMTTF molecules
along the c axis. Each double molecule of such a stack hosts
one charge, thus effectively forming a spin chain along the ¢
axis. Crystallographic data are taken from Ref. [21].

spectively, in order to avoid artifacts arising from cracks
in the crystal caused by thermal cycling. The consis-
tency between measurement series obtained from differ-
ent crystals was always checked carefully to allow proper
comparisons between the different data sets.

Continuous wave (CW) ESR measurements were per-
formed using Bruker EMX X-band spectrometers operat-
ing at microwave (mw) frequencies of about 9.6 GHz and
in fields up to 1.3 T. These spectrometers are equipped
with standard He-flow cryostats which allow measure-
ments in the temperature range from 4K up to room
temperature. Moreover, goniometers installed at the
spectrometers enable measurements of ESR parameters
as a function of angle between the crystal axes and the
external magnetic field. For pulse ESR measurements
at X-band frequencies (~9.7 GHz) Bruker Elexsys E580
spectrometers were used. These are equipped with a He-
flow cryostat and a cryogen-free cryostat, respectively, to
provide access to temperatures between 2.7 K and room
temperature.

III. RESULTS AND DISCUSSION

In the following, the results of CW and pulse ESR
studies on (0-DMTTF)2Cl and (0-DMTTF);Br are pre-
sented and discussed. For all measurements shown here
the external magnetic field was oriented either parallel or



perpendicular to the ¢ axis or was rotated in the plane
comprising these two directions, respectively. Measure-
ments on (0-DMTTF),Br in the ab plane (not shown)
did not reveal a substantial anisotropy of the resonance
fields or the linewidth, in line with expectations based on
crystal structure (Fig. 2 top) and with previous reports
[21, 22]. Consequently, for measurements with H L ¢ the
crystallographic axes which are parallel to the magnetic
field are not specified here since they are magnetically
equivalent.

First, we will turn to the results obtained by means of
CW ESR measurements over a wide temperature range,
Sec. IITA. This will be followed by an investigation of
the angular dependence of the CW ESR parameters at
various temperatures in the vicinity of and below the
spin-Peierls transition, respectively. In Sec. III B, a more
detailed study of spin dynamics in the low-temperature
phase by means of pulse ESR experiments will be pre-
sented.

A. CW ESR
1.  Temperature dependence

The temperature dependence of the width as well as
the intensity of the ESR line are summarized in Fig. 3.
Data shown were measured with the external magnetic
field oriented parallel to the ¢ axis, i.e., the spin chain
axis. Three representative spectra obtained from mea-
surements on (o-DMTTF),Cl at 7, 20, and 200K are
presented in the inset of Fig. 3(b). As will be explained
below, these spectra illustrate the ESR response of the
studied system in different temperature regimes which
differ with respect to the contributions to the resonance
line. Note that, due to the use of the lock-in technique
in the CW ESR measurements, the first derivative of the
microwave power reflected from the cavity with respect to
the external field dP/dH is measured. As a consequence,
the intensity of the ESR line (i.e., the area under the ab-
sorption curve) which is proportional to the static suscep-
tibility xq, can be obtained by double integration of the
measured spectra. The shown spectra consist of a single
resonance line which can be described by a Lorentzian
profile. At temperatures between room temperature and
above 200K, an asymmetric Dysonian lineshape [23, 24]
was observed which evidences the metallic behavior of
the samples in this temperature region [21, 22]. From fits
of Lorentzian or Dysonian lines to the measured spectra
[solid red lines in the inset of Fig. 3(b)] the ESR parame-
ters such as linewidth AH (full width at half maximum)
and resonance position H,.s could be obtained. The lat-
ter was used to calculate the (effective) g factor according
to the standard frequency-field relation of a paramagnet
25]

hv
9= ——F
HB,UOHres

(2)

where v denotes the mw frequency and h, ug, and ug are
Planck’s constant, the Bohr magneton, and the vacuum
permeability, respectively. As will be discussed in the fol-
lowing section, angular dependent measurements of the g
factor evidence the absence of a substantial temperature
dependence of this quantity [Fig. 4(b)].

The temperature dependence of the linewidth is shown
for (o-DMTTF)2Cl and (o-DMTTF)3Br in the main
panel and in the inset of Fig. 3(a), respectively. For both
compounds, the linewidth reveals a maximum at tem-
peratures slightly above Tgp which is followed towards
low temperatures by a sudden drop of the linewidth be-
low Tsp indicating a strong change in spin dynamics be-
low the phase transition. Furthermore, the latter is ev-
idenced also by the steep decrease of the ESR intensity
which sets in at Tsp, see Fig 3(b). Down to ~25K the
intensity, as a measure for the spin susceptibility, is expo-
nentially reduced since the majority of spins approaches
the spin-dimerized nonmagnetic singlet ground state ex-
pected for a spin-Peierls system. Below ~25 K the inten-
sity shows a Curie-like increase towards lower tempera-
tures which was previously ascribed to the presence of
extrinsic magnetic defects with a spin quantum number
S =1/2 [22]. However, as will be argued in the following
sections, the ESR response at low temperatures is, most
likely, related to the existence of solitons pinned to natu-
rally present defects in the crystals which show a coherent
spin dynamics, similar to the situation found in the re-
lated compounds (TMTTF);AsFg and (TMTTF)2SbFg
[14]. The different temperature regimes found in the
temperature dependences of the ESR linewidth and in-
tensity are, naturally, as well visible in the spectra pre-
sented in the inset of Fig. 3(b). At high temperatures
(cf. spectrum recorded at 200K), the ESR spectrum
consists of a resonance line with high intensity and a
linewidth of about 1.3mT at 200 K. This line originates
from the magnetic response of the spins within the reg-
ular o-DMTTF-stacks, i.e. the spin chains. Below the
spin-Peierls transition, the simultaneous reduction of the
linewidth and intensity (caused by the dimerization of
the magnetic lattice) yields a rather narrow and weak
ESR signal at 20 K. As will be discussed in the following
section, angular dependent measurements reveal that at
these temperatures the ESR spectrum, despite featuring
only a single line, is composed of two contributions. The
dominant contribution to the ESR signal is due to the
above-mentioned solitons while the second contribution,
arising from singlet-triplet excitations of the dimerized
chains, is much weaker and cannot be resolved explicitly
in the individual spectra, see below. Upon further low-
ering the temperature, the latter contribution is strongly
reduced and the ESR signal at 7K is fully dominated by
the solitons whose intensity features a Curie-like behav-
ior, thereby leading to an increased signal intensity as
compared to the spectrum at 20 K.

As mentioned in the Introduction, it is in principle
possible to extract the characteristic parameters of the
Hamiltonian (1), such as J and §, from an analysis of the
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FIG. 3. Temperature dependence of the ESR parameters obtained from CW ESR measurements on (0-DMTTF)2X samples
with the static field applied along the ¢ axis. (a) ESR linewidth AH of (o-DMTTF),Cl. Respective data for (o-DMTTF),Br
are shown in the inset. (b) Temperature dependence of the intensity of the ESR line for both compounds obtained from double
integration of the spectra. Representative spectra measured on a (0-DMTTF),Cl sample at 7, 20, and 200K are presented in

the inset together with fits to the experimental data (solid red lines).

At these different temperature regimes the ESR lines

are governed by the magnetic response of the solitons (7 K), by a combination of soliton and triplon contributions (20 K), and
by the response of the spins within the chains (200 K), respectively.

temperature dependent spin susceptibility. These param-
eters, in turn, determine the spin gap A of the system
as well as the soliton properties, for instance their spa-
tial extension [6, 7]. Moreover, temperature dependent
measurements of the spin susceptibility provide a means
for obtaining estimates of the relative amount of soli-
tons with respect to the majority of the spins by com-
paring the Curie-like tail at low temperatures with the
susceptibility at elevated temperatures. Thus, the tem-
perature dependence of the ESR intensity [Fig 3(b)] can
yield, in the ideal case, valuable insights into the ba-
sic static properties of solitons in a dimerized spin chain
system. In the present case, however, such an accurate
analysis is hampered by several difficulties as discussed
in more detail in the Appendix where order-of-magnitude
estimates for the above-mentioned parameters are pre-
sented. Therefore, the temperature dependence of the
ESR intensity is discussed on a qualitative level in the
following. At temperatures above Tsp, the behavior of
the susceptibility resembles the characteristic tempera-
ture dependence of uniform S = 1/2 Heisenberg AFM
spin chains systems [9, 26, 27]. On the other hand, a
metallic behavior was reported for (o-DMTTF)2Cl and
(o-DMTTF)2Br above the charge-localization tempera-
tures of ~150 and ~100K, respectively [22]. This in-
dicates a delocalized character of the charge carriers in
this temperature range and, thus, could imply a limited
applicability of the model of localized spins. However,
below the charge localization temperature, the modeling
of (0-DMTTF),X in terms of a spin chain with increas-

ing dimerization below Tsp can be expected to be a valid
description. Consequently, the respective model will be
employed in the remainder of this paper since the main
focus of interest in this work lies on the particular spin
dynamics in the spin-gap phase. The existence of such a
phase is unambiguously evidenced by the strong decrease
of the spin susceptibility below the spin-Peierls transition
as mentioned above and allows a study of the dynamic
properties of pinned solitons without perturbation by the
magnetic response of the spins within the chain.

Finally, we note that the overall temperature depen-
dence of the linewidth [Fig. 3(a)], in particular, the strong
narrowing of the ESR line as well as the temperature-
dependent susceptibility [Fig. 3(b)] was observed as well
in previous studies [21, 22] on samples originating from
the same source and demonstrates the good agreement
between those studies and the measurements of the
present work. Thereby it is confirmed that the basic
magnetic properties, in particular, the spin-Peierls tem-
perature are the same for samples used in this work and
in previous reports. In the following sections, we will ex-
tend the discussion of magnetic properties contained in
previous studies by examining in more detail the angular
dependence of the linewidth at temperatures below Tsp
and the spin dynamics at low temperatures.



X=Cl]
4 K]

0.22 1 1 1 1

25 0 25 50 75 100 125 150 175 200

Rotation angle o (Deg)

(b) 2.016 T T T T T T T T
X=Cl
2.014 | E
. 2012 E
o
8
“=2.010 p 5K o
o)) e 10K
4 15K
2.008 20K -
¢ 50K
<« 60K
2.006 » 200K
-50 0 50 100 150 200 250 300

Rotation angle a (Deg)

(c)

0.7 E

06

05F

A/B

03F

0.2F

0.1F

0 10 20 30 40 50
T(K)

FIG. 4. Angular dependence of ESR parameters obtained from CW ESR studies at ~9.6 GHz. In these measurements the
field was rotated from H || ¢ to H L ¢. (a) Angular-dependent linewidth of (0-DMTTF),Cl at three different temperatures
below Tsp showing the effects of different contributions to AH(a) below the transition. Solid lines show fits according to
Eq. (4), see text. (b) Angular dependence of the g factor measured on a (0-DMTTF)2Cl crystal at temperatures between
5 and 200 K. Within this temperature range no changes in the g anisotropy are observed. The solid black line denotes a
representative fit to the angular dependence of the g factor at 5K according to Eq. (3). Corresponding measurements carried
out on (0o-DMTTF);Br yielded very similar results as in (a) and (b) and are not shown here. (¢) Temperature dependence of
the ratio A/B as a measure of the relative strength of the triplon contribution to the linewidth obtained from fits of Eq. (4) to
the AH () curves of (0-DMTTF)2Cl and (o-DMTTF)2Br at various temperatures. Solid lines are guides to the eye.

2. Angular dependence

Let us now turn to the discussion of the angular-
dependent CW ESR measurements in which the external
magnetic field was rotated from H || ¢ (rotation angle
a =0° to H L ¢ (o = 90°) at various temperatures.
Figure 4(b) shows the angular dependence of the g factor
obtained for (o-DMTTF),Cl at temperatures between
5 and 200 K. Over the whole temperature range under
study there is no significant change in the observed g(«)
dependence visible, which is an important insight for two
reasons. First, since the symmetry of the g tensor is gov-
erned by the local surrounding of the resonating spin, the

absence of a change in g(a) shows that the local envi-
ronment remains unchanged even below the spin-Peierls
transition which is driven by a lattice dimerization along
the ¢ axis of the crystals [22]. The angular dependence
of the g factor can be well described by the following
relation for a g tensor with uniaxial symmetry [25]

g(a) = \/gﬁ cos?(a) + g% sin*(a) (3)

where g and g, are the principal values of the g tensor
corresponding to the external field applied parallel and
perpendicular to the ¢ axis, respectively. This type of
symmetry is consistent with the shape and the orienta-
tion of the o-DMTTF molecules within the stacks (see



Fig. 2) whose molecular planes are oriented perpendicu-
lar to the stacking axis thereby leading to g, > g|. This
is in agreement with the measured g(a) dependence. A
representative fit of Eq. (3) to the data obtained at 5K
is shown by a black solid line in Fig. 4(b). It is worth-
while mentioning that very similar results were obtained
for (0-DMTTF),Br and are thus not shown here.

Second, the almost identical anisotropies of the g ten-
sor at low and high temperatures clearly evidence that
the magnetic response observed over the whole investi-
gated temperature range originates from spins residing
on the sites of the spin chain lattice. Therefore, the ESR
lines at low-temperatures are not due to magnetic im-
purities which are unrelated to the spin chains. Instead,
these ESR signals can be arguably ascribed to the soli-
tons extending over several lattice sites in the chain and
giving rise to a paramagnetic response on the background
of the nonmagnetic spin-dimerized state below Tgp (cf.
the schematic illustration in Fig. 1).

While the angular dependence of the g factor does
not change over the whole temperature range considered
here, the angular dependence of the linewidth AH («)
reveals a very pronounced temperature dependence as
shown in Fig. 4(a) for selected temperatures. Above
40K the angular dependence of the linewidth shows a
(cos?(a) + 1) behavior which is regularly encountered
in weakly correlated or three-dimensional exchange-
narrowed spin systems (see, e.g., Refs. [28, 29] and refer-
ences therein). Below ~35K the angular dependence of
the linewidth changes gradually and an additional contri-
bution of the type (3 cos?(a) —1)? becomes visible which
results in a minimum at @ ~ 60° and in a local max-
imum of AH at o = 90°. Such a contribution could
be associated with additional broadening due to unre-
solved lines originating from S = 1 entities (for instance
singlet-triplet excitations of the dimerized ground state,
denoted as triplons) which are split due to anisotropic
couplings (e.g., a dipolar coupling between the triplons)
and which are centered symmetrically around the reso-
nance field of the main line [30-32]. As illustrated by the
exemplary spectrum recorded at 20K [inset in Fig. 3(b)],
this additional contribution to the angular dependence
of the linewidth is, indeed, not visible as a separate fea-
ture in the spectrum and, thus, can be attributed to an
additional unresolved contribution to the resonance line.
Lowering the temperature further, finally leads to a com-
plete flattening of the local maximum around o = 90° at
4 K. In order to analyze the described changes in the an-
gular dependence, all AH(«) dependences measured be-
tween 4 and 50 K were fitted with the following empirical
expression:

AH(a) = A(3cos?(a)—1)?+B(cos?(a)+1)+AHy . (4)

The parameters A and B are prefactors which scale the
respective contribution to the angular dependence of the
linewidth and are thus a measure of the relative strength
of these contributions. The offset parameter AH, de-
scribes the isotropic part of the linewidth arising, for in-

stance, from inhomogeneous broadening. From these fits,
the temperature evolution of the relative strength of the
triplon and chain or soliton (at low temperatures) contri-
butions as expressed in the ratio A/B could be obtained.
The resulting temperature dependence of A/B is pre-
sented in Fig. 4(¢). Down to 40 K the ratio is close to zero
which confirms the pure (cos?(a)+1) character of AH ()
at these intermediate temperatures. Below 40K, A/B in-
creases and reaches a maximum at around 25 and 20 K for
(0-DMTTF)2Cl and (o-DMTTF)3Br, respectively. The
decrease of A/B below these maximum temperatures is
in agreement with a thermally activated behavior anti-
cipated for singlet-triplet excitations and thus supports
the scenario of an unresolved S = 1 contribution as an
origin of the change in AH («). Within the framework of
this approach, one could relate the maximum in A/B to
the characteristic energy of the triplons which, in turn,
provides a spectroscopic estimate for the energy scale of
the singlet-triplet gap of the dimerized chain. The maxi-
mum of the triplon intensity at temperatures comparable
with the singlet-triplet gap arises from a combination of
the thermally activated excitation of triplet states and
the Curie-Weiss-like temperature dependence of the ex-
cited triplons (see, e.g., [32]). This characteristic maxi-
mum energy is slightly higher for (o-DMTTF),Cl com-
pared to (0-DMTTF),Br. Qualitatively, however, a very
similar temperature dependence of A/B was found for
both systems indicating that the observed coexistence of
several distinct excitations (i.e., triplons and solitons) is
a common feature of the investigated compounds. Note
that this spin-gap estimate reflects a mean gap value av-
eraged over all temperatures since the spin gap in a spin-
Peierls system generally features a pronounced tempera-
ture dependence [9]. Despite the fact that the spin gap
at zero temperature A(0) could be much larger than our
spectroscopic estimates (see also the Appendix), the lat-
ter nonetheless represent an experimentally accessible,
empirical measure of the triplon excitation energies in
(o-DMTTF)2X. Regarding the temperature evolution
of the A/B ratio at the high-temperature side of the max-
imum, i.e. at temperatures above ~30K, we note that
the decrease of A/B coincides with the onset of a broad-
ening of the main line [cf. Fig. 3(a)]. Thus, the additional
triplon contribution to the ESR signal, as evidenced by a
modulation of the angular dependence of the linewidth,
could be masked by the overall broadening of the ob-
served resonance line which hampers a detailed analysis
of the triplon’s temperature dependence at these elevated
temperatures.

It is worthwhile mentioning that in ideal one-
dimensional spin systems an angular dependence of the
linewidth of the form |3 cos?(a) — 1|*/3 is expected [29)]
which resembles the observed (3cos?(a) — 1) depen-
dence. However, such a characteristic angular depen-
dence of the linewidth due to the reduced dimension-
ality should be visible, if present at all, for all tem-
peratures below the charge localization temperatures in
(o-DMTTF)2 X where a spin chain model could be ap-



plicable. This is in contrast to the observation of the
(cos?(a) + 1) dependence above ~35K, which could be
caused, for instance, by residual interchain couplings and
consequently rules out the low dimensionality as an origin
of the changes in AH(a).

In summary, temperature and angular dependent CW
ESR measurements on (o-DMTTF);X crystals showed
that the magnetic response in the spin-gap phase below
Tsp is governed by the formation of solitons around defect
sites or chain breaks and by thermally activated triplons
on the nonmagnetic background of the singlet ground
state. In the following section the spin dynamics of the
pinned solitons, investigated by means of pulse ESR mea-
surements at low temperatures, will be discussed.

B. Pulse ESR

In order to shed light on the character of the spin dy-
namics of pinned solitons in (o-DMTTF),X, nutation
measurements were carried out by means of pulse ESR
at mw frequencies of about 9.7 GHz and at low temper-
atures. In the case of (0-DMTTF)2Cl a free induction
decay (FID) detection was used because of an only weak
inhomogeneous broadening of the ESR line. In such a
detection scheme a microwave pulse Pg(t) of length ¢ is
applied to the sample. The FID signal emitted by the
sample and setting in at the end of Pg can be recorded
after the deadtime 74 (~80ns) of the spectrometer. For
recording a Rabi oscillation, the pulse length ¢ is varied
and the intensity of the respective FID is measured (see
also [15]). Therefore, the time evolution of the x compo-
nent of the magnetization (S, (t)) under the influence of
a mw magnetic field was measured in these experiments.
On the other hand, for (o-DMTTF);Br the ESR line was
found to be sufficiently inhomogeneously broadened to al-
low a detection of the nutation by means of primary spin
echoes using the sequence Pr(t) —T,, —7/2—7—m —echo.
The waiting time T, after the end of Pz was chosen to
be larger than the phase memory time 7,,. The time 7
denotes the separation of the two pulses of the standard
primary echo sequence. For measuring a Rabi oscillation,
the intensity of the spin echo was recorded as a function
of t. As a consequence, the time evolution of the z com-
ponent of the magnetization (S,(t)) was measured. Two
representative nutation measurements are shown for (o-
DMTTF)2Cl and (o-DMTTF),Br in Figs. 5(a) and (b),
respectively. For both compounds, well-defined Rabi os-
cillations could be observed which is a clear-cut evidence
for a coherent spin dynamics in these compounds at low
temperatures. Since the ESR response in this temper-
ature region is dominated by solitons, such a coherent
spin dynamics can be attributed to these quantum ob-
jects which is similar to the results obtained for other
related organic spin chain compounds [14]. As can be
seen from Figs. 5(a) and (b), the Rabi oscillations are
damped which is caused by growing decoherence of the
soliton spin nutation. The measured Rabi oscillations

can be described by the following expressions

(2 (1)) = (52(0)) sin(Qpt) exp(—t/T3)
(5:(1)) = (5:(0)) cos(Qrt) exp(—t/T3) ,

where (2g/27) denotes the Rabi frequency of the os-
cillation and T3 is the empirical damping time to ac-
count for decoherence [simulations of the measured os-
cillations by the latter equations are given as red solid
lines in Figs. 5(a) and (b)]. The two characteristic pa-
rameters (Qp/27) and Ty can be obtained from these
expressions as well as from the peak in the fast Fourier
transform (FFT) of oscillation measurements and a fit
of the oscillation envelope by an exponential decay func-
tion, respectively. Rabi frequencies of the oscillations as
a function of mw magnetic field hy,, at low temperatures
are shown for (o-DMTTF),Cl in Fig. 5(c) [correspond-
ing data for (o-DMTTF),Br are presented in the inset].
Note that Ay, is given in arbitrary units because the mw
magnetic field at the sample position in the cavity was
not calibrated independently to avoid a potential influ-
ence of the reference signal (e.g., from a DPPH standard
sample) on the Rabi oscillations of the investigated sam-
ples. Absolute values given for A, in this work are es-
timates derived from the measured Rabi frequencies and
the corresponding g factors determined separately from
CW ESR measurements (see Sec. IITA). In these cal-
culations it is assumed that S = 1/2 for the resonating
spins which is justified by the spin-1/2 character of the
solitons responsible for the ESR response at low temper-
atures. As can be seen in Fig. 5(c), the Rabi frequency
shows a linear h.,, dependence which is emphasized by
the solid lines that represent linear fits to the data. Such
a linear behavior proofs that the Rabi oscillations are
indeed measured at the resonance position of the ESR
spectrum (i.e., the static external magnetic field and the
mw frequency fulfill the resonance condition). Moreover,
measurements with the external magnetic field oriented
parallel and perpendicular to the ¢ axis revealed only a
small anisotropy of the Rabi frequencies, which is caused
by the small g-factor anisotropy [see Fig. 4(b)] and the
relatively small microwave magnetic field applied [see also
Eq. (7) below].

The temperature dependence of T3 measured on a
(o-DMTTF)2Cl and a (o-DMTTF),Br sample with
H 1 cis presented in Fig. 5(d). Below ~15K the relax-
ation times do not show a significant change upon lower-
ing the temperature. Above 15K T3 decreases strongly
and above 20K the broadening of the ESR line, as ob-
served in the CW ESR measurements [Fig. 3(a)], pre-
vents the detection of an FID or spin echo signal since
the broadening is related to faster spin relaxation. Thus,
the damping of the Rabi oscillations reflects the behav-
ior of the CW ESR linewidth because both quantities
are governed by relaxation processes in the spin system.
Compared to (TMTTF);PF¢ [14], the Rabi oscillations
in both (0-DMTTF),X salts are damped more strongly
and thus show shorter coherence times. As the deco-
herence responsible for the damping could be caused by
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FIG. 5. Rabi oscillations in (o-DMTTF)2 X measured at a mw frequency of ~9.7 GHz. (a) Time evolution of (S, (¢)) in the mw
field for (o-DMTTF)2Cl at 2.7 K with the external magnetic field applied along the ¢ axis and a mw magnetic field hmw of about
0.5mT. (b) Time evolution of (S;(t)) in the mw field for (o-DMTTF)2Br at 7K with H || ¢ and Amw ~0.25mT. Solid red lines
are simulations of the damped oscillations according to Eq. (5). (c) Rabi frequencies (2r/27) obtained for (o-DMTTF),Cl
at 2.7K and various mw powers, i.e., different Amw. Corresponding data for (o-DMTTF)2Br at 7K are shown in the inset.
Note that the mw magnetic fields are given in arbitrary units since hmw was not calibrated independently. Solid lines are
linear fits to the data. (d) Temperature dependence of T5 determined from the damping of the Rabi oscillations measured on
(o-DMTTF)2Cl and (o-DMTTF),Br crystals with hmw ~0.4mT (2r/27 ~10.5MHz) and hmw ~0.6 mT (Qr/27 ~14.9 MHz),
respectively. The external magnetic field was applied perpendicular to ¢. The inset shows the dependence of T3 as a function
of Rabi frequency (and thus hmw) for both compounds measured with H L c.

dipolar interactions between the solitons as well as by
super-hyperfine interactions between the solitons and the
nuclei in their vicinity, a stronger damping would indi-
cate a stronger (anisotropic) interaction of the solitons
with their local environment. On the other hand, it was
proposed in Ref. [14] that isotropic exchange interactions
between the solitons could stabilize the coherent Rabi
oscillations due to exchange averaging of local inhomo-
geneities caused by dipolar or hyperfine interactions. In
this scenario, the exchange between neighboring solitons
could be weaker in (0-DMTTF);X for instance due to

larger distances between adjacent solitons. Thus it can be
concluded that the coherent spin dynamics appears to be
a common property of pinned solitons in organic gapped
spin chain systems while details of this particular spin
dynamics, such as characteristic decoherence or damping
parameters, will depend on the specific structural and
magnetic properties of the spin chain compounds which
determine the (anisotropic) interactions between the soli-
tons as well as their lateral extensions. Moreover, one
should note that in addition to the above mentioned con-
tributions, damping could be caused as well by inhomo-



geneities in the mw magnetic field or local distributions
of g tensors [15, 19]. In these cases, 1/T5 is expected
to show a linear dependence on the mw magnetic field
and thus depends linearly on the Rabi frequency [15, 19].
As a consequence of an inhomogeneous mw magnetic
field distribution within the cavity, the relaxation time
T should decrease with increasing sample size. There-
fore, differences between absolute values of T35 between
(0-DMTTF)2 X and (TMTTF)2X [14] could also be re-
lated to different sample sizes, if inhomogeneities of hyy
contribute to the damping. In the inset of Fig. 5(d) the
relaxation time 7% as a function of Rabi frequency is
shown for (o-DMTTF),Cl and (o-DMTTF),Br at 2.7
and 7 K, respectively. In these measurements, the ex-
ternal static magnetic field was oriented perpendicular
to the ¢ axis. Measurements with H || ¢ yielded very
similar results and are not shown. For both compounds
under study a decrease of T35 with increasing Rabi fre-
quency, i.e., with the strength of h, was found which
indicates that inhomogeneities of A could indeed af-
fect the measured oscillations (although the data do not
follow an ideal linear dependence).

In order to further investigate the spin dynamics and
potential origins of spin decoherence in the Rabi os-
cillations, the spin relaxation times were measured on
(o-DMTTF)2Br crystals using pulse ESR techniques.
In particular, the phase memory time T,, was mea-
sured by means of the primary echo decay method while
the transverse relaxation time 7T, was studied using
the so called Carr-Purcell-Meiboom-Gill (CPMG) pro-
tocol [33, 34]. In the former case the pulse sequence
(7/2)y — T — (7)y — T — echo was employed and the in-
tensity of the spin echo was measured as a function of
the separation between the pulses 7 (indices of a pulse
indicate the direction along which the mw magnetic field
is applied during the pulse). For the T measurements
the sequence (7/2), — {7 — (7), — T — echo—}" was used
where n denotes the number of applied 7 pulses. In
the CPMG measurements a transient signal is recorded
which consists, in the ideal case, of n echoes. Analyzing
the decrease of the echoes’ heights then allows a deter-
mination of the (effective) T (see below). Examples of
such measurements which were conducted at 9K with
the external static magnetic field applied perpendicular
to the c axis are shown in Fig. 6. In these measure-
ments a 7/2-pulse length of 36 ns was used together with
16-step and 2-step phase cycling in the primary echo
decay and CPMG measurements, respectively. For the
CPMG sequence the number of 7w pulses n was set to 50.
For comparison of the relaxation behavior obtained with
the two different techniques, the measured spin echo in-
tensities were normalized to the respective intensities at
tob ~807ns, i.e., the time at which the first echo was
detected in the CPMG measurement. In this represen-
tation of the data it becomes evident that, qualitatively,
the relaxation in the spin system is faster when a sim-
ple primary echo decay method is employed while the
CPMG protocol yields a slower relaxation. Such an en-
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FIG. 6. Comparison of primary echo decay (black

squares) and CPMG (open blue squares) measurements on
(o-DMTTF)2Br at 9K with H L ¢. In both cases a 7/2
pulse of 36 ns was used. For the CPMG sequence the number
of 7w pulses n was set to 50. For comparison, intensities of
the spin echoes are normalized to the respective intensities at
tob ~807ns, the time at which the first echo in the CPMG
measurement was detected. Dashed-dotted lines denote mo-
noexponential fits to the data while the solid line represents
the fit of a stretched exponential function to the CPMG data,
see text. The measured data are shown on a semi-logarithmic
scale in the inset to emphasize the increase of decoherence
times by the CPMG protocol as well as the deviation of the
CPMG data from a monoexponential behavior.

hancement has been theoretically predicted and exper-
imentally observed, for instance, in molecular magnets
(see, e.g., Refs. [35, 36] and references therein) and was
attributed to contributions of certain spectral diffusion
processes, caused by a stochastic modulation of the hy-
perfine interactions, to the decoherence of the spins which
are strongly suppressed by the CPMG pulse sequence.
In this case, however, the shape of the relaxation curves
of the spin echoes is expected to be converted from a
stretched-exponential behavior in the case of the primary
echo method towards a monoexponential decay in the
case of CPMG measurements [36]. In the present study,
an opposite behavior was found: While the primary echo
decay curves could be satisfactorily described by a mo-
noexponential decay, the corresponding CPMG measure-
ments clearly deviate from this behavior. In Fig. 6 fits to
the data according to the following expression are shown

I(ton) = I(0) exp(—(ton/Tam)?) + Lo - (6)

Here, I(ton) represents the echo intensity at the obser-
vation time toh, 75, denotes the respective relaxation
time (T, for primary echo decay and T» for the CPMG
method, respectively), b is the stretching parameter, and
I is an empirical constant offset to describe the mea-
sured data. The dashed-dotted lines in Fig. 6 represent



fits with b set to 1, i.e., monoexponential fits, which yield
Ty ~2.0 us for the primary echo decay and Tb ~3.7 us
for the CPMG measurements. As mentioned above, in
the latter case the monoexponential fit does not yield a
proper description of the data. The quality of the fit can
be significantly improved by treating b as an independent
fit parameter which results in a strongly reduced effective
relaxation time of about 0.5us and b ~0.36 (the corre-
sponding fit is shown as solid line in Fig. 6). In particular
the small b value indicates a spread of relaxation times
which inhibits a meaningful quantitative comparison of
the relaxation times obtained by employing the two dif-
ferent pulse sequences. Note that fitting a stretched ex-
ponential to the data of the primary echo measurements
yields a very similar value for 7;, and b ~0.96, which
further evidences the monoexponential nature of the pri-
mary echo decay. In addition, the consequences of the
different applied pulse protocols for the character of the
spin decoherence are emphasized in the inset of Fig. 6
which presents the measured data on a semi-logarithmic
scale. In this representation, the data of the primary
echo decay measurements follow a straight line, as ex-
pected for a monoexponential decay, while the CPMG
data show a non-linear behavior but overall a slower re-
laxation of the spins as compared to the primary echo
method. As pointed out, for instance, in Ref. [35] the
CPMG method is well-suited to suppress the spin deco-
herence due to spectral diffusion originating from hyper-
fine interactions. Despite the qualitative differences of
the relaxation curves observed in the present study and
in Ref. [35], the relevance of hyperfine interactions for the
understanding of spin dynamics in (0-DMTTF ), X is evi-
denced by the appearance of a modulation of the primary
echo decay curves (see Fig. 6), the so-called ESEEM ef-
fect [37, 38] which is caused by dipolar (super-) hyperfine
interactions between electron spins and the nuclei in
their vicinity. Thus, it appears to be very instructive to
study details of the hyperfine interactions between the
solitons and their environment by means of more ad-
vanced, highly sensitive techniques such as HYSCORE
spectroscopy [38] which is, however, beyond the scope
of the present study. It is worthwhile mentioning that,
within the temperature range of our CPMG investigation
between 3.6 and 16 K, the strength of deviations of the
CPMG decay curves from a monoexponential behavior
increase with decreasing temperature. This could point
towards a temperature-dependence of the spin decoher-
ence mechanism, for instance by virtue of temperature
dependent spin-lattice relaxation of the (electron or nu-
clear) spins [35, 36]. In conclusion, it is possible to ef-
fectively enhance the spin coherence of the solitons in
(o-DMTTF)2Br by applying a CPMG pulse sequence.
However, this pulse protocol induces at the same time a
distribution of relaxation times which hampers a simple
characterization of the spin coherence in terms of a single
T5. Whether this peculiar behavior is an artifact of tem-
perature dependent spin-lattice relaxation processes or
indeed an intrinsic property of the soliton spin dynam-
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ics remains an open question requiring further studies.
Nonetheless, we would like to emphasize that the phase
memory times T}, of the order of 2 us determined in the
measurements discussed here are in any case larger than
the damping times T of the Rabi oscillations which did
not exceed ~0.55 us [see Fig. 5(d)]. Therefore, spectral
diffusion, although potentially active in (o-DMTTF)sBr
as evidenced by the difference between primary echo and
CPMG decay curves, appears to be not the main source
of decoherence in the observed Rabi oscillations. Instead,
the relaxation of the soliton spins in the nutation experi-
ments might be dominated by inhomogeneities of the mw
magnetic field as was proposed in the discussion of the
hmw dependence of T3 (see above).

In addition to the temperature and the h,,, depen-
dence of the nutation measurements presented in the pre-
ceding paragraphs, Rabi oscillations were measured using
different excitation frequencies centered around the res-
onance frequency in order to search for the existence of
additional contributions to the coherent oscillations, for
instance, from S = 1 triplet excitations. The FFTs of the
oscillations obtained from such detuning experiments at
2.7K with H L ¢ are shown for (o-DMTTF),Cl and
(o-DMTTF),Br in Figs. 7(a) and (b), respectively. In
this representation the intensity of the FFT (in arbitrary
units) is color coded where blue corresponds to low in-
tensities while light colors represent regions of high FFT
intensity. For both investigated salts very similar FFT
spectra were obtained. In particular, the main frequency
of the Rabi oscillation is seen as a branch of high inten-
sity which reveals a square-root-like dependence on the
detuning parameter A = h(Vyes — Vmw). The frequencies
Vres and Vpy are the resonance frequency of the consid-
ered transition and the mw frequency used for exciting
the Rabi oscillations, respectively. Thus, the observed
main branch follows well the relation expected for the
so-called Rabi precession (see, e.g., Ref. [39])

Qr/2m = /A2 + (guphmw)?/h (7)

which describes the frequency of a transition between
states in a two-level system (for instance, a spin-1/2 sys-
tem in an external static magnetic field) driven by an
external electromagnetic field. The second branches of
weaker intensity which are visible for both compounds
above the main branches and show the same curvature
as the respective main branch are due to an instrumental
artifact and are not related to the intrinsic pulse ESR re-
sponse of the (0-DMTTF),X crystals. Therefore, these
measurements at different excitation frequencies showed
no evidence of further spin contributions aside from the
S = 1/2 oscillations of the solitons.

Despite the differences regarding details of the soli-
ton spin dynamics in organic spin systems discussed here
and in previous studies [14], the existence of Rabi oscilla-
tions in these compounds is remarkable, in particular, if
compared to other inorganic systems which show similar
coherent oscillations [15-20]. For observing the coherent
spin dynamics in the latter systems, usually a dilution of
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FIG. 7. Fourier transform of Rabi oscillations with different excitation frequencies at 2.7K and with H L ¢ for (a) (o-
DMTTF)2Cl and (b) (o-DMTTF)2Br, respectively. The intensity of the fast Fourier transform (FFT) is given as color code

where blue corresponds to low and light colors represent high intensities.
a resonance frequency of about 9.765 GHz which is indicated by gray dashed lines.

The external magnetic field was set to match
These measurements were performed

with microwave powers which correspond to microwave magnetic fields of about 0.7 and 0.6 mT for (o-DMTTF),Cl and

(o-DMTTF)2Br, respectively.

magnetic ions is required in order to reduce anisotropic
interactions with the environment of the magnetic ions
and to reduce interactions between the magnetic ions
[15]. This emphasizes the important role played by the
isotropic exchange between the solitons (as pointed out
in a previous study [14]) and by the fact that solitons are
built of a highly correlated ensemble of entangled spins.
Both mentioned aspects appear to be crucial to protect
the Rabi oscillations from fast decoherence and thus ren-
der them observable in experiments.

IV. CONCLUSIONS

In conclusion, we presented a CW and pulse ESR study
of (0-DMTTF)5Cl and (o-DMTTF)3Br single crystals.
These compounds belong to the family of organic gapped
spin chain systems. Angular and temperature dependent
CW ESR measurements revealed that the magnetic low-
temperature properties are governed by solitons pinned
to defect sites in the (magnetic) lattice as well as by ther-
mally activated triplons on the nonmagnetic singlet back-
ground of the dimerized spin chain. For both compounds
very similar characteristic temperatures of a maximal
triplon contribution were found which indicates that their
spin-gaps are similar as well. The singlet ground state of
the majority of spins in the chains allowed a separate in-
vestigation of the soliton spin dynamics at low tempera-
tures by means of pulse ESR experiments. Nutation mea-
surements revealed the existence of well-defined Rabi os-
cillations which is evidence for a coherent character of the
spin dynamics. Studies of the spin relaxation times in the
system by means of standard primary-echo decay and ad-
vanced CPMG methods revealed an enhancement of the

coherence times as compared to the characteristic damp-
ing times of the Rabi oscillations which shows that the
decoherence of the latter is influenced by inhomogeneities
in local magnetic fields, such as the mw magnetic field.
Although increasing the spin coherence time as compared
to the primary-echo decay measurements, the application
of the CPMG protocol induced a spread of spin relax-
ation times in contrast to the behavior expected for spin
systems affected by specific types of spectral diffusion
[35]. Thus, our work should motivate further detailed
investigations of the decoherence mechanisms relevant in
(o-DMTTF), X, for instance the (super-) hyperfine in-
teractions between the solitons and their environment.
Taken together with similar results obtained on other or-
ganic spin chain compounds (Ref. [14]) it appears that
the coherence of the spin dynamics is a specific feature
of pinned solitons in gapped spin chain systems with nat-
urally occurring defects, potentially caused by isotropic
exchange interactions between the solitons. As a conse-
quence, it is possible to coherently manipulate the |m.)
states of these quantum objects which might be of inter-
est for potential application in quantum computation.
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APPENDIX: ANALYSIS OF THE SPIN
SUSCEPTIBILITY

In this section we analyze the temperature-dependent
ESR intensity measured on a (o-DMTTF);Cl crystal
[Fig. 3(b)] in order to obtain estimates for the parameters
of the dimerized chain model which is used to approxi-
mately describe the spin system in (o-DMTTF)2X. As
mentioned in Sec. IIT A, an accurate analysis of the x(7T)
data obtained from ESR measurements is hampered by
several aspects which will be discussed in the following
before presenting the results of the approach employed.

First, a precise evaluation would require the availabil-
ity of absolute values of the magnetic susceptibility in
order to enable consistency checks of the obtained fit-
ting parameters. These tests are needed to connect the
experimental data with the theoretical predictions, such
as offsets to account for diamagnetic or van Vleck para-
magnetic contributions or proportionality factors. Al-
though the ESR intensity shown in Fig. 3(b) is propor-
tional to the spin susceptibility, absolute values cannot
be obtained with the used setup. This situation is regu-
larly encountered in ESR spectroscopy and could be over-
come by comparison and scaling to data from static mag-
netic susceptibility measurements if the latter is avail-
able (see, for instance, Refs. [40, 41]). In the case of
(o-DMTTF)2 X only powder measurements of the static
susceptibility were reported [22] due to the weak para-
magnetic response of the spins in combination with a
strong diamagnetic background which required an in-
crease of sample mass used for the measurements as well
as a background correction. Thus, the calibration of ESR
intensities from single-crystal measurements against cor-
rected powder measurements of the static susceptibility
would introduce uncertainties to the absolute values and
was not applied in the present case. Instead, ESR in-
tensities were normalized to the respective 260 K value
and consequently did not allow an evaluation of the spin
susceptibility’s absolute value.

Second, when comparing experimental data with theo-
retical curves one should take into account that measure-
ments are in most cases carried out at constant pressure
p while calculations are usually done for systems of con-
stant volumes V' [40]. If thermal expansion is strong,
as it is the case in organic systems, the difference be-
tween the magnetic susceptibility measured at constant
pressure xP=°nSt can significantly differ from the sus-
ceptibility at constant volume x¥=°"* which requires
corrections based on further measurements [40]. Thus
the qualitative behavior of the temperature-dependent
susceptibility at elevated temperature might be altered
due to this effect. In the present case it cannot be de-
cided unambiguously whether the non-linear increase of
ESR intensity with increasing temperature is indeed due
to the 1D AFM-spin-chain character of the spin system
or due to the effect of xP="" (a transformation from
xP=const tq yV'=const: wag shown to result in a flattening
of the x(T) curve [40]).
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This aspect is related to the third difficulty en-
countered when analyzing the ESR intensity of
(o-DMTTF),Cl: the proper choice of a model to describe
the data. Despite the metallic behavior at temperatures
above ~150K [22] the temperature dependence of the
ESR intensity shown in Figs. 3(b) and 8 resembles quali-
tatively the one found for other low-dimensional spin sys-
tems with a singlet ground state which could be described
by an isotropic Heisenberg AFM chain above their re-
spective transition temperatures [9, 43-45]. Although
the characteristic maximum in x(7") is not completely
captured in the temperature range up to 260 K used for
the measurements discussed here, a non-linear increase is
nonetheless visible, in particular an inflection point (at
around 105 K) which is typical for one-dimensional AFM
spin chains [9, 26, 27]. However, one should note that
the shape of the x(T) curve could be influenced by ther-
mal expansion of the sample (see previous paragraph).
The flattening of the temperature dependence of the ESR
intensity after a correction for this effect was observed
in other organic spin chain compounds [40] and could,
in principle, lead to an almost temperature-independent
spin susceptibility which would be expected for an ideal
metal (see, e.g., Ref. [46]). The situation in the systems
under study could also be in between these two limit-
ing cases of completely localized charges and delocalized
metallic behavior due to an interplay of the hopping be-
tween the sites ¢ and the on-site Coulomb repulsion U.
For particular values of the ratio t/U the susceptibility
was modeled by Seitz and Klein [47]. In particular, the
characteristic maximum in x(7") was found to be shifted
towards smaller temperatures (in units of J) with in-
creasing t/U. Thus, the strength of the nearest neighbor
exchange coupling derived from the temperature of the
maximal ESR intensity depends on the specific value of
t/U.

Since these parameters are currently not known for
(o-DMTTF)2 X we decided to analyze the ESR intensity
of (o-DMTTF),Cl as a first approximation in terms of
a chain of localized spins with a uniform coupling above
and an alternating coupling below Tgp as described by
the Hamiltonian given in the Introduction [Eq. (1)]. This
analysis was carried out along the lines given in Ref. [9].
In a first step we approximated the low-temperature part
(T < 20K) of the normalized intensity curve by fitting a
Curie-type law,

XcC (T) ) (8)

to the data, in order to describe the contributions of the
solitons to the spin susceptibility using the scaling factor
Cy [see Fig. 8(a)]. The resulting xc(T') was subsequently
subtracted from the measured data to obtain the con-
tribution of the spin chain for further analysis [red cir-
cles in Fig. 8(b)]. The temperature range above Tsp was
then fitted using the model of an S = 1/2 AFM uniform
Heisenberg chain (§ = 0) [9] to determine J above the
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FIG. 8. Analysis of the temperature-dependent normalized susceptibility as obtained from CW ESR measurements at 9.6 GHz

on a (0-DMTTF),Cl crystal with external field applied parallel to c.

(a) Fit of a Curie law (blue solid line) to the low-

temperature part of the ESR intensity to correct the data with respect to the soliton contribution. (b) Corrected data after
subtraction of the fit shown in (a) from the data. Dashed-dotted line denotes a fit for T' > 50 K using the model of a Heisenberg
AFM chain (§ = 0) from Ref. [9] in order to determine the exchange coupling constant J. The fit in the low-temperature
region for § > 0 and fixed J is shown by the blue solid line. For comparison a fit within the same temperature range using the

Bulaevskii model [42] is indicated by the orange dashed line.

spin-Peierls transition by

Cchain

mx*(& T 9)

Xchain (T) =Xo+

where x* is the theoretical spin susceptibility of the al-
ternating chain according to Eq. (56a) in Ref. [9]. The
latter equation is the specific form of the general expres-
sion Eq. (50a) in Ref. [9] and is the relevant equation for
the case of an alternating chain with § as a parameter.
Setting § to zero recovers the susceptibility of the uniform
Heisenberg chain [9]. The corresponding fit yielded a J of
about 500 K and is shown in Fig. 8(b) by a dashed-dotted
line where the temperature range was extended to 350 K
to visualize the maximum in x(7'). Considering the fit we
note that there are two difficulties when evaluating the
reliability of the obtained J. First, a negative offset xq
of about -1.3 was necessary to describe the data by the
model which seems to be unphysical but could be caused
by the normalization of the ESR intensities due to the
lack of absolute values. And second, the absence of pre-
cise quantitative data prevents consistency checks of the
obtained proportionality factor Cepain (not only the po-
sition but also the height of the maximum in x(7) is de-
fined by J). Thus, we emphasize that the J and § values
presented in this section are merely fitting parameters of
the simplified model necessarily applied in the analysis.
Interestingly, our value of J is of the same order of mag-
nitude as the exchange constants determined for other
organic spin chain compounds such as (TMTTF)sPFg
[40]. Thus, J ~500K appears to be a reasonable value

for the isotropic exchange coupling in (o-DMTTF),Cl
above Tsp. By comparing the values obtained for Cy and
Cehain Which are proportional to the number of solitons
and spins in the chains, respectively, the concentration of
the solitons csoliton = Nsoliton/Nspin could be estimated
to be 0.0003 using a g factor of 2.006 for this orienta-
tion of the sample and S = 1/2. Note, however, that
the obtained Cipain might be influenced by the offset pa-
rameter Yyg. Indeed, a comparison of the value of the
corrected normalized ESR intensity [Fig. 8(b)] at the in-
flection point at around 105 K with the theoretical curve
for the uniform chain (§ = 0) [26] with J ~ 500K yields a
smaller amount of spins in the chain and, thus, a value of
the soliton concentration of about 0.0009. Although be-
ing larger than the concentration obtained directly from
the fit parameters, the concentration determined by this
method is still of the same order of magnitude as the
previous estimate.

Within the framework of the approximations contained
in the analysis of the high-temperature part of the spin
susceptibility, we described the ESR intensity below Tgp
by a model of an alternating spin chain to obtain an
estimate for the dimerization parameter § according to
Ref. [9]. For fitting the ESR intensity below 50K, we
kept the J obtained in the previous step constant and
used 6, xo, and Cehain in Eq. (9) as fit parameters. As a
result we obtained § ~0.25 but also values for yo (~0),
and Ccpain which differ from the fit above Tsp [the fit is
shown as solid blue line in Fig. 8(b)]. Moreover, the ob-
tained § rather constitutes an estimate for the dimeriza-



tion parameter at very low temperatures (T' << Tsp) be-
cause J as well as J can show a temperature dependence
due to the gradual development of the lattice dimeriza-
tion at the spin-Peierls transition [9]. Therefore, keeping
J constant during the fitting procedure could influence
the obtained §. Furthermore, we compared § from the
fit according to Johnston et al. [9] with the model by
Bulaevskii [42] which has been used in previous studies
to estimate the dimerization within the chains [40, 44].
From the corresponding fit, which is shown as dashed
orange line in Fig. 8(b), we could derive a ¢ of 0.25 in
good agreement with the previous value. This analysis
relies, however, on the same value of J determined from
the high-temperature part of x(T') and thus serves only
as a self-consistency check of the employed fitting pro-
cedure. From the obtained estimates of J and 9§ it is
possible to calculate the spin gap of the alternating spin
chains. Utilizing the expression A = 2J§%/4 according
to Barnes et al. [8] yields A ~350K, which is an esti-
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mate for the zero-temperature gap since the obtained §
value represents the zero-temperature limit of the dimer-
ization parameter. Note that the derived value of A is
much larger than the spectroscopic estimate of the order
of 25K (see Sec. III A) which might be caused either by
the pronounced temperature dependence of the spin gap
(see, for instance, Ref. [9]) or the uncertainties in the
determination of J and §, respectively.

Due to the above-mentioned approximations used and
the limitations caused by the normalization of the ESR
intensity one should, faute de mieux, consider the abso-
lute values obtained for J, §, A, and csoliton as order-of-
magnitude estimates only. Our experimental work should
therefore motivate further theoretical studies of the elec-
tronic properties of the considered (0-DMTTF ), X salts,
in particular calculations of ¢ and U, in order to vali-
date the applicability of the utilized model Eq. (1) in the
presented analysis.
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