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We have conducted comprehensive electron spin resonance~ESR! investigations on single crystals of the
one-dimensional organic compounds (TMTTF)2PF6 , (TMTTF)2ClO4 , (TMTTF)2Br, (TMTSF)2PF6, and
(TMTSF)2AsF6 in the temperature range from 4 to 500 K and additionally, (TMTSF)2ReO4 and
(TMTSF)2ClO4 at room temperature. In contrast to the selenium analogs TMTSF which are one-dimensional
metals, the sulfur salts are semiconductors with localized spins on the TMTTF dimers. Taking into account the
thermal expansion of the crystals at high temperature (T.20 K) the ESR intensity of all sulfur compounds
can be described as a spin-1/2 antiferromagnetic Heisenberg chain with exchange constants 420<J
<500 K. Although the TMTSF compounds are one-dimensional organic metals down to 10 K, the tempera-
ture dependence of the spin susceptibility can also be described within the framework of the Hubbard model in
the limit of strong Coulomb repulsion withJ'1400 K. By modeling (TMTTF)2ClO4 as an alternating spin
chain, the change of the alternation parameter at the first-order phase transition (TAO572.5 K) indicates a
tetramerization of the chain. (TMTTF)2PF6 undergoes a spin-Peierls transition atTSP519 K which can be
well described by Bulaevskii’s model with a singlet-triplet gapDs(0)532.3 K. We find evidence of antifer-
romagnetic fluctuations at temperatures well above the magnetic ordering in (TMTTF)2Br, (TMTSF)2PF6,
and (TMTSF)2AsF6 which follow the critical behavior expected for three-dimensional ordering.
(TMTTF)2PF6 and (TMTTF)2Br show one-dimensional lattice fluctuations.
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I. INTRODUCTION

With the recent discovery of theinorganic spin-Peierls
systems CuGeO3 ~Ref. 1! and a8-NaV2O5,2 one-
dimensional spin systems draw much attention. In this n
context, it seems worthwhile to revisit the low-dimension
organic spin chains since these compounds provide the
portunity to nicely tune the system from itinerant to localiz
electrons and spins. Different ground states — like char
density wave~CDW!, spin-Peierls~SP!, spin-density wave
~SDW!, or superconductivity — can be reached depend
on the external pressure or magnetic field. In this paper
concentrate on the spin dynamics of single crystals
(TMTTF)2X and compare them with the Bechgaard sa
(TMTSF)2X, where TMTSF is tetramethyltetraselenafu
valene, TMTTF denotes tetramethyltetrathiafulvalene, a
X5PF6, AsF6 , ClO4 , ReO4, or Br stands for a monovalen
anion. As seen in the phase diagram Fig. 1, by changing
anions X, or slightly modifying the organic molecule
TMTCF, whereC is one of the chalcogenes S, Se, or Te,
chemical pressure and therefore the magnetic and electr
properties can easily be modified.3,4

First let us briefly summarize some of the physical pro
erties of these organic linear chain compounds. Based
electron counting arguments, the TMTCF salts are metals
PRB 610163-1829/2000/61~1!/511~11!/$15.00
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with a formally 3/4 filled conduction band. The actual ba
filling, however, is 1/2 due to a weak dimerization along t
chains; further modifications may be caused by electro
correlations. While (TMTSF)2ClO4 is the only compound
which at ambient pressure stays metallic down to 1 K where
it becomes superconducting, most of the other Bechga
salts undergo a metal-to-insulator transition~at temperatures
around 10 K! which in some cases like (TMTSF)2PF6 can be
suppressed by external pressure~Fig. 1!. Due to the larger
anisotropy, stronger dimerization, and larger on-site C
lomb repulsion the TMTTF salts are closer to the Mo
Hubbard insulating state. (TMTTF)2PF6 is known to be the
most correlated compound of the sulfur series. In the ph
diagram (TMTTF)2Br lies between (TMTSF)2PF6 and
(TMTTF)2PF6 since superconductivity has been observ
only under very high pressure. Much less is known ab
(TMTTF)2ClO4, but it takes a position somewhere betwe
(TMTTF)2PF6 and (TMTTF)2Br.

Structural considerations are of superior importance
the understanding of the differences between the vari
TMTCF salts; for a recent review see Ref. 5. The orga
molecules are stacked along zigzag chains in thea direction
separated in thec direction by the anions. The slight dime
ization of the molecules can best be expressed by the in
stack intermolecular transfer integrals as listed in Table
511 ©2000 The American Physical Society
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512 PRB 61M. DUMM et al.
The dimerization decreases as PF6 is replaced by ClO4 and
going from the selenium compounds to the sulfur coun
parts.

Unlike the selenium analogs which in general are meta
down to low temperatures, the TMTTF salts discussed h
are Mott-Hubbard insulators due to the small transfer in
grals~Table I!. Consequently they show a broad but distin
resistivity minimum at high temperatures9,10 attributed to the
opening of a charge gapDr .11 Since x-ray studies show n
indications of a 4kF charge-density wave,5 it is considered to
be a continuous 4kF charge localization due to the anio
potential ~lattice dimerization!. Thus the amplitude of the
charge gap is closely connected to the dimerization
Dr'600 K for (TMTTF)2PF6. The charge gap is estimated12

to beta/2 in (TMTTF)2PF6 but only ta/25 in (TMTSF)2PF6,
whereta5(ta1

1ta2
)/2 is the average transfer integral alon

the stacks. This gap enhancement is due to the incre
Coulomb interaction and the increased dimerization. By
plying pressure on (TMTTF)2PF6 the resistivity minimum
decreases in temperature and at 13 kbars the salt is
metallic and undergoes a SDW phase transition simila
(TMTSF)2PF6.13,6,14 Applying pressure also enhances t
interchain coupling, in agreement with the fact th
(TMTTF)2PF6 is more one dimensional than the seleniu
analog~Fig. 1!.

(TMTTF)2Br is close to the borderline between itinera
and localized carriers: only below 100 K the resistivity i
creases due to charge localization. As a consequence
transition to an antiferromagnetic ground state at 13 K d
not lead to a SDW, as observed in (TMTSF)2PF6 which
stays metallic down toTSDW, but to a localized antiferro-
magnet~AFM!.

It is known from transport,10 susceptibility,15 NMR,13 and
x-ray16 measurements that (TMTTF)2PF6 undergoes a SP
transition at TSP'19 K. Below approximately 50 K the
opening of a pseudogap is inferred from the reduction of
spin susceptibility and1H and 13C NMR relaxation rate.13,17

X-ray data also show a 2kF superstructure below 60 K.16,5

FIG. 1. Phase diagram of the TMTSF and TMTTF salts af
Refs. 3 and 4 determined for example by pressure-dependent
tivity measurements. For the different compounds the ambi
pressure position in the phase diagram is indicated. Going from
left to the right, the material gets less one-dimensional due to
increasing interaction in the second and third direction. CL sta
for charge localization, SP for spin-Peierls, AFM for antiferroma
net, SDW for spin-density wave, and SC for superconductor.
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These findings are in contrast to earlier results by Cou
et al.10 who only found the susceptibility vanishing below 1
K.18 The g factor is temperature independent in all thr
directions. The linewidth decreases withT in the high-
temperature phase of (TMTTF)2PF6.

The phase transition of (TMTTF)2ClO4 at TAO572.5 K
is driven by the ordering of the noncentrosymmetric ClO4
anions at the wave vector (a/2,b/2,c/2).16 This change in the
structural disorder is first order and it is accompanied b
sizeable tetramerization of the organic stack of appro
mately 0.1 Å.5 The transition at around 70 K can also be se
in the rocking mode of the methyl groups.19

In this paper we present an extensive series of elec
spin resonance~ESR! experiments on a large number o
TMTCF salts in the normal paramagnetic state as well a
the ordered ground states. The various compounds f
cover the phase diagram~Fig. 1! ranging from quasi-one-
dimensional to more two-dimensional systems with a cons
erable increase of the interchain interaction.

II. EXPERIMENTAL DETAILS

Single crystals of (TMTTF)2PF6 , (TMTTF)2ClO4, and
(TMTTF)2Br were synthesized electrochemically followin
a detailed procedure outlined previously.20 Acetonitrile solu-
tions of TMTTF ~0.008 M!, (n-Bu)4NPF6 ~0.10 M!, and
(n-Bu)4NClO4 ~0.025 M! were combined in the prescribe
manner, and the electrocrystallizations~platinum electrodes,
constant current, 1.5mA/cm2) carried out over 10 to 20 day
periods. The electrochemical cells were maintained at a c
stant temperature of 25.0 °C under dry nitrogen in
vibration-isolated environment. The single crystals of t
TMTSF salts were grown by the standard electrochem
growth technique.21

The electron spin resonance~ESR! experiments were per
formed in a continuous wave X-band spectrometer~Bruker

r
is-
t-
e
e
s

-

TABLE I. Parameters of the intermolecular intrastack trans
integralsDta /ta52(ta1

2ta2
)/(ta1

1ta2
), the interstack transfer in-

tegral tb , and gC5uC2CuvdW /uC2Cumin ~after Refs. 6–8! com-
pared with ESR results on the linewidth and theg shift, whereas
DH5(DHa1DHb81DHc* )/3 and Dg25(Dga

21Dgb8
2

1Dgc*
2 )/3.

All data are given at room temperature.

(TMTTF)2X (TMTSF)2X
X PF6 ClO4 Br PF6 ReO4 AsF6 ClO4

ta1
~meV! 137 140 133 252 248 258

ta2
~meV! 93 100 119 209 215 221

Dta /ta 0.38 0.33 0.11 0.19 0.14 0.15
tb ~meV! 12.3 12.4 33.5 27.0

gC 0.93 0.93 0.99 1.03 1.04 1.03 1.06

a 2.53 2.82 4.26 161.9 160 179 206.
DH ~Oe! b8 3.11 3.41 5.31 205.5 215 197 250.

c* 3.86 4.27 6.03 229.4 244 214 289.
a -0.9 -1.3 -0.9 -11.0 -10 -10 -10.5

Dg (1023) b8 5.9 5.8 6.0 27.1 28 27 28.5
c* 8.0 7.9 7.7 39.5 40 39 40.7

DH/Dg2 (kOe) 95.5 107.4 162.5 247.0 249 251 289
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Elexsys 500 CW! at 9.5 GHz for temperatures 4<T
<500 K and magnetic field sweeps from 0<H<18 kOe.
The modulation frequency was 100 kHz. We use the TE102
mode of a rectangular reflection cavity. For cooling t
sample down to 4 K, we used a Oxford He-flow cryost
The sample was glued to a quartz rod by paraffin in orde
achieve good thermal contact. The measurements in the
perature range 100<T<500 K were performed in a nitro
gen gas flow system with the sample embedded in potass
fluoride. Above 500 K the crystals decompose. The sin
crystals were oriented along theira, b8, or c* axes with an
accuracy of65° by using a microscope.22

III. RESULTS

In order to compare the spin and charge degrees of f
dom, we first want to summarize the latest results on
transport properties.23,10 While the Bechgaard salt
(TMTSF)2X with X5PF6, AsF6, and ClO4 show metallic
conductivity with a monotonic increase ofs(T) with de-
creasing temperature down toTSDW,3 the sulfur analogs ex
hibit an insulating behavior belowT'200 K. From photo-
emission, optical, and dielectric studies,24,25 gap values of
500–1500 K are estimated in the case of (TMTTF)2PF6 and
300–400 K in the case of (TMTTF)2Br. The activation en-
ergies determined from temperature-dependent trans
measurements and the evaluation ofDr from the minimum
resistivity Dr'Trp'700 or 300 K, respectively, give val
ues of the same order. Alternatively the conductivity can
described over a wide temperature range by
model of one-dimensional variable-range hopping26 s(T)
}exp$2T0 /T0.5%. The absolute value of the room
temperature conductivity of (TMTTF)2ClO4 and
(TMTTF)2PF6 is approximately two orders of magnitud
smaller than their selenium counterparts. In (TMTSF)2PF6
no charge gap develops therefore the material stays me
down to low temperatures (T.TSDW512 K), however, in-
dications of 2kF peaks are reported between 20 and 150
~Ref. 5! which do not lead to long-range order.

The temperature dependence of the ESR results along
three crystal axes of (TMTTF)2PF6 is shown in Fig. 2. Theg
shift Dg5g22.002 319 for all three crystal axes is ve
small. At temperaturesT.20 K, theg values show no sig-
nificant temperature dependence but a distinct anisotr
with a negative value ofDg along the chain directiona and
positive values perpendicular to the chain direction. This
havior is found in all TMTCF salts investigated. The sma
anisotropy ofDg between theb8 and thec* axis increases
with temperature@Fig. 2~c!#. As the temperature is lowered
the linewidth DH decreases almost linearly withT in all
directions. AroundT5150 K a slight and smooth change
slope is observed which can be seen even better
(TMTSF)2PF6 @Fig. 4~b!#.27 In the c* direction DH is
slightly larger; the most narrow lines are always observ
along the chains@Figs. 2~b! through 4~b!#. At temperatures
T.50 K the intensity of the ESR signal~area under absorp
tion curve! is the same for all three orientations. It exhibits
maximum at around 340 K and continuously drops with d
creasing temperature. In thea direction the intensity almos
saturates before the phase transition atTSP519 K as can be
seen in Fig. 2~a!. For the perpendicular directionsb8 andc*
.
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the intensity smoothly drops until the temperature reac
the SP transition. BelowTSP the intensity rapidly decrease
in all directions as expected for a transition to a nonmagn
ground state, but it does not completely vanish. This ph
transition also leads to a broadening of the ESR linewi
and a small change in theg values.

In the high-temperature range the results of the ESR
vestigations on (TMTTF)2ClO4 and (TMTTF)2Br are simi-
lar to the one observed in (TMTTF)2PF6; even the absolute
values ofDH and g are comparable, as displayed in Fig.
for the case of (TMTTF)2Br. Again, the temperature depen
dence of the ESR intensity exhibits a maximum, withTmax
'350 K in (TMTTF)2ClO4 and Tmax'425 K in
(TMTTF)2Br. At TAO572.5 K we observe in
(TMTTF)2ClO4 an abrupt change inDH and of the intensity
in all directions. Although no hysteresis was observed, t
jump indicates a first-order phase transition due to the an
ordering.5 For T,70 K the intensity continues to drop a
the temperature is lowered but much faster than in the h
temperature regime; the decrease is exponential with t
perature. BelowT522 K the intensity approaches a residu
value and even slightly peaks before it suddenly drops a
K. Indications of this behavior can be found in Ref. 10.
(TMTTF)2Br, below T517 K the intensity fully vanishes
within a small temperature region, the linewidth increas
rapidly andg shifts towards smaller values inb8 and c*
direction while it increases ina direction.

The temperature dependence of the ESR results of
Bechgaard salt (TMTSF)2PF6 is shown in Fig. 4. Above
TSDW512 K the intensity increases almost linearly up
highest temperatures with no indication of saturation. T
ESR line is almost 50 times broader and theg shift is five
times larger in (TMTSF)2PF6 than it is in the sulfur analog
(TMTTF)2PF6 ~compare Figs. 2 and 4!. As seen in Fig. 4~c!,
at the SDW transition of (TMTSF)2PF6, we observe an in-

FIG. 2. Temperature dependence of~a! the spin susceptibility as
obtained by the ESR intensity,~b! the linewidthDH, and~c! theDg
value of (TMTTF)2PF6 in the three crystal directions.
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514 PRB 61M. DUMM et al.
crease ofDg along thec* direction in contrast to the behav
ior in (TMTTF)2Br. The antiferromagnetic SDW groun
state is characterized by an anisotropy of the static susc
bility with b8 the easy axis andc* the hard axis. The signa
of the paramagnetic resonance vanishes totally within on
K below TSDW512 K. We present only the results o
(TMTSF)2PF6 but a similar behavior was observed
(TMTSF)2AsF6 and~as far as the room-temperature prop
ties are concerned! in (TMTSF)2ReO4 and (TMTSF)2ClO4.

FIG. 3. Temperature dependence of~a! the spin susceptibility as
obtained by the ESR intensity,~b! the linewidthDH, and~c! theDg
value of (TMTTF)2Br in the three directions.

FIG. 4. Temperature dependence of~a! the spin susceptibility as
obtained by the ESR intensity,~b! the linewidthDH, and~c! theDg
value of (TMTSF)2PF6 in the three directions.
ti-
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IV. ANALYSIS AND DISCUSSION

We first want to discuss the normal-state properties
the insulating and metallic compounds before we turn to
ordered ground states~structurally ordered, spin-Peierls
spin-density wave, antiferromagnetically ordered!.

A. Paramagnetic state

Going from the left to right side of the phase diagra
~Fig. 1!, there is a crossover from localized to itinera
charge due to the reduced Coulomb repulsion; the interch
coupling increases making the systems more two dim
sional. This should also affect the spin dynamics and lea
insight into the separation of spin and charge degrees of f
dom.

1. Spin susceptibility

From a stoichiometric point of view, each TMTCF mol-
ecule lacks half an electron. Due to the slight dimerization
these compounds thep-electron density is enhanced at th
dimers, leading to a deficiency of one electron per TMTCF
pair. Although the hole density is spread over the dimer,
charge is localized with respect to the chain direction th
forming a localized spin.

The large thermal expansion of the organic compou
certainly has strong effects on the temperature dependen
the spin susceptibility. To compare the experimental res
~usually obtained atp5const) with the theoretical predic
tions ~in general calculated forV5const), the spin suscepti
bility at constant pressure (xs)p has to be transformed in th
spin susceptibility at constant volume (xs)V . In the case of
(TMTSF)2PF6 the temperature dependence of (xs)V was es-
timated by Wzieteket al.14 from NMR and x-ray measure
ments under pressure. We assumed that the substitutio
sulfur for selenium and the exchange of the inorganic ani
has no considerable influence on the thermal expansion,
we took the ratio (xs)V /(xs)p for different temperatures to
rescale our susceptibility data of (TMTCF)2X ~Fig. 5!.

At high temperatures the spin susceptibility at const
volume of (TMTTF)2PF6 resembles the well-known behav
ior of a spin-1/2 Heisenberg chain with AFM coupling~Fig.
5!. The thermodynamic and magnetic properties of suc
system were studied by Bonner and Fisher.28 The magnetic
susceptibility can be fitted numerically29 by

xs~T!5
Ng2mB

2

kBT

0.251Bx1Cx2

11Dx1Ex21Fx3
~1!

with x5J/T. In the case of an equally spaced spin chain,
coefficients are given byB50.074 975,C50.075 235,D
50.9931, E50.172 135, andF50.757 825. The advance
EAT model of Eggert, Affleck, and Takahashi30 using the
Bethe ansatz differs significantly only at low temperatu
(T<0.2J). ForT>100 K the ESR intensity at constant vo
ume can be modeled usingJ5420 K. Fitting the tempera-
ture in the range of the maximum ESR intensity we direc
obtain the absolute value of the spin susceptibility as sho
in the figure axis. The deviations below 100 K may be due
interchain coupling. The transfer integral inb direction is
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given by tb'150 K. Near the phase transition (xs)V is ad-
ditionally reduced by one-dimensional lattice fluctuatio
~cf. Sec. IV C 1 below!.

The spin susceptibility at constant volume
(TMTTF)2ClO4 and (TMTTF)2Br can also be described b
the models of Bonner and Fisher28 or of Eggertet al.30 with
J5430 K (ClO4) and J5500 K ~Br! for T>100 K. In
the high-temperature region, all (TMTTF)2X compounds in-
vestigated behave likeS51/2 antiferromagnetic Heisenber
chains with localized spins. This findings are in contrast
the results of the transport measurements, which show a
sition from semiconducting to metallic behavior arou
100–300 K. No sign of the resistivity minimum can be fou
in the spin dynamics implying a decoupling of the spin a
charge degrees of freedom as expected for a one-dimens
system.31,32

The steady increase of the spin susceptibility with incre
ing temperature in the metallic TMTSF salts~Fig. 4! is in
contradiction to a temperature-independent paramagn
term as expected for a simple metal. It may resemble
increase of the density of states with temperature. In
lower part of Fig. 5 (xs)V of the selenium compound
(TMTSF)2PF6 is plotted versus temperature. Compari
(xs)V with the spin susceptibility at constant pressure (xs)p
the elimination of the effects of thermal expansion leads t
weaker temperature dependence of the spin susceptib
Within the framework of the Hubbard-model this behav
can neither be described by an enhanced Pauli suscepti
as expected for a one-dimensional metal in the limit of we
coupling (ta@U) nor by aS51/2 antiferromagnetic Heisen
berg chains with localized spins (ta!U). This is not surpris-
ing since the transfer integral along thea axis is ta

FIG. 5. Temperature dependence of the spin susceptibilit
constant volume (xs)V of ~a! (TMTTF)2PF6, ~b! (TMTTF)2Br, and
~c! (TMTSF)2PF6 in b8 direction. The lines in~a! and ~b! corre-
spond to fits using the EAT model for aS51/2 AFM Heisenberg
chain,30 the line in~c! corresponds to a fit using the model of Se
and Klein ~Ref. 33! with ta /U50.2.
o
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5231 meV and the on-site Coulomb repulsionU
51.16 eV,14 leading to ta /U'0.25. The models of aS
51/2 spin chain only describe the behavior of on
dimensional electronic systems in the highU limit and there-
fore are not appropriate for (TMTSF)2PF6.

Going beyond the strictly localized models, Seitz a
Klein calculated the temperature dependence of the spin
ceptibility in a linear half filled Hubbard model for differen
values of the Coulomb repulsionta /U50, 0.05, 0.1, 0.15,
and 0.2.33 In the atomic limit ta /U50 xs resembles the
behavior of aS51/2 antiferromagnetic Heisenberg chain; f
ta /U>0.1 the maximum inxs /J is shifted towards lower
values ofT/J. The temperature dependence of the spin s
ceptibility at constant volume of (TMTSF)2PF6 was fitted by
the model of Seitz and Klein withta /U50.2 and J
51400 K. The remaining deviations between model and
periment can be explained by the fact that Seitz and Kl
calculated the spin susceptibility only in the limit of a rath
strong Coulomb repulsionta /U<0.2 and not in the case o
ta /U50.25 as appropriate in our case. Even though
Bechgaard salts are one-dimensional organic metals dow
low temperatures the magnetic properties of these c
pounds can be explained in the framework of the Hubb
model in the limit of strong electronic correlations.

It is interesting to note that despite the fact that t
TMTSF and TMTTF salts exhibit distinctively different elec
tronic properties and even at room temperature the cond
tivity is more than an order of magnitude different, the a
solute values of the spin susceptibility of all compounds
similar within a factor of 3 in the whole temperature rang
The stronger localization of the charge carriers in the su
compounds leads to a moderate increase of the spin sus
tibility. In the Introduction we pointed out that the openin
of a charge gapDr due to increased Coulomb interaction a
dimerization is accompanied by a drastic increase of the
sistivity in these materials. While the ESR signal of the co
duction electrons is observed in the one-dimensional orga
metal (TMTSF)2PF6, the TMTTF compounds are insulating
The minimum in resistivity found in (TMTTF)2PF6 and
(TMTTF)2ClO4 at approximately 230 K does not show up
any of the ESR results. This indicates that no drastic cha
of the physical properties takes place, like a metal-insula
phase transition. Instead the change from an itinerant ch
to a Mott-Hubbard localization is due to a gradual increa
of the dimerization as observed by studies of the vibro
features.19 The fact of a crossover from metallic to insulatin
behavior while the spin degrees of freedom remain gaples
evidence of spin-charge separation. This behavior is p
dicted by the Tomonaga-Luttinger theory for a on
dimensional interacting electron system.31,32 Indications for
the separation of spin and charge are also seen by photoe
sion spectroscopy.24 Furthermore, these experiments do n
show a sharp edge in the spectral function at the Fermi
ergy as required by the Fermi-liquid theory.34 The experi-
mental results on the organic linear chain compounds ar
accord with observations on inorganic one-dimensional s
tems like SrCuO4.35

2. Linewidth and g shift

The temperature dependences of the linewidthDH and
the g shift Dg of (TMTTF)2PF6 , (TMTTF)2Br, and

at
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(TMTSF)2PF6 are shown in the second and third panels
Figs. 2, 3, and 4, respectively. All materials investigated
this work are characterized by a distinct anisotropy in b
quantities. It is obvious, that the ESR linewidth has the sa
angular dependence as theg value. This is a strong indication
for spin-phonon interaction as the dominant scattering p
cess. In this case, the spin-phonon coupling is proportiona
the mean value of the squares of theg shifts in three crystal
directionsDg25(Dga

21Dgb8
2

1Dgc*
2 )/3.7 Due to the much

stronger spin-phonon coupling in selenium theg shift in-
creases about five times if sulfur is replaced by selenium

To compare the linewidth of (TMTTF)2X and
(TMTSF)2X the effects of the stronger spin-orbit coupling
selenium have to be considered. As mentioned above,Dg2 is
a measure of the spin-orbit coupling and therefore the
duced linewidthDH red5DH/Dg2 is the suitable quantity for
comparison, whereDH5(DHa1DHb81DHc* )/3. Figure 6
shows the temperature dependence ofDH red of
(TMTTF)2PF6 , (TMTTF)2Br, and (TMTSF)2PF6. Right
above the phase transition the reduced linewidth reac
nearly the same value in all three materials. Towards hig
temperatures DH red increases most strongly i
(TMTSF)2PF6, followed by (TMTTF)2Br and
(TMTTF)2PF6. For all TMTCF compounds we find a kink
in the temperature-dependent linewidth at around 150
which we feel is not related to the crossover from one-
two-dimensional behavior which happens at around this t
perature. Instead it might be relevant that the Debye temp
ture is about in this temperature range.

The linewidthDH of the quasi-one-dimensional condu
tor (TMTSF)2PF6 shows a similar value and temperatu
dependence in all three directions@Fig. 4~b!#. This behavior
is in contrast to the large anisotropy and distinctively diffe
ent temperature dependence reported for the
resistivity.36,37 If spin-phonon coupling is the dominant re
laxation process in quasi-one-dimensional conductors, the
duced linewidth becomes proportional to the relaxation r
of tunneling processes between chains 1/t' ,38

DH/Dg2}1/t' , ~2!

and is therefore a measure of the interchain couplings. Eq
tion ~2! is an expansion of the well-known Elliott formula39

which is only valid in the case of isotropic three-dimension
metallic transport. The increase of the reduced linewi

FIG. 6. Temperature dependence of the reduced linew
DH red5DH/Dg2 of (TMTSF)2PF6 (h), (TMTTF)2Br (L), and
(TMTTF)2PF6 (n). The data arenot normalized. The inset show
an enlarged view of the low-temperature range.
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from (TMTTF)2PF6 over (TMTTF)2Br to (TMTSF)2PF6 is
an indication of the increasing interchain coupling. Flandr
et al.7 pointed out that the reduced linewidth increases l
early with the ratiogC between twice the van der Waa
radius of S or Se and the shortest interstack distances
tween the chalcogen atoms. The numerical values ofgC are
listed in Table I. The left side of Fig. 7 shows the room
temperature valueDH/Dg2 versusgC of all compounds in-
vestigated including (TMTSF)2ReO4 and (TMTSF)2ClO4.
Indeed, there is a linear increase of the reduced linew
with gC which proves thatDH red is a measure of the inter
action between the molecular stacks.

For each member of the (TMTCF)2X family the reduced
linewidth can now be plotted as a function of pressure
determined from the phase diagram~Fig. 1!; the room-
temperature result is shown on the right side of Fig. 7. T
reduced linewidth and therefore the interchain coupling
creases linearly with pressure. (TMTTF)2ClO4 was included
in the diagram atp52 kbars by means of its reduced line
width.

B. Ordered states

Upon lowering the temperature the TMTCF salts undergo
transitions to different ground states. In (TMTTF)2ClO4 the
anion ordering is the driving force of the development o
crystallographic superstructure~tetramerization!. The spin-
Peierls transition in (TMTTF)2PF6 is also accompanied by
structural change, but driven by spin-phonon coupling, le
ing to a nonmagnetic ground state. The antiferromagn
ground states of (TMTTF)2Br and (TMTSF)2PF6 are due to
the ordering of the electronic and spin system with the c
pling to the lattice being negligible.40

1. Structural phase transition in (TMTTF)2ClO4

The alternating order of the ClO4
2 anions in a qAO

5(1/2,1/2,1/2) superstructure atTAO'72.5 K leads to a
doubling of the unit cell in (TMTTF)2ClO4. This first-order
phase transition is accompanied by a steplike decrease in
ESR intensity and increase in the linewidth as the tempe
ture is lowered throughTAO . The sudden decrease of th
electrical resistivity indicates the scattering to be reduced

th

FIG. 7. Reduced linewidthDH/Dg2 of (TMTTF)2X ~closed
symbols! and (TMTSF)2X ~open symbols! at T5300 K. For
(TMTSF)2AsF6 and (TMTSF)2PF6 the points are virtually identi-
cal.
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the ordered state and rules out a change in the densit
states due to the formation of a pseudogap.

Figure 8 shows the spin susceptibility at constant volu
of (TMTTF)2ClO4 for T<90 K. Below the first-order
phase transition atTAO the intensity drops exponentially du
to the tetramerization of the TMTTF stacks. Using the res
which Bulaevskii41 obtained from a Hartree-Fock approx
mation in the case of an alternated one-dimensional A
Heisenberg chain withS51/2, xs(T) belowTAO is given by

xs~T!5
a

T
expF2

J1b

T G . ~3!

a and b are tabulated in Ref. 41 for given values of th
alternation parameterg5@12d#/@11d#5J2 /J1 ; J1,25J@1
6d# are the exchange integrals of the weakly dimeriz
chain. An additional Curie contributionxc5C/T, C51.4
31029 m3 K/mole, is needed to describe the slight increa
of the susceptibility at low temperatures. For the fit para
eters J1b5173 K and J5430 K we obtaing50.79, J1
5482 K, and J25378 K. The temperature-independe
singlet-triplet gap is given byDs51.637dJ584.5 K. Since
Bulaevskii’s model assumesd5const at any temperature,
fits the data of (TMTTF)2ClO4 up to higher values ofT/Tc
compared to the second-order phase transition
(TMTTF)2PF6 ~see Sec. IV B 2 below!.

The inset of Fig. 8 magnifies the intensity in the low
temperature region. The signal passes through a minimu
around 20 K and then increases until 12 K. Below 12 K t
intensity drops nearly by one decade. In addition as the t
perature goes below 15 K, the ESR signal changes its sh
significantly in all three crystal directions: it consists of
small central resonance line and five additional lines wit
strong angular dependence. This effect increases as the
perature approaches 12 K, however at lower temperature
intensity of the five additional lines decreases rapidly, wh
the intensity of the small central line is nearly temperat
independent. The splitting of the lines which is about 5
can be explained by hyperfine interaction between the e
tron spins and the nuclear spins of hydrogen atoms of
methyl groups. It is known from1H-NMR experiments that
the methyl groups which rotate at high temperatures s

FIG. 8. Low-temperature behavior of the spin susceptibility
(TMTTF)2ClO4 along theb8 directions. The decreasing intensi
below TAO572.5 K can be well described by Bulaevskii’s mod
~Ref. 41! of an alternating spin chain withg50.79 and a singlet-
triplet gapDs(0)584.5 K ~line!. The inset shows the same data
a logarithmic scale in order to stress the saturation of the sig
below 22 K and the second transition at 12 K.
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down below 20 K,42 thus the rotational narrowing causes t
temperature dependence of the hyperfine splitting. The d
tic decrease of the spin susceptibility below 12 K may be d
to a more perfect ordering of the anions, which is induced
the freezing of the rotational degrees of freedom of the m
thyl groups. The drop ofxs is accompanied by an increase
DH, which can be interpreted as a critical behavior above
antiferromagnetic phase transition, thus there are two p
sible explanations for the decrease of the susceptibility
low 12 K.

2. Spin-Peierls state in (TMTTF)2PF6

For energetic reasons the electrons in a one-dimensi
spin system with antiferromagnetic interaction tend to fo
singlet pairs by alternating the spacing between them. A
result, at low temperature the SP state accompanied b
lattice modulation may become more stable than the anti
romagnetically ordered state with regular chains. The form
tion of states with singlet-paired holes due to the tetram
ization causes a decreasing susceptibility with an expone
drop of the intensity down to lowest temperatures. This is
contrast to the SDW phase transition, like in (TMTSF)2PF6,
where due to the opening of an energy gap at the Fe
surface the density of the conduction electrons decrease
the transition causing a sudden change in resistivity and
the susceptibility as can be seen in Fig. 4~a!. The decrease o
the ESR intensity in the case of a SDW is much more ra
than the drop observed at a SP transition.

We can describe the temperature-dependent susceptib
by Bulaevskii’s formula~3!. Originally this model assumed
temperature-independent alternationd and the extension to a
second-order phase transition, like a spin-Peierls ph
breaks down close toTSP. The temperature dependence
the singlet-triplet gapDs(T) can be described by mean-fie
theory and yields a BCS-like behavior. The order parame
is related to the alternation viad(T)5Ds(T)/(1.637J)
which now is assumed to be temperature dependent43 and
g(T)5@12d(T)#/@11d(T)#5J2(T)/J1(T). For T!TSP,
d is nearly temperature independent, thus the ESR inten
can be fitted as a alternating spin chain with the dimerizat
to be temperature independent.

At the SP transition a smooth increase ofDH(T) with
falling T corresponds to the drop of the ESR intensity, in
cating additional scattering effects due to the rearrangem
of the lattice. We observe a slight increase of theg value
along the chain direction atTSP519 K while in the direc-
tions perpendicular to the stacks theg value decreases@Fig.
2~c!#.

In Fig. 9 the low-temperature behavior of the spin susc
tibility measured on (TMTTF)2PF6 is displayed. Up to 12 K
the data can be fitted by Eq.~3! after substituting the nu-
merator of the exponential functionJ1b(g) by J@1
1d(g)#b(g)5Jb8(g). Using the exchange energyJ
5420 K from the Bonner-Fisher fit we obtaing50.91 for
the alternation parameter of the dimerized spin chain, yie
ing to J15440 K andJ25400 K. From our fits of the data
in all three directions we find almost identical values of t
singlet-triplet gap of (TMTTF)2PF6 : Ds532.3 K in the
T50 limit.

There is an excellent agreement of 2Ds(0)/TSP53.4 with
the value of 3.53 predicted by the mean-field theory. T
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agreement can be explained by the fact that in the s
Peierls state the quasi-one-dimensional electronic syste
coupled to a three-dimensional lattice and that fluctuat
effects can be neglected well below the transition tempe
ture. Both, the classical organic spin-Peierls system ME
(TCNQ)2 ~Ref. 44! and the recently discovered inorgan
compound CuGeO3 ~Ref. 45! show a quite similar behavio
below TSP. The temperature dependence of the spin susc
tibility and the magnetic gapDs(0) of the materials can be
explained within the mean-field theory.

3. Spin-density-wave ground state in (TMTSF)2PF6

In the SDW ground state, the static susceptibility of t
Bechgaard salts exhibits the behavior typically expected
an antiferromagnet.46 Along the b8 direction, xs(T) drops
rapidly when the temperature is lowered throughTSDW as
expected for the easy axis; the hard and intermediate axe
along c* and a, respectively. In agreement with these fin
ings, the ESR line of the conduction electrons
(TMTSF)2PF6 dramatically broadens and shifts in field upo
passing through the phase transition atTSDW512 K ~Fig. 4!,
indicating the development of internal magnetic fields. T
signal fully vanishes within a temperature interval of 1 K in
all three directions; no fluctuation effects are observed
xs(T). All the carriers and thus all the spins enter a colle
tive state, in which the spins form pairs; this behavior c
serve as evidence for the development of a spin-den
wave.

As the temperature decreases further one or two o
resonance lines are observed depending on the orienta
of the crystal with respect to the static and microwave fiel
Since they are significantly smaller in intensity and w
separated in magnetic field from the original ESR sign
they can unambiguously be identified as antiferromagn
resonances.47

The three-dimensional ordering is due to interaction of
spins in the transverse direction through an interchain
change interactionJ' . As pointed out by Bourbonnais48 this
coupling involves the coherent propagation of electron-h
pairs perpendicular to the chains although no cohe
charge transport is possible.

4. Antiferromagnetic ground state in (TMTTF)2Br

In contrast to the SDW ground state of (TMTSF)2PF6, in
(TMTTF)2Br the antiferromagnetic phase transition is i

FIG. 9. Low-temperature behavior of the spin susceptibility
(TMTTF)2PF6. At TSP519 K the intensity drops in all three di
rections indicating the spin-Peierls transition to a nonmagn
ground state. The lines corresponds to fits using Eq.~3! with differ-
ent parameters appropriate for the different orientations.
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duced by a three-dimensional ordering of the on
dimensional chains of localized spins. The interchain
changeJ' gives rise to a finite coupling between the chain
Following Ogushi,49 from the transition temperatureTN
513.3 K the ratio between the interchain and intrach
coupling can be estimated withJ' /J'0.001, i.e., J'

'0.5 K.
The magnetic anisotropy of the antiferromagnetic grou

state of the sulfur compounds differs from that of the se
nium compounds: the hard axis is orientated along tha
direction and the intermediate axis along thec* direction,
while the easy axis is as well orientated in theb8 direction.
The change in the anisotropy can be explained by stron
effects of the spin-orbit coupling in (TMTSF)2X which favor
thea direction.50 AboveTN , the ESR signal vanishes withi
a temperature interval of 4 K in all three directions. Below
TN , again we observe antiferromagnetic resonances with
characteristic angular dependences.

C. Fluctuations

1. One-dimensional lattice fluctuations

Above the spin-Peierls transition there is a distinct d
crease in the spin susceptibility of (TMTTF)2PF6 for tem-
peraturesT<60 K in b8 and c* direction @Fig. 10~a!#
whereas (xs)V is nearly temperature-independent ina direc-
tion. A reduced spin susceptibility is expected51 if one-
dimensional lattice fluctuations are present in the tempe
ture region above a second-order phase transition. Below
characteristic temperatureTSP

0 the lattice fluctuations lead to
a decrease of the density of states and therefore of the
susceptibility. The data inb8 andc* directions are fitted by
Bourbonnais’ model for one-dimensional spin-Peie
fluctuations51 which predict a specific temperature depe
dence. We determined a characteristic temperatureTSP

0

562 K. These results are in agreement with previous x-r

f

ic

FIG. 10. Temperature dependence of (xs)V of (TMTTF)2PF6

~a! and (TMTTF)2Br or (TMTSF)2PF6, respectively, inb8 direc-
tion ~b! near the phase transitions. The lines represent fits usin
model for one-dimensional lattice fluctuations in the spin-Peie
pseudogap regime~Ref. 51! below a characteristic temperatur
TSP

0 562 K @(TMTTF)2PF6# andTSP
0 550 K @(TMTTF)2Br#.
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13C NMR and ESR investigations.16,17The anisotropy of the
lattice fluctuations may be due to the influence of the st
magnetic fieldH, H res'3.48 kOe. If the field is applied
along thea axis the spins are aligned parallel toH which
could suppress the fluctuations. The13C NMR and ESR
measurements of Creuzetet al. were discussed for differen
orientations and thus do not yield any angular dependen

Recently Pougetet al. also observed one-dimensional la
tice fluctuations in (TMTTF)2Br ~Ref. 52! which passes
through an antiferromagnetic phase transition atTN
'13 K. Figure 10~b! shows the spin susceptibility at con
stant volume of (TMTTF)2Br and (TMTSF)2PF6 in the b8
direction normalized at 50 K. In the selenium compou
there is only a weak temperature dependence of (xs)V above
the AFM phase transition and then the ESR signal vanis
completely within a temperature intervalDT51 K. In con-
trast, the spin susceptibility of (TMTTF)2Br decreases sig
nificantly in all crystal directions for decreasing temperatu
below 50 K. At T519 K there is a sharp increase of th
ESR intensity, afterwards the signal vanishes almost c
pletely within DT'4 K. Between 19<T<50 K the tem-
perature dependence of (xs)V can be fitted by the model fo
one-dimensional spin-Peierls fluctuations. This complica
behavior can be interpreted in the following way: below
characteristic temperatureTSP

0 550 K the one-dimensiona
lattice fluctuations give rise to a reduced spin susceptibil
In the close vicinity of the AFM phase transition these flu
tuations collapse and (xs)V increases suddenly. Our finding
are in accordance with the x-ray investigations of Pougeet
al. who detected lattice distortions in (TMTTF)2Br at q
52kF below T570 K. The spin-Peierls response functio
does not reach the critical value as in (TMTTF)2PF6 and
vanishes belowT520 K.

2. Antiferromagnetic fluctuations

In (TMTTF)2Br, (TMTSF)2PF6, and (TMTSF)2AsF6
there is a distinct increase of the linewidth near the anti
romagnetic phase transitions. As seen in Fig. 11 this t
perature dependence ofDH follows a critical behavior; pre-
vious ESR investigations of (TMTSF)2PF6 led to similar
observations.53 The singularity of the linewidth can be ex
plained by three-dimensional antiferromagnetic fluctuatio
in the vicinity of a phase transition. In the case of a sm
static magnetic fieldH the linewidth is given by

FIG. 11. Double-logarithmic plot of the linewidthDH vs T
2TN of (TMTSF)2PF6 and (TMTSF)2AsF6 ~left axis! and
(TMTTF)2Br ~right axis! near the antiferromagnetic phase tran
tions in b8 direction. The lines represent a slopem51.5. TN

512 K in the case of (TMTSF)2PF6 and (TMTSF)2AsF6 andTN

513.3 K for (TMTTF)2Br.
ic
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DH~T.TN!5CS T2TN

TN
D 2m

, ~4!

whereC is a constant. The parameterm is a function of the
critical indices and the dimensiond; it is given by m53
2d/2 in the case of dipole-dipole interactions, e.g.,m51.5
for d53.48 A good fit of the divergent ESR linewidth ob
served in our experiments is achieved form51.5 in all three
compounds, indicating three-dimensional AFM fluctuatio
near the phase transition. These results of the ESR mea
ments confirm NMR measurements on (TMTSF)2PF6 ~Ref.
54! and (TMTTF)2Br,55 where a critical divergence in th
relaxation rate 1/T1 was found above the antiferromagnet
phase transitions.

In (TMTTF)2Br the angular dependence of the linewid
changes in the regime of the antiferromagnetic fluctuatio
At high temperatures where the spin-phonon interaction
the dominant relaxation process,DH has the same angula
dependence as theg value with DHa,DHb8,DHc* ~Fig.
3!, whereas in the temperature region right above the ph
transition at TN'13 K the broadest lines are measur
along thea direction and the smallest lines in thea-b8 plane
at u'55°. This minimum in the linewidth near the mag
angleu'54.7° is characteristic for dipole-dipole interactio
as the dominant relaxation process. No change of the ang
dependence of linewidth is observed in the selenium sa
This behavior indicates the change in the anisotropy of
different antiferromagnetic ground states when selenium
exchanged by sulfur.

V. CONCLUSION

We have performed a comprehensive study
the spin dynamics of the organic linear chain co
pounds (TMTTF)2PF6 , (TMTTF)2ClO4 , (TMTTF)2Br,
(TMTSF)2PF6, and (TMTSF)2AsF6 by X-band ESR experi-
ments on single crystals in the temperature range from 4
500 K. After eliminating the effects of thermal expansion,
high temperatures the spin susceptibility of the (TMTTF)2X
compounds can be described by a spin-1/2 antiferromagn
Heisenberg chain with exchange constantsJ5420 K (X
5PF6), J5430 K (X5ClO4), and J5500 K (X5Br).
Even though (TMTSF)2PF6 and (TMTSF)2AsF6 are one-
dimensional organic metals down to low temperatures,
T.100 K the temperature dependence of the spin susce
bility can be described within the framework of the Hubba
model in the limit of strong Coulomb repulsion withJ
'1400 K. Going from the fully insulating (TMTTF)2PF6 to
the highly metallic (TMTSF)2PF6 there is an sudden chang
in the charge-transport properties when the transfer inte
becomes comparable to the charge gap, while the spin
namics changes continuously described by a steadily incr
ing exchange constant. This behavior indicates the separa
of spin and charge degrees of freedom.

(TMTTF)2ClO4 and (TMTTF)2PF6 undergo a phase
transition with a structural change leading to a tetrameri
tion of the chains. The spin-Peierls transition
(TMTTF)2PF6 at TSP519 K leads to a smaller singlet
triplet gap Ds532.3 K than the anion ordering in
(TMTTF)2ClO4 at TAO572.5 K with Ds584.5 K. In
(TMTTF)2ClO4 we find indications of an additional trans
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tion at around 12 K which may be due to long-range thr
dimensional ordering. Above the phase transitions the m
netic behavior of the investigated materials is characteri
by fluctuation effects. In (TMTTF)2Br we found one-
dimensional lattice fluctuations belowTSP

0 550 K which
break down in the same temperature region where the th
dimensional antiferromagnetic fluctuations occur.

In the high-temperature region the ESR linewidthDH is
dominated by spin-phonon interactions. We found a lin
increase of the reduced linewidthDH/Dg2 from
(TMTTF)2PF6 over (TMTTF)2Br to (TMTSF)2ClO4 which
scales almost perfectly with the increase of the chem
P
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pressure and the interactions between the molecular sta
The higher value ofDH/Dg2 in (TMTSF)2X proves the
more two-dimensional character of these compounds.
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3D. Jérome and H. J. Schulz, Adv. Phys.31, 299 ~1982!; T. Ish-

iguro, K. Yamaji, and G. Saito, inOrganic Superconductors,
2nd ed., Springer Series in Solid-State Sciences Vol.
~Springer-Verlag, Berlin, 1998!; Organic Conductors, edited by
J. P. Farges~Marcel Dekker, New York, 1994!; C. Bourbonnais
and D. Je´rome, cond-mat/9903101~unpublished!.

4J. Moser, M. Gabay, P. Auban-Senzier, D. Je´rome, K. Bechgaard,
and J. M. Fabre, Eur. Phys. J. B1, 39 ~1998!.

5J. P. Pouget and S. Ravy, J. Phys. I6, 1501~1996!.
6L. Ducasse, M. Abderrabba, J. Hoarau, M. Pesquer, B. Gal

and J. Gaultier, J. Phys. C19, 3805 ~1986!; L. Ducasse, M.
Abderrabba, B. Gallois, and D. Chasseau, Synth. Met.19, 327
~1987!.

7S. Flandrois, C. Coulon, P. Delhaes, D. Chasseau, C. Hauw
Gaultier, J. M. Fabre, and L. Giral, Mol. Cryst. Liq. Cryst.79,
307 ~1982!.

8B. Liautard, S. Peytavin, G. Brun, and M. Maurin, J. Phys. C
loq. 44, C3-951~1983!.

9P. Delhaes, C. Coulon, J. Amiell, S. Flandrois, E. Toreilles, J.
Fabre, and L. Giral, Mol. Cryst. Liq. Cryst.50, 43 ~1979!.

10C. Coulon, P. Delhaes, S. Flandrois, R. Lagnier, E. Bonjour,
J. M. Fabre, J. Phys.~France! 43, 1059~1982!.

11V. Emery, R. Bruisma, and S. Barisic, Phys. Rev. Lett.48, 1039
~1982!. An alternative explanation interprets the resistivity min
mum by a competition between the mobility which decrea
with T and the number of charge carriers excited across an
ergy gap which increases withT. See, for example, Ref. 3.

12K. Penc and F. Mila, J. Phys. IV3, C2-155~1993!; Phys. Rev. B
50, 11 429~1994!.

13F. Creuzet, Mol. Cryst. Liq. Cryst.119, 289 ~1985!.
14P. Wzietek, F. Creuzet, C. Bourbonnais, D. Je´rome, K. Bech-

gaard, and P. Batail, J. Phys. I3, 171 ~1993!.
15S. S. P. Parkin, J. C. Scott, J. B. Torrance, and E. H. Engle

Phys. Colloq.44, C3-1111~1983!.
16J. P. Pouget, R. Comes, K. Bechgaard, J. M. Fabre, and L. G

Physica B108, 1197~1981!; J. P. Pouget, R. Comes, K. Bech
gaard, J. M. Fabre, and L. Giral, Mol. Cryst. Liq. Cryst.79, 129
~1982!.

17F. Creuzet, C. Bourbonnais, L. G. Caron, and K. Bechgaa
Synth. Met.19, 289 ~1987!.
.

8

s,

J.

-

.

d

s
n-

J.

al,

,

18The upturn at the lowest temperature seems to be uncertain~Refs.
10 and 7!.

19R. Bozio, M. Meneghetti, and C. Pecile, J. Chem. Phys.76, 5785
~1982!.

20L. K. Montgomery, inOrganic Conductors, edited by J. P. Farges
~Marcel Dekker, New York, 1994!, p. 138ff.

21K. Bechgaard, C. S. Jacobsen, K. Mortensen, H. J. Pedersen
N. Thorup, Solid State Commun.33, 1119~1980!.

22The TMTCF salts have a triclinic crystal structure; however, t
angles are close to 90°. Theb8 direction is normal to thea axis,
c* is normal to theab plane.

23J. Hemberger, M. Dumm, M. Dressel, and L. Montgomery~un-
published!.
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