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We have performed a comprehensive investigation on the spin susceptibility of the organic quantum-spin
systems (TMTTF)2X (X = SbF6, AsF6, BF4, ReO4, and SCN) in the temperature range from T = 1.8 up to
380 K. At elevated temperatures, the spin susceptibility at constant volume (χs)V can be described by a spin- 1

2
antiferromagnetic Heisenberg chain with exchange constants J between 400 and 460 K. Below T ≈ 100 K,
slight deviations from the model occur due to interchain interaction. At low temperatures, the compounds
undergo transitions to various ordered states of structural or magnetic origin that are discussed in detail. The
spin-dimerized ground states of (TMTTF)2AsF6 and (TMTTF)2BF4 can be described by an alternating spin chain
with a singlet-triplet energy gap �σ (0) = 34.8 and 52 K, respectively. In (TMTTF)2ReO4, however, the spin
susceptibility in the anion-ordered state deviates from this model and obeys an activated law with �σ = 1100 K. In
the antiferromagnetic ground states of (TMTTF)2SbF6 and (TMTTF)2SCN an increase of the spin susceptibility
is observed at the lowest temperatures.
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I. INTRODUCTION

Low-dimensional electronic systems such as organic
charge-transfer salts are in the focus of ongoing scientific
research because many of their properties are not observed
in three-dimensional matter but are particular to the reduced
dimensionality of those structures. The high anisotropy of
these materials influences not only the charge transport,
but also leads to several kinds of unusual ground states.
The competition between the kinetic energy of electrons,
electron-phonon interaction, spin-lattice coupling, magnetic
exchange interaction, and electron-electron interaction in the
linear chain compounds produces different phases at low
temperatures such as charge-density wave (CDW), spin-
density wave (SDW), spin-Peierls phase (SP), charge-order
state (CO), and superconductivity (SC). Benchmark materials
for low-dimensional systems are the quasi-one-dimensional
Bechgaard and Fabre salts (TMTSF)2X and (TMTTF)2X,
where TMTSF and TMTTF denote tetramethyltetraselena-
fulvalene and tetramethyltetrathiafulvalene, respectively, and
X = PF6, SbF6, AsF6, BF4, ClO4, ReO4, Br, or SCN are
monovalent anions. The magnetic and electronic properties
and the dimensionality of these materials can be easily varied
either by exchanging the anions X or by applying external
pressure, so the ground states in the phase diagram can be
nicely tuned over a large range.1–3 In Fig. 1 the phase diagram is
sketched for TMTTF and TMTSF salts with centrosymmetric
anions.5

The quasi-one-dimensional electronic behavior of
(TMTTF)2X salts originates from their crystallographic
structure. The planar TMTTF molecules stack in a zig-zag
configuration along the highest conducting direction (a axis).
They form layers in the ab plane which alternate with the
anion X along the c direction. Moreover, the stacks are
not regular, in the sense that the TMTTF molecules form
dimers along the a axis.6 The dimerization of the TMTTF

molecules along the chain has drastic consequences on the
electronic properties of these salts because it enhances the
charge localization. Due to their smaller transfer integrals t

and large onsite Coulomb repulsion U ,7–10 TMTTF salts are
Mott insulators. The broad minimum in resistivity observed
in the temperature range 100 K � T � 300 K is attributed
to a continuous 4kF charge localization due to the anion
potential.11,12

The anions X are incorporated in cavities delimited by
the TMTTF molecules. They are either centrosymmetric
(spherical or octahedral), such as PF6, AsF6, SbF6, or Br,
tetrahedral such as ClO4, ReO4, or BF4, or linear (SCN).
The noncentrosymmetric anions have two (or more) equiv-
alent orientations corresponding to short and long contacts
between the sulfur atoms of the TMTTF molecule and the
peripheral electronegative atom of the anion. Although at room
temperature these noncentrosymmetric anions are randomly
orientated, in general, an orientational ordering occurs upon
cooling,6 leading to a superstructure with the critical wave
vector QAO = (1/2,1/2,1/2). X-ray studies have shown that
(TMTTF)2BF4 and (TMTTF)2ReO4 undergo a first-order
structural phase transition due to anion ordering at TAO = 41.5
and 157 K, respectively.6,12,13 The transition is accompanied
by a shift of the anions from the center of the cavity delimited
by the organic molecules that causes a sizable tetramerization
of the organic stacks. This is not the case in (TMTTF)2SCN,
which has an anion-ordering transition at 160 K with a
(0,1/2,1/2) critical wave vector.14 This means the structure
is not perturbed along the stacking direction and there is
no tetramerization of the organic stacks. Centrosymmetric
anions, such as AsF6, SbF6, and Br, cannot exhibit anion
ordering. The (TMTTF)2AsF6 salt undergoes a spin-Peierls
transition at TSP = 13 K (Ref. 16) while (TMTTF)2SbF6

and (TMTTF)2SCN have an antiferromagnetic (AFM) ground
state at TN = 8 and 7 K, respectively.11,14 Measuring a
series of alloys (TMTTF)2[(AsF6)x(SbF6)1−x], Iwase et al.
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FIG. 1. (Color online) The phase diagram of the quasi one-
dimensional TMTTF and TMTSF salts, first suggested by Jérome
and coworkers4 and further supplemented by many groups over the
years.3 For the different compounds with centrosymmetric anions the
ambient-pressure position in the phase diagram is indicated.5 Going
from the left to the right, the materials get less one-dimensional due
to the increasing interaction in the second and third direction. At
low temperatures various broken-symmetry ground states develop.
Here loc stands for charge localization, CO for charge ordering, SP
for spin-Peierls, AFM for antiferromagnet, SDW for spin density
wave, and SC for superconductor. While some of the boundaries are
clear phase transitions, the ones indicated by dashed lines are better
characterized as a crossover. The position in the phase diagram can
be tuned by external or chemical pressure.

investigated the magnetic properties at the boundary between
the antiferromagnetic and spin-Peierls phases and proposed
a quantum critical behavior.15 While the magnetic properties
of (TMTCF)2X (C = S, Se and X = PF6, AsF6, ClO4, and
Br) have been characterized in Refs. 17 and 18, in the present
paper we report on detailed magnetic investigations on five
salts from the TMTTF family with X = SbF6, AsF6, BF4,
ReO4, and SCN in the normal paramagnetic state and in the
ordered ground states.

II. EXPERIMENTAL DETAILS

Single crystals of (TMTTF)2X (X = SbF6, AsF6, BF4,
ReO4, and SCN) were grown by the standard electrochemical
growth procedure outlined previously.19 The magnetic sus-
ceptibility measurements of (TMTTF)2SbF6, (TMTTF)2AsF6,
(TMTTF)2BF4, and (TMTTF)2SCN were performed using
a Quantum Design superconducting quantum interference
device (SQUID) magnetometer between 1.8 and 380 K. A
large amount of crystals of each compound is needed to
perform the susceptibility measurement. The single crystals
were glued parallel to each other inside a plastic straw using
vacuum grease and the magnetic field was applied parallel to
the a axis. The background signal of the sample holder and
the vacuum grease was measured separately and subtracted
in order to obtain the intrinsic magnetization of the sample.
To estimate the spin susceptibility, we further subtracted the
diamagnetic contribution of the core electrons χdia = −5.3 ×
10−9 m3/mole from the original data. Since the temperature-
independent diamagnetic contribution mainly stems from the

TMTTF molecules, the value of the core susceptibility was
assumed to be independent of the monovalent anion and
we used the same value of the χdia to calculate the spin
susceptibility of all the salts investigated. For (TMTTF)2ReO4,
we carried out an electron spin resonance (ESR) measurement
utilizing a continuous-wave X-band spectrometer (Bruker
ESR 300) at 9.5 GHz equipped with an Oxford ESR 900
cryostat for temperature measurements between 4.2 and 300 K.
The sample was glued to a quartz rod by paraffin along its
a axis. We use the TE102 mode of a rectangular cavity.
The spin susceptibility was determined by comparing the
intensity of the measured ESR signal with that of DPPH
(2,2-diphenyl-1-picrylhydrazyl).

III. RESULTS

The temperature dependence of the spin susceptibility
at constant pressure χs(T ) of the investigated compounds
is plotted in Fig. 2. For all salts investigated, the room
temperature value is nearly independent of the counter ions
and falls in the range of 5 × 10−4 to 6 × 10−4 emu/mole, in
good agreement with previous data.11,17

The spin susceptibility of (TMTTF)2SbF6 [Fig. 2(a)]
increases by cooling down from 380 K. At T = 315 K, χs(T )
exhibits a smooth maximum and then begins to decrease
continuously by further lowering the temperature without
any obvious change at the charge-localization temperature
Tρ = 240 K or at the charge-order temperature TCO = 157 K.
Eventually the spin susceptibility exhibits a strong drop by
decreasing the temperature from 16 K down to TN = 8 K below
which the susceptibility begins to increase with decreasing the
temperature [see the insert of Fig. 2(a)].

At high temperatures, χs(T ) for the other four salts is very
similar to the result of (TMTTF)2SbF6. In all cases the suscep-
tibility decreases continuously below room temperature, with-
out any obvious change at the charge-localization temperature
Tρ .11,16,20 (TMTTF)2AsF6 undergoes a spin-Peierls transition
at TSP = 13 K below which the spin susceptibility decreases
rapidly upon reducing the temperature, as expected for a
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FIG. 2. Temperature dependence of the spin susceptibility at
constant pressure of (TMTTF)2X, X = SbF6, AsF6, SCN, BF4,
and ReO4, along the a axis. The insets of panels a and c give
enlarged views of the spin susceptibility near the Néel temperature of
(TMTTF)2SbF6 (TN = 8 K) and (TMTTF)2SCN (TN = 7 K).
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second-order phase transition to a nonmagnetic ground state.
The susceptibility does not vanish completely down to 1.8 K.
No obvious effect of the charge-ordering transition at TCO =
102 K is detected in χs(T ). Above the antiferromagnetic
phase transition, we observe the same behavior of the spin
susceptibility in (TMTTF)2SCN as in (TMTTF)2SbF6: χs(T )
begins to decrease rapidly upon cooling below about 20 K
and it increases again for reducing the temperature below
TN = 7 K [see the insert of Fig. 2(c)]. At the anion-ordering
temperature TAO = 160 K of (TMTTF)2SCN a small dip in
the susceptibility is observed, although no tetramerization of
the TMTTF anions is expected along the stacks since the com-
ponent of the anion-ordering wave vector along the stacking
direction is zero [QAO = (0,1/2,1/2)].14 This dip might be
caused by rearranging the spins in the perpendicular plane
due to the anion-ordering transition. The anion ordering in
(TMTTF)2BF4 and (TMTTF)2ReO4 [QAO = (1/2,1/2,1/2)]
leads to a first-order structural phase transition at TAO = 41
and 156 K, respectively.6,13 This transition is accompanied
by tetramerization of the TMTTF chain along the stacking
direction and leads to a step-like decrease of the spin
susceptibility at TAO followed by an exponential decrease of
χs(T ), as expected for a phase transition to a nonmagnetic
ground state. The susceptibility does not vanish down to
1.8 K for (TMTTF)2BF4 while it vanishes completely in
(TMTTF)2ReO4 at 122 K.

IV. ANALYSIS AND DISCUSSION

A. High-temperature paramagnetic region

Before analyzing the results, let us recall the spin structure
of the Fabre salts in the high-temperature paramagnetic region.
In (TMTTF)2X, the transfer of one electron from two donor
molecules to each anion leaves on average half a hole per
TMTTF molecule. Therefore, these salts are expected to be
metals with a 3/4 filled conduction band. However, dimer-
ization of the TMTTF molecules along the chain direction
produces a half-filled band with one hole per TMTTF dimer.
Due to the large onsite Coulomb repulsion the charge carriers
are localized; a Mott-Hubbard gap in the electronic excitation
spectrum drives these compounds insulating. The spins are
sitting on the dimers and are localized in the chain direction.
They arrange themselves in an antiparallel fashion with respect
to each other, forming a uniform antiferromagnetic (AFM)
Heisenberg chain.

Organic radical salts have relatively large thermal expan-
sion coefficients. For example, by heating a single crystal
of (TMTSF)2PF6 from 4 up to 300 K, the a axis elongates
by �a/a = 0.03, along the b axis �b/b = 0.01, and along
the c axis �c/c = 0.01.21,22 The expansion coefficient of the
a axis for (TMTSF)2PF6 increases linearly with temperature
above 100 K with a slope of (�a/a)/T = 10−4 with distinct
anomalies due to the various transitions.22,23 The large thermal
expansion along the chain direction significantly effects the
temperature dependence of the spin susceptibility. To compare
the experimental results [which are obtained at constant
pressure (χs)p] with the theoretical calculations [which are
obtained at constant volume(χs)V ], the spin susceptibility at
constant pressure has to be transformed to the spin suscep-
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FIG. 3. (Color online) Temperature dependence of the spin
susceptibility at constant pressure (χs)p (red circles) and at constant
volume (χs)V (diamonds) of (TMTTF)2SbF6 calculated from SQUID
measurements along the stacking direction direction a. The line
corresponds to a fit using the model by Eggert, Affleck, and
Takahashi27 for an S = 1/2 AFM Heisenberg chain with J = 400 K.

tibility at constant volume. In the case of (TMTSF)2PF6 the
temperature dependence of (χs)V was estimated by Wzietek
et al. by performing nuclear magnetic resonance (NMR) and
x-ray measurements under pressure.24 Here we assume that the
substitution of selenium by sulfur as well as exchanging the
inorganic anion has no influence on the expansion coefficient
of the material; the same procedure has been applied in
previous investigations of other (TMTTF)2X and (TMTSF)2X

salts.17,25,26 Therefore, we took the same ratio (χs)V /(χs)p
to rescale the susceptibility data for the investigated TMTTF
salts.

The temperature dependence of (χs)V and (χs)p of
(TMTTF)2SbF6, for instance, is presented in Fig. 3. The
smooth maximum of (χs)p(T ) at about T = 315 K shifts
down to 255 K for (χs)V (T ). The spin susceptibility at
constant volume of (TMTTF)2SbF6 resembles the well-known
behavior of a spin- 1

2 Heisenberg chain with AFM exchange
coupling. The spin susceptibility of such a system was
investigated theoretically by Bonner and Fisher28 and by
Eggert, Affleck, and Takahashi (EAT model).27 For example,
the high-temperature (χs)V (T ) of (TMTTF)2SbF6 for T �
100 K can be modelled numerically using29

χ (T ) = A

T

0.25 + Bx + Cx2

1 + Dx + Ex2 + Fx3
, (1)

with numerical constants B, C, D, E, and F, A = Ng2μ2
B/kB ,

x = J/T , and J = 400 K. The excellent agreement of the
high-temperature susceptibility data with an S = 1/2 AFM
Heisenberg chain with localized spins confirms previous
measurements on (TMTTF)2PF6 and (TMTTF)2Br.17 The
crossover from weak metallic to insulting behavior observed
in transport measurements12,30 around 100 to 300 K, while the
spin degrees of freedom remain gapless in these compounds,
can be considered as strong evidence that the spin and charge
degrees of freedom are decoupled.31,32 Indications for the
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FIG. 4. (Color online) Temperature dependence of the spin
susceptibility at constant volume (χs)V of (a) (TMTTF)2AsF6,
(b) (TMTTF)2BF4, (c) (TMTTF)2ReO4, and (d) (TMTTF)2SCN
calculated from SQUID and ESR measurements along the stacking
direction a. The lines correspond to fits using the EAT model for
the S = 1/2 AFM Heisenberg chain27 with J = 410, 430, 425, and
460 K for the X = AsF6, BF4, ReO4, and SCN salts, respectively.

separation of spin and charge were also seen by photoemission
spectroscopy in other one-dimensional organic conductors,
such as TTF-TCNQ.33,34 Therefore, the Bonner-Fisher model
of localized spins is applicable.

In Fig. 4 the temperature dependence of the spin sus-
ceptibility at constant volume (χs)V is shown for the other
(TMTTF)2X salts investigated. In all cases (χs)V (T ) de-
creases gradually by lowering the temperature after passing
a maximum value at 263 K (X = AsF6), 275 K (BF4),
273 K (ReO4), and 295 K (SCN). At high temperatures
(T � 100 K)35 the behavior (χs)V (T ) of the four salts can also
be described by the models of Eggert, Affleck, and Takahashi27

or Bonner and Fisher28 with J = 410, 430, 425, and 460 K

for (TMTTF)2AsF6, (TMTTF)2BF4, (TMTTF)2ReO4, and
(TMTTF)2SCN, respectively. The uncertainty of determining
the exchange coupling J by this fit is about ±3 K for all cases.
The effective exchange interaction was estimated qualitatively
by Hotta.36 Since TCO is higher for (TMTTF)2ReO4 compared
to (TMTTF)2BF4 and the charge disproportionation is larger,
she suggested that nearest-neighbor interaction V is stronger
in the ReO4 compound compared to the BF4 analog. The
large V reduces the effective magnetic interaction and thus
explains the slightly smaller value of J = 425 K observed in
(TMTTF)2ReO4, while for (TMTTF)2BF4 we find J = 430 K.

For all compounds investigated, (χs)V (T ) begins to deviate
from the EAT model below approximately 100 K, where the
measured susceptibility becomes smaller than the theoretical
value. This deviation can be due to the two-dimensional char-
acter of the (TMTTF)2X salts below about 100 K where the
interchain transfer integral in these salts is about tb ≈ 12 meV,
corresponding to 130 K. Fuseya et al. theoretically investigated
the role of interchain hopping on the magnetic properties and
found that t⊥ enhances the antiferromagnetic spin fluctuations
at low temperatures, while it suppresses the one-dimensional
fluctuations at high temperatures.37 When looking at the b- and
c-axis unit cell parameters, we find a steady decrease when
going from X = SbF6, via AsF6 and ReO4, to BF4, implying
an increase in t⊥. To learn more about the role of interchain
hopping on the magnetic susceptibility, it is highly desirable
to conduct pressure-dependent measurements of χs(T ).

The obtained values of the AFM exchange constant J for
different (TMTTF)2X listed in Table I together with data from
Refs. 17, 25, and 26 are plotted in Fig. 5 as a function of
the unit cell dimension a along the stacking direction (i.e., the
distance between two adjacent spins). With increasing unit cell
length a, the coupling J decreases in an almost linear way.
This is expected because, with increasing distance between
the TMTTF molecules, the overlap between the orbital wave
functions decreases. However, to our knowledge there exists
no theoretical model to describe this behavior.
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FIG. 5. Relation between the exchange constant J and the
unit cell dimension along the stacking direction a for different
(TMTTF)2X salts with X as indicated in the figure. We combine
the present results with previous investigations.17,25,26
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TABLE I. Charge-localization temperatures Tρ , charge- and
anion-ordering temperatures TCO and TAO, respectively, spin-Peierls
transition TSP, Néel temperature TN , and exchange constants J of
various Fabre salts (TMTTF)2X (X = SbF6, AsF6, BF4, ReO4, and
SCN).

Tρ TCO TAO TSP TN J

Compound (K) (K) (K) (K) (K) (K)

(TMTTF)2SbF6 240 157 8 400
(TMTTF)2AsF6 250 102 13 410
(TMTTF)2BF4 240 84 41 430
(TMTTF)2ReO4 290 230 157 425
(TMTTF)2SCN 250 160 7 460

B. Charge-localization and charge-order transition

In all compounds investigated, no sign of the resistivity
minimum was found in the susceptibility; in other words
there is no change of the susceptibility at the localization
temperature Tρ . We pointed out above that this can be seen
as evidence of the spin and charge degrees of freedom being
decoupled.2

Although the effect of charge ordering on the spin degree
of freedom has attracted considerable attention from the
theoretical side, it is not completely clear how the spin degrees
of freedom behave in the charge-order state and in the metallic
state under the influence of charge fluctuations when strong
correlations are present. Tanaka and Ogata predict38 that, for
T = 0, the effective coupling J is suppressed by the effect of
the nearest-neighbor Coulomb repulsion V through charge
fluctuation and χs increases with increasing V ; when the
charge-order transition occurs at V = 2t the anomaly is hardly
detectable.

In Ref. 12 the influence of charge order on the transport
properties of the different (TMTTF)2X was investigated in
all three directions. A correlation was established between
the charge-order transition temperature TCO and structural
properties, in particular the shortest distance between the
ligands of the anions and the sulfur atoms in TMTTF.
Thermal expansion measurements provide evidence for the
structural changes as well.22 The important point is that we
do not find any indication of the charge-order transition in
the spin susceptibility χs(T ), in accord with our previous
investigations.17 This basically infers that the spins on the
chains do not get modified considerably by the charge
disproportionation within one dimer. However, we find a
significant increase of the ESR linewidth �H below TCO and
a change in the angular dependence.39 Recently, Furukawa
et al.40 also pointed out the importance of the interaction
between the organic cations and the counterions. Their ESR
data reveal an anomalous temperature behavior of the g factor,
indicating the deformation of the molecular orbitals by the
anions potential. Although the distance between neighboring
spins along the chain does not change due to the charge order,
the three-dimensional nature of the charge rearrangement
shows up in a change of the crystal field and causes additional
broadening.

C. Spin-Peierls transition in (TMTTF)2AsF6

The spin-Peierls transition is a second-order phase tran-
sition due to a 2kF instability which occurs at a critical
temperature T = TSP in a regular S = 1/2 Heisenberg anti-
ferromagnetic spin chain. The SP transition is accompanied
by lattice modulation, which results in a tetramerization of
the molecular chain; this leads to formation of spin-singlet
pairs. The spin susceptibility decreases exponentially by
lowering the temperature down to T = 0 since a singlet-triplet
gap opens in the spin excitation spectrum. The temperature
dependence of the spin susceptibility of (TMTTF)2AsF6 in the
low-temperature region is shown in Fig. 6. Below TSP = 13 K
the temperature dependence of the spin susceptibility can
be described by Bulaevskii’s model for an alternating spin
chain:41

χs(T ) = α

T
exp

{
−J1β

T

}
. (2)

The values of α and β are tabulated in Ref. 41 for given
alternation parameters γ . In the spin-Peierls state, the spin
susceptibility can be fit by Eq. (3) after substituting J1β with
J [1 + δ(γ )]β(γ ) = Jβ

′
(γ ). Using the obtained value of J =

410 K from the Bonner-Fisher model, the alternation parameter
γ can calculated by

γ (T ) = 1 − δ(T )

1 + δ(T )
= J2(T )

J1(T )
, (3)

with J1 = J [1 ± δ]. The fit shown as the solid line in Fig. 6
yields γ = 0.94. The corresponding intradimer and inter-
dimer exchange constants are J1 = 423 K and J2 = 397 K,
respectively.
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FIG. 6. (Color online) Temperature dependence of the spin sus-
ceptibility along the a axis of (TMTTF)2AsF6 in the low-temperature
region. Below TSP = 13 K the spin susceptibility drops exponentially,
indicating a transition to a nonmagnetic ground state. The blue solid
line corresponds to a fit by Bulaevskii’s model41 of the alternating
spin chain using Eq. (2) with γ = 0.94 and �σ (0) = 34.8 K. The red
dashed line corresponds to the calculations by Orignac and Chitra42

with �σ (0) = 37.5 K. A constant offset of 0.2 × 10−9 m3/mole
accounts for the finite zero-temperature value.
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Using the thermodynamic Bethe ansatz to evaluate the
finite-temperature free energy of the sine-Gordon Hamilto-
nian, Orignac and Chitra42 calculate the magnetic susceptibil-
ity for T < TSP:

χs(T ) = 2

π2J

√
8π�σ (0)

T
exp

{
−�σ (0)

T

}
, (4)

plus higher-order terms of T −1/2 exp{−�σ (0)/T }. The fit
displayed in Fig. 6 as a dashed line yields �σ (0) = 37.5 K,
but it is not superior to Bulaevskii’s model.

The tetramerization of the spin chain below TSP produces
an energy gap �σ between the nonmagnetic singlet ground
state and the triplet excited state. The singlet-triplet energy
gap is related to the alternation δ(T) via

�σ (T ) = 0.8615J [δ(T )]2/3, (5)

where the energy gap �σ is assumed to be temperature
dependent:42

�σ (T ) = �σ (0)

[
1 −

√
216 T

π�σ (0)
exp

{
−�σ (0)

T

}]
. (6)

From Eq. (5) the singlet-triplet energy gap in the T = 0
limit can be calculated to be �σ (0) = 34.8 K. The ob-
tained ratio of the singlet-triplet energy gap to the transition
temperature, �σ (0)/TSP = 2.67, is in very good agreement
with the predictions by second-order perturbation theory of
�σ (0)/TSP = 2.47.42 Using the relation �σ (0) = 1.637δJ ,43

we previously44 estimated the singlet-triplet energy gap for
(TMTTF)2AsF6 to be �σ (0) = 22 K. A similar analysis
as presented here can be applied to the sister compound
(TMTTF)2PF6 that has a spin-Peierls transition at TSP = 19 K
and coupling J = 420 K with δ = 0.0471.17 Using Eq. (5)
the singlet-triplet energy gap is �σ (0) = 47.1 K and thus
�σ (0)/TSP = 2.48, which is again very close to the theoretical
prediction. Here, it is interesting to note that a universal relation
of the gap energy to the transition temperature was found
that is different from the mean-field-theory prediction of 1.76
because strong interactions cause a renormalization.42

D. Anion ordering in (TMTTF)2BF4 and (TMTTF)2ReO4

(TMTTF)2BF4 and (TMTTF)2ReO4 undergo a first-order
anion-ordering phase transition at TAO = 41.5 and 157 K,
respectively. This structural transition is accompanied by a
pronounced anomaly in the electrical resistivity,12 a decrease
in the dielectric permittivity,20 and a step-like decrease in the
ESR linewidth along the three crystal axes.39 Since the anion-
ordering wave vector of (TMTTF)2BF4 and (TMTTF)2ReO4

is QAO = (1/2,1/2,1/2), the stacks are tetramerized (i.e., a
considerable deformation of the organic stacks takes place).

Figures 7 and 8 show the low-temperature spin susceptibil-
ity at constant volume of (TMTTF)2BF4 and (TMTTF)2ReO4.
The most pronounced change in (χs)V (T ) happens at the anion-
ordering transition. The step-like behavior at TAO indicates the
first-order character of this phase transition. At lower tem-
peratures the spin susceptibility decreases exponentially with
temperature. Due to the tetramerization along the donor stacks,
two TMTTF dimers carrying spin 1

2 each become coupled; the
system enters a nonmagnetic ground state. For T < TAO the

0 10 20 30 40
0

1

2

3

4

5

[χ
s]

v(
10

-9
m

3
/m

ol
e)

(TMTTF)2B 4

T  (K)
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FIG. 7. (Color online) Low-temperature behavior of the spin
susceptibility of (TMTTF)2BF4 along the a axis. At TAO = 41 K
a step-like drop in the spin susceptibility is observed, below which
the spin susceptibility decreases exponentially, indicating a transition
to a nonmagnetic ground state. The line corresponds to a fit by
Bulaevskii’s model (Ref. 41) of the alternating spin chain using Eq. (2)
with γ = 0.90 and �σ (0) = 52.0 K.

spin susceptibility at constant volume of (TMTTF)2BF4 can be
described by Bulaevskii’s model of the alternating spin chain
[Eq. (2)] as shown by the solid line in Fig. 7. Using the value

T > TAO T < TAO

'
1dd

d

1

d

'
1d

''
2d

'
2d

1

2

FIG. 8. (Color online) Temperature-dependent spin susceptibility
[χs]V (T ) of (TMTTF)2ReO4 along the a axis calculated from
the ESR measurements. At TAO = 157 K a step-like drop in the
spin susceptibility is observed below which [χs]V (T ) decreases
exponentially, indicating a transition to a nonmagnetic ground state.
The solid line corresponds to a fit by an activation law (see text) with
α = 4.9 × 105 m3K/mole and �σ = 1100 K. The insert depicts a
one-dimensional spin chain above and below TAO. d1 and d2 are the
intradimer and interdimer distances, respectively. The anion-ordering
transition leads to considerable deformation of the organic stacks with
d ′

1 ≈ 3.45 Å, d ′
2 ≈ 3.60 Å, and d ′′

2 ≈ 3.48 Å.45 The large circles below
TAO indicate larger charge density compared to the small ones.
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of the AFM exchange constant J = 430 K, which is obtained
by fitting the spin susceptibility in the high-temperature region
obtained by the Bonner and Fisher model, we get an alternation
parameter γ = 0.90, J1 = 452.64 K, and J2 = 407.4 K via
Eq. (3). The singlet-triplet energy gap �σ = 52.0 K is given
by Eq. (5). In case of (TMTTF)2ReO4, the spin susceptibility
deviates from Bulaevskii’s model due to the high transition
temperature and the large dimerization6 in this compound.
As shown in Fig. 8, below TAO (χs)V (T ) can be fit using an
activation law:11

χs(T ) = α

T
exp

{
−�σ

T

}
, (7)

where α is the fit parameter. Using α = 4.9 × 105 m3K/mole,
the singlet-triplet spin gap is calculated to be �σ = 1100 K,
which agrees well with the value obtained from the magne-
tization and the x-ray spectroscopy measurements.11,46 The
large singlet-triplet spin gap observed in the anion-order
state can be related to the pattern of the charge ordering
which accompanies the anion-ordering transition.47 With
higher charge density the coupling between neighboring spins
increases. Hence, the charge-order pattern - o - O - O - o -
along the stacks leads to a stronger dimerization (d ′′

2 < d ′
2,

see the insert in Fig. 8) and yields J1 � J2 with a very large
value of �σ ;48 exactly as what is observed. It is interesting
to note the similarity to ferroelectricity in one-dimensional
organic quantum magnets, such as TTF-BA, where the
polarization is changed by a magnetic field via a spin-Peierls
transition.49

V. CONCLUSIONS

We have performed a detailed magnetic characterization
of the organic spin-chain compounds (TMTTF)2SbF6,
(TMTTF)2AsF6, (TMTTF)2BF4, (TMTTF)2ReO4, and
(TMTTF)2SCN in the temperature range of 1.8 K up to
380 K using SQUID magnetometer and ESR experiments
on single crystals. For T � 100 K the spin susceptibility
at constant volume (χs)V can be described as an S = 1/2
antiferromagnetic Heisenberg chain with exchange constants
J between 400 K (X = SbF6) and 460 K (X = SCN).
In this family of compounds, J increases linearly with
decreasing unit-cell dimension a along the chain. Charge
localization and charge order, present in basically all of these
salts, has no influence on the spin susceptibility. Below the
spin-Peierls transition in (TMTTF)2AsF6 (TSP = 13 K) and
the anion-ordering transition in (TMTTF)2BF4 (TAO = 41 K)
the spin susceptibility can be described by Bulaevskii’s model
for alternating spin chain with singlet-triplet energy gaps of
�σ = 34.8 and 52.0 K. The anion ordering in (TMTTF)2ReO4

leads to a very large singlet-triplet gap �σ = 1100 K because
a - o - O - O - o - charge pattern develops along the stacks in
the anion-order state.
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