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The temperature dependent dc resistivity of the quasi-one-dimensional organic salts (TMTTF )2 X
(X = PFs, AsFg, SbFs; BF4, ClO4, ReO4) has been measured in all three crystal directions in order
to investigate anisotropy, localization effects, charge and anion ordering phenomena at low temper-
atures. For all compounds and directions we extract the transport mechanisms in different regimes.
The data are thoroughly analyzed, related to structural properties, and extensively discussed in view
of previous studies and latest theories. It becomes apparent that the anions have a severe influence

on the physical properties of the TMTTF salts.

PACS numbers: 71.30.4+h74.70.Kn71.27.4a72.15.-v

I. INTRODUCTION

For the last half a century organic conductors have
been established as models to investigate the physics in
reduced dimensions.? In a one-dimensional electron gas,
Fermi-liquid theory breaks down and spin and charge
degrees of freedom become separated.? But the metallic
phase of a solid is not stable in one dimension: as the tem-
perature is reduced, the electronic charges and spins tend
to arrange themselves in an orderly fashion due to strong
correlations. The competition of the different interac-
tions upon the charge, spin and lattice degrees of free-
dom is responsible for which broken-symmetry ground
state is eventually realized in a specific compound and
which drives the system towards an insulating state.?

The family of the Fabre and Bechgaard salts have
been the focus of enormous efforts during the last three
decades because small variations of the molecules or mod-
erate pressure tune the systems from antiferromagnetic
insulator to spin-Peierls state, spin-density-wave state
and superconductor, from a charge localized semicon-
ductor, charge order and ferroelectricity to a Luttinger
and Fermi-liquid metal.## These compounds are charge
transfer salts consisting of stacks of the planar organic
molecules TMTTF (which stands for tetramethyltetra-
thiafulvalene) along the a-axis that are separated in c-
direction by monovalent anions. In b-direction the dis-
tance of the stacks is comparable to the van der Waals
radii. In the case of the Bechgaard salts the molecule
TMTSF contains selenium instead of sulphur; they are
mainly metallic and become superconducting even at am-
bient pressure.

The understanding of the different amount of charge
localization in the Fabre TMTTF salts and the effects
of charge and anion ordering requires reliable informa-
tion on the transport properties along the different di-
rections. Although various groups performed numerous
studies along the stacking direction, only little is known
in the perpendicular direction. Here we present the tem-
perature dependent dc resistivity in all three directions
of the quasi-one-dimensional organic salts (TMTTF)2 X

containing anions of octahedral (X = PFg, AsFg, and
SbFg) and tetrahedral symmetry (X = BFy, ClOy4, and
ReOy4). The findings are compared with literature data
and discussed according to latest theory.

II. EXPERIMENTAL DETAILS

Single crystals of (TMTTF),X with X = PFg, AsF,
SbFg, BF4, ClO4, ReO4 were grown by electrochemical
methods in an H-type glass cell at room temperature.
A constant voltage of 1.5 V was applied between plat-
inum electrodes with an area of approximately 3 cm?.
The current through the solution was between 9.2 and
13.4 pA. To reduce the diffusion, a sand barrier was
introduced. After several months we were able to har-
vest needle-shaped single crystals of several millimeters
in length and less than a millimeter in width. All com-
pounds of the TMTTF family are isostructural. Due the
triclinic symmetry, b’ denotes the projection of the b axis
perpendicular to a, and ¢* is normal to the ab plane.

In order to measure the dc resistivity, small gold con-
tacts were evaporated onto the natural crystal surface
and thin gold wires attached by carbon paste. Along the
long a axis of the crystals and also for the b direction
four-point measurements could be performed, while for
the ¢* direction two contacts were applied on opposite
sides of the crystal. The samples were attached to a sap-
phire plate in order to ensure good thermal contact and
slowly cooled down to helium temperatures.

III. RESULTS

In Figure [I] the temperature dependent dc resistivity
of different TMTTF salts with centrosymmetric anions
PFg, AsFg and SbFg is plotted in a logarithmic fashion
to show the overall behavior. The measurements have
been performed along the principal directions a, b’ and
c*. The results for compounds with tetrahedral anions

X = BF4, ClO4 and ReO, are presented in Fig. The
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FIG. 1: (Color online) Temperature dependence of the dc
resistivity in (TMTTF)2 X crystals with octahedral anions X
= PF¢, AsFg and SbFg along the three crystal directions a,
b and c*.

observed temperature dependences are in good accord
among different batches and with previous reports.

The absolute values of the room-temperature resistiv-
ity pq do not differ much for the various compounds.
They range from 0.05 Qcm for (TMTTF)2BF4 to 0.8 Q2cm
for (TMTTF)2ReOy4 and are listed in Tab. [l The wide
spread of values reported in literature? 12 can be ascribed
to a number of reasons: the way contacts are attached,
how the current is injected, how the influence of micro-
cracks is corrected for, and (maybe to the least extend)
the quality of the crystals. In our studies we applied a
consistent procedure to all specimen that ensures a solid
basis for comparison.

For very anisotropic samples it poses a challenge to
measure only the contributions along the chains because
strands might be broken, contain defects or other im-
perfections. The one-dimensional TMTSF and TMTTF
salts are generally known to be particularly susceptible to
cracks during cooling. Thus to some extend the electri-
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FIG. 2: (Color online) Temperature dependent dc resistivity
of (TMTTF)2X crystals with octahedral anions X = BF4,
ClO4 and ReQ4 along the three directions a, b’ and c*.

cal properties along the a direction may be effected by o’
and c-axes transport. Nevertheless, since the same over-
all behavior was repeatedly observed in numerous speci-
men, we could identify intrinsic properties, including sim-
ilar transport mechanisms and ordering phenomena in all
three directions. Applying the same procedure to all sam-
ples yields consistent results and allows for comparison
between different compounds.

A. Anisotropy

It is remarkable that for all investigated (TMTTF )2 X
compounds the temperature dependent resistivity in
many regards shows a similar temperature behavior for
the three directions. The overall evolution of p,(T),
pp (T) and p.-(T) with temperature roughly differs by
a constant factor (i.e. parallel to one another in the loga-
rithmic representation), and the signatures of the order-
ing transitions are distinctly pronounced not only along



TABLE I: Room-temperature dc resistivity p, and anisotropy
of (TMTTF)2X for different anions X = PFg, AsFg, SbFs,
BF47 01047 and ReO4.

(TMTTF). X
X Pa Pa / 1% / Pex
(Qcm)

PFg | 0.08 | 1 50 2000
AsFg| 0.2 1 30 1000
SbFs | 0.4 1 40 600
BF4 | 005 |1 88 303
ClO4 | 0.3 1 4 120
ReOy4| 0.8 1 7 70

the stacking direction but in py (T') and pe(T) as well.
Upon lowering the temperature, the anisotropy in all
compounds slightly decreases for T' < 230 K i.e. in the
temperature range where transport is in some way ther-
mally activated.

For the three compounds with centrosymmetric anions
X = PFg, AsFg and SbFg the anisotropy py /p. is ap-
proximately 30 to 50 and pc-/pa =~ 10%. Notably, for the
group of compounds with non-centrosymmetric anions
(X = BFy4, ClO4 and ReOy) the anisotropy is in gen-
eral lower. In Table [l the room-temperature resistivity
anisotropy pa/pu /per is listed for all compounds under
investigation.

B. Localization and ordering phenomena

At high temperatures basically all investigated com-
pounds develop a metal-like behavior for transport along
the a-direction down to a localization temperature T),. In
addition, the ordering phenomena — charge order as well
as anion order — have a strong impact on the resistivity.
This results in three distinct anomalies to be identified
upon cooling: (i) a broad minimum at elevated temper-
atures T}, of around 250 K which is associated with a
gradual charge localization, (ii) a sharp increase of p(T)
around Tco = 100 K or so, which is related to ordering of
the electronic charge, and (iii) a kink in resistivity due to
the anion ordering (AO) in the case of tetrahedral sym-
metry. Details are summarized in Tab. [Tl and discussed
in the following.

(i) Localization Cooling down from room tempera-
ture, the a-axis resistivity slightly decreases and passes
through a broad minimum between 200 K and 300 K for
all compounds except (TMTTF);ReO4 which exhibits a
negative slope dp/dT < 0 already at ambient temper-
ature. The minimum in resistivity is an indication of
localization effects which do not result in a sharp phase
transition but a gradual freeze out of the metallic conduc-
tivity. However, py and p.« exhibits an insulating behav-
ior in the whole investigated temperature range, implying

TABLE II: Transition temperatures for charge localization
T,, charge order Tco, and anion order Tao of various Fabre
salts (TMTTF).X. Tsp indicates the spin-Peierls transition
temperature.

(TMTTF)2 X

X | T, Tco Tao Tsp
K) (K) (K) (K)

PFg [250 67 - 19
AsFg |250 102 - 19
SbFg [240 157 - -
BF4 (240 84 415 -
ClO4 (260 - 734 -
ReO4| - 230 157 -

that even at elevated temperatures there is no coherent
transport present in the perpendicular directions.

(i1) Charge Order In the temperature range between
157 K and 67 K a transition to a charge-ordered state
is observed in most (TMTTF)2X salts, like X = PFg,
AsFg, SbFg, ReOy, and BF4. The effect can be barely de-
tected in (TMTTF),PFg, a distinct increase of the slope
of the resistivity is seen in the salts with X = AsFg,
ReOy, and BF4 and a obvious kink in p(T") characterizes
the data of (TMTTF)2SbFg at Tco. The transition tem-
peratures summarized in Tab. [l are in good agreement
with published data.l! 2 Surprisingly the ordering phe-
nomena are not only pronounced for transport along the
a-direction, but py (T) and p..(T) are strongly effected
as well, indicating the three dimensional nature of the
charge order (CO).

(i11) Anion Order The compounds with tetrahedral
anions subsequently undergo an anion-ordering transi-
tion at temperatures Thp < Tco and the formed an-
ion superstructure for all three investigated compounds
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FIG. 3: (Color online) Enlarged view of the temperature de-
pendent resistivity py (T') of (TMTTF)2 X for X = BFy4, ClO4
and ReQOy4 in the range of the anion ordering. The slight shift
of the transition temperature Tao upon cooling down and
warming up evidences the first-order phase transition. For
clarity reasons, the curves are vertically displaced with re-
spect to each other.



is ¢=(1/2,1/2,1/2). In Fig. Bl the resistance at the
transition is depicted for the b direction, as an exam-
ple. Upon cooling a sharp down-step in resistivity is ob-
served for X = BF,4 and ClQy; it is more abrupt in the
latter compound. In contrast to these two specimens,
in (TMTTF)2ReOy4 the anion order appears as a steep
step-up at Tao, followed by an increase in resistivity for
T < Tho.

Since this structural change of the anion order marks
a first-order phase transition, a hysteretic behavior is ex-
pected. Our data show only slight hysteresis observed
when the warm-up curve is compared to the cooling
curve. In the case of BF4 as anion, we find 6T =~ 0.5 K
while for (TMTTF),ClO4 the hysteresis is as big as 1.5 K.
For (TMTTF)2ReOy4, no hysteretic behavior is observ-
able, as demonstrated in Fig. Bl

The observations at the anion order are basically iden-
tical for all three directions; this implies a strong coupling
between the anions in all directions leading to three-
dimensional order. It is in full accord with structural
investigations by diffusive x-ray scattering.1214

IV. ANALYSIS
A. Transport mechanisms

In order to analyze the temperature dependent resis-
tivity quantitatively and to compare it with theoretical
predictions, it is crucial to take the thermal expansion
into account that is known to be considerable for these or-
ganic charge transfer salts. From our data p(® (T') taken
at ambient pressure p, the resistivity at constant volume
pV)(T) is obtained via

(V) _ P(p)(T)
) = 14 0.1kbar - p(T) @)

where p(T) is the pressure required to compensate the
thermal expansion with respect to the low-temperature
unit cell at T = 16 K.2 According to Mihaly et ali8 and
Rose et alA” the resistivity decreases by about 10% per
kbar for all temperatures above 50 K that are relevant
for the present study. We assume a similar behavior for
all compounds and directions.

As mentioned above, along the o' and ¢* directions
and for T" < 200 K also along the a axis, the resistiv-
ity always increases with decreasing temperature. Dif-
ferent temperature-dependent transport mechanisms can
account for such a semiconducting behavior. For band
transport, the resistivity follows the Arrhenius law

(T = poexp {%} . 2)

If the energy gap A is temperature independent, the log-
arithm of the resistivity should be linear in 1/7". The left
panels of Figures[d and [l show that this is only the case
for transport along the c*-axis at elevated temperatures
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FIG. 4: (Color online) Parallel-stack dc resistivity pflv)(T)
of various Fabre salts. The constant-pressure data are cor-
rected according to Eq. (@) to account for the thermal ex-
pansion. The upper panels (a,b) summarizes the results for
the octahedral anions: (TMTTF)2PFg, (TMTTF)2AsFg, and
(TMTTF)2SbFs; while in the lower panels (c,d) the data for
the tetrahedral anions (TMTTF)2BF4, (TMTTF)2ClO4, and
(TMTTF)2ReO4 are shown. On the left side (a,c) the high-
temperature data are plotted as function of 7~! and on the
right side (b,d) the low-temperature regime is presented as

function of T~/4.

above the ordering transitions. Along the stacking direc-
tion, we cannot identify a sufficiently large range of sim-
ple thermally activated transport according to Eq. (2I).

An alternative transport process is phonon-activated
hopping between localized states which in disordered ma-
terials is commonly described by the variable-range-hop-
ping model proposed by Mott:1&

Pde X eXp { (%) 1/7} , (3)

where v = d + 1 is related to the dimension d of the sys-
tem. The right panels of Figs. @ and [ indicate that
the transport in all compounds is governed by three-
dimensional hopping below approximately T = 60 K.
As expected from the very similar over-all behavior, the
quasi-one-dimensional nature of the material does not
influence this incoherent transport process: d = 3; the
anisotropy only enters the prefactor, but not the power
law.
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FIG. 5: (Color online) DC resistivity pév)(T) along

c¢* direction of (TMTTF)2AsFs, (TMTTF):PFs, and
(TMTTF)2SbFg as function of (a) 77! and (b) T~'/4. In
the lower panels (c,d) the same representation for the results
of (TMTTF)2BF4, (TMTTF)2ClO4, and (TMTTF)2ReOy.
The constant-pressure data are corrected according to Eq. (D)
to account for the thermal expansion.

B. Temperature evolution of the energy gap

Along the a axis neither of the models can satisfactorily
fit the data at higher temperatures. If the current is ap-
plied parallel to the ¢* axis, on the other hand, both mod-
els fail in the regions below the charge-order transitions
and also the anion-order transition in (TMTTF)2ReOy.
Hence, we abandon the assumption of a constant activa-
tion energy A in Eq. ([@). Since the charge-order tran-
sition is a second-order phase transition, we expect a
mean-field temperature dependence of the energy gap.
In Fig. [@ the temperature-dependent energy gap

A(T) =1n <M) g

Po

(4)

is plotted as function of T for all compounds and di-
rections investigated.X? It immediately becomes obvious
that the observed behavior is more complex and require
a detailed discussion.

Basically for all curves plotted in Fig. [6] the energy
gap reaches a maximum well below Tco, and starts to
decrease for even lower temperatures. In general, this
is an indication of two processes with different tempera-
ture dependences. From the fit to Eq. (B) presented in
panels (b) and (d) of Figures Ml and [}l we know that in
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FIG. 6: (Color online) Energy gaps of (TMTTF),X as func-
tion of temperature along a, b’ and c¢* axes. The activation
energy was determined from the constant volume data of the
resistivity according to Eq. (@) choosing an appropriate value
of p(T"). The small green arrows indicate Tao, the larger black
arrows denote the charge ordering temperature Tco.

this low-temperature range the hopping of charge carri-
ers between localized states starts to contribute to the
electronic transport. This second contribution taints the
analysis of p(T) in terms of an Arrhenius law and cannot
be adjusted for by a temperature dependent gap. We
therefore determine the hopping conductivity in the low-
temperature limit and subtract this contribution from
the total conductivity in order to arrive at a purely acti-
vated behavior. As seen in Fig. [[a) for the example of
(TMTTF)2SbFg and (TMTTF)3ReOy4, now the energy
gap monotonically increases with decreasing temperature
and finally levels off.

Obviously two regions can now be distinguished in the
curves of Fig. [l At high temperatures the energy gap
is more or less temperature independent with a value
Ay of a few hundred Kelvin. The reason for this high-
temperature energy gap is still under discussion, but
commonly related to the bond dimerization, resulting
in an unequal distribution of the charge between the
molecules. Cooling through Tco, the electronic charge
on the molecular sites becomes disproportionate due to
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FIG. 7: (Color online) (a) Energy gaps of (TMTTF);SbFg
as function of temperature along a, b’, ¢* axes. The contri-
bution by hopping conduction to the transport [ ploP(T) =
(4.31 x 107° Qcm) exp{72.45 K/T'/*}, phoP(T) = (39.8 x
107 Qem) exp{74.5 K/T'/*}] was subtracted and the remain-
ing curve fitted by Eq. (B) (dashed line), shown exemplary
here only for two crystal directions. (b) To eliminate the
hopping conduction for (TMTTF)2ReOu4, the dotted curves
are obtained by a fit with Eq. (B). Below the AO transition,
an additional gap opens and the complete behavior follows
Eq. (@) (grey dashed line). The fit for a temperature inde-
pendent gap Ao is indicated by the dashed-dotted curve
(cyan). Activation energies obtained from the fits are listed
in Tab. [T for the limit 7" — 0.

charge order. The charge-order gap exhibits a BCS-like
increase with lowering the temperature and amounts up
to approximately 1000 K. Qualitatively the same behav-
ior (at T < Tco) is observed for all specimen and di-
rections. The total energy gap consisting of these two
contributions is well described by

A(T) = \JAF+ A6(T) (5)

following the idea that these two effects cause a spa-
tial modulation of the potential, however, displaced by a
quarter of a wavelength. Only in some cases the energy
gap seems to be slightly temperature dependent above
Tco, which prevents an unambiguous decomposition and
satisfactory description.

In the case of tetrahedral anions, a second transition
occurs at Tap, causing a further energy gap Aao to
open in most of the (TMTTF)2X compounds. As demon-
strated in Fig. [[(b) for the example of (TMTTF)2ReOy,
it can be described best by an additional temperature
dependent (BCS-like) energy gap. This result surprises

considering the nature of the anion order transition.
Usually structural transitions are of first order, and in
(TMTTF)3ReOy4 the anion order is attended by the dou-
bling of the unit cell along the a-direction. Hence, intu-
itively the expectations are a temperature independent
gap Ao, but this does not allow for a satisfactory de-
scription [dash-dotted line in Fig. [[(b)] of the results.
The temperature dependence of Ao infers that the gap
is not just caused directly by the anion potential, but
the main contribution comes via changes in the TMTTF
stacks triggered by the anion ordering; e.g. modifications
of the on- and off-side potentials. These changes result
in different charge concentrations on and between the or-
ganic molecules and alter the back-scattering potentials
felt by the charged particles taking part in transport. If
one takes this mechanism in account, the spatial modula-
tion of the charge-order effect and the resulting changes
caused by the anion order are in phase. The total energy
gap is then described by:

A(T) = /83 + [Aco(T) + Aso(T)2 . (6)

Let us now consider the various compounds in more
detail to point out their peculiarities.

(i) (TMTTF), X (X=PFg, AsFg, SbFg) The charge-
ordering transition in (TMTTF),PFg at Tco = 67 K
leads only to a small increase of the energy gap along
all three directions. It can be barely seen in Fig. [6a)
because at that temperature the hopping dominates al-
ready the transport behavior and the transition seems
to be smeared out. For (TMTTF)2AsF¢ a mean-field-
like increase of the energy gap of about 110 K is seen
at Tco = 103 K along all three directions. Below 75 K,
hopping transport dominates. In (TMTTF)2SbFg the ef-
fects at the CO transition (Tco = 157 K) are most pro-
nounced. Along all three axes the energy gap increases by
several hundred Kelvins. The temperature dependence
has a BCS shape. As demonstrated in Fig. [0 the high-
temperature gap and the charge-order gap add in quadra-
ture [Eq. (@)]. If the contribution of the hopping trans-
port to the conductivity is subtracted, the mean-field-like
temperature dependence of the gap can be extracted to
lowest temperatures with Aco =~ 800 K. No indications
of a first-order nature of the transition are found.

(i1) (TMTTF)3ClO4 No 2kp charge order has been
observed in this compound. At the anion-order transition
(Tao = 73 K) of (TMTTF)2ClOy, the resistivity shows
a sudden decrease (Fig. B). However, from Fig. Ble) we
see that the slope in the Arrhenius plot is unaffected by
the jump, giving evidence that A is constant across the
transition. We therefore attribute the abrupt change in
the resistivity to the prefactor pg in Eq. ). From Fig,.
it becomes obvious that at Tho pg decreases by the same
factor of 2.5 for all three directions.

(i) (TMTTF)3;BF, In the case of (TMTTF)2BFy,
the jump in p(T) at Tao = 42 K is not so abrupt as in
the ClO4 counterpart. The effect is strongest along the
b" and weakest along the c* axis. A close inspection of



the Arrhenius plot reveals a weak increase in the slope
dp/dT for T < Tap. At these low temperatures, how-
ever, substantial contributions from hopping transport
might be present and obscure a precise analysis. Never-
theless, we estimate that pg decreases by about the same
ratio as in (TMTTF)2ClOy4, while the energy gap A(T)
increases slightly as the temperature passes through the
anion ordering transition upon cooling. At Tco = 84 K
the energy gap increases in a mean-field manner due to
the opening of a charge-order gap. The rise is moderate
and best seen along the ¢* axis. The effect is diluted
by the hopping transport which gets dominant in this
temperature range.

(iv) (TMTTF)2ReO4 In this compound, strong
contributions to the gap are observed by the charge
and by the anion ordering. When cooling through the
CO transition (Tco = 223 K), the energy gap A(T)
increases by several hundred Kelvins, in a similar fashion
for all three axes. As demonstrated in Fig. [[(b), the
temperature dependence of the gap resembles a BCS-like
shape. Following Eq. (@), the total energy gap is a result
of contribution due to temperature independent charge
localization and charge order adding up in quadra-
ture. As mentioned above, (TMTTF);ReO4 exhibits
a completely different behavior of the conductivity at
Tao, where the increase in p(T) can be described by
Eq. @) The enhancement of the gap is not abrupt, but
stronger than expected for a second-order transition.
In the low-temperature limit the extra contribution
to the activation energy in the anion-ordered state is
very similar for all three directions. One reason of the
particular behavior of (TMTTF);ReO4 — and similar
(TMTTF)oFSO3 — is the large size of the anions which
modifies the array of the TMTTF molecules.2?

In Table [Tl we list the activation energies A obtained
from our analysis of p(T) for all the compounds inves-
tigated; in addition we give the individual contributions
of the charge localization Ag, the charge order Aco and
the anion order Axp. Only (TMTTF),AsFg has pre-
viously been analyzed along all three directions:? the
published activation energies agree very well with the
present findings. Nad and Monceau!® measured the di-
electric response in stacking direction and were able to
extract activation energies for several of TMTTF com-
pounds; except for the AsFg and PFg salts, their values
are good accord with our results.

C. Anisotropic transport

If the temperature is low enough, no coherent trans-
port exists in (TMTTF)2X compounds along any of the
three axes; instead hopping transport is observed in the
a, V' and ¢* directions.22 At high temperatures, the sit-
uation is not that clear and well resolved. Along the
b’ axis, a more or less temperature independent energy

gap is found in all compounds but (TMTTF),SbFg and

TABLE III: Summary of the activation energies obtained from
Fig.[Bin the three directions of the various (TMTTF), X salts.
In the localization regime T, > T > Tco an energy gap Ao
is dominant. The charge-ordered regime Tco > T > Tao is
governed by Aco; below the anion-ordering-transition tem-
perature Tao > T the energy gap Aao gives an additional
contribution in the case of (TMTTF)2ReO4s. A is the total
energy gap in the limit 7" — 0 K. ¥(7) considers some addi-
tional temperature dependence; uncertain cases are indicated
by parentheses; sometimes only very rough estimates are pos-
sible.

(TMTTF), X
direction| Ao (K) Aco (K) Asxo (K) A (K)
| X = PFq
a | 40+9(T)  small - 440 + 20
b 590 £ 30 small - 590 + 30
c* 590 + 10 small - 590 £ 10
| X = ASFS
a | 420£9(T) 310 - 520
b 460 + 20 370 - 590
c 540 £ 20 410 - 680
| X = SbFs
a | 130+£9(T) T45+20 - 760 + 30
Y| 130£9(T) T45+£20 - 760 + 30
c* 340 £20 880 £ 20 - 940 £ 30
| X = BF,
a 390 £ 9(T) (medium) small (610)
b (400 £ 9(T)) medium  small (600)
c* 500 £ 9(T) 310 small 590
| X = ClO4
a | 430 £9(T) - 0 430+50
% (440 = 60) - 0 (440 = 60)
c* 560 £ 50 - 0 560 + 50
| X = ReO4
a 245 £50 1010 £50 530 £20 1560 %+ 60
b 440 £70  910+50 590 £20 1560 £ 80
c* 440 £ 50 910 £50 590 £20 1560 £ 60

(TMTTF)2ReO4. The values are in the same range or
up to 100 K smaller than in ¢* direction.

(i) a-azis The a-axis resistivity goes through a min-
imum in most compounds which corresponds to a zero
energy gap, as seen in Fig. Then with decreasing T
the gap increases up to 400 K. There are some abrupt
changes in the temperature dependent gap due to the
ordering transitions.

(i1) c*-azis For T > 100 K and above any ordering
temperature, the charge transport along the ¢* direction
is thermally activated with a corresponding energy of ap-
proximately 540 4 40 K. Following Georges et al2! we



conclude that the c*-axis dc data evidence thermally ac-
tivated behavior with an activation energy equal to the
charge gap Ay that is very similar for all TMTTF salts.
Somewhat smaller values are observed in the compounds
with higher ordering temperatures, like (TMTTF)2ReOy4
(Ag = 440 K) and (TMTTF)2SbFs (Ag = 340 K). In
these compounds the results might be influenced by the
high transition temperatures and fluctuations.

At low temperatures (T" < 70 K and not to close to
the CO transition) the resistivity exhibits the Mott 7/4
law for hopping transport [Eq. (B)]. As demonstrated
in Fig. [1l the low-T conductivity can be described very
well by the sum of an Arrhenius and a T"/* behavior.
These are two completely separate concepts of electronic
transport which seem to exclude each other. On the one
hand our experimental findings of an Arrhenius law sug-
gest band transport above 100 K while hopping transport
is dominant well below that temperature. On the other
hand, it is known that in the TMTTF salts the molec-
ular chains are well separated along the ¢ axis and that
the hopping integral t. is rather small (less than 1 meV)
which does not allow for any considerable overlap of the
molecular orbitals.

(i11) b’ -axis  Along the b’ axis the same arguments ap-
ply as along the c¢* direction, however, the hopping in-
tegrals (orbital overlap) and thus the absolute values of
conductivity are considerably larger. We expect the en-
ergy gaps derived from the Arrhenius law being temper-
ature independent and isotropic for the origin is always
the effective Coulomb repulsion on the chains. Hence,
the resulting resistivity exhibits the same temperature
dependence in all directions, assuming that the hopping
integrals are temperature independent and no other con-
tributions to the charge transport are present. Our re-
sults suggest that this condition is fulfilled best along the
c* axis.

V. DISCUSSION

According to band-structure calculations, the
(TMTTF)2X compounds develop bands along the
a direction which are 1/4 filled by chemistry. Due to a
slight dimerization of the chains, the conduction band is
split and effectively half filled. Thus one would expect
coherent metallic transport along the chains, and this
agrees with p,(T") we observe at elevated temperatures.
On-site Coulomb repulsion U splits the conduction
band in upper and lower Hubbard bands by a Mott gap
Ay. Correspondingly, below T}, ~ 250 K the transport
becomes thermally activated according to Eq. (@). As
charge order develops for T' < Tgo the gap enlarges
upon cooling. In the case of anion ordering, its size
increases even more in most compounds.

The small transfer integrals (¢, ~ 10 meV and ¢, =
1 meV) prevent coherent charge transport in the perpen-
dicular directions, and one would expect diffusive mo-
tion only. In fact, insulating behavior is observed in the

perpendicular directions at all temperatures. However,
variable range hopping causes a very distinct tempera-
ture dependence, given in Eq. (@), for instance, which
could be identified only at very low temperatures (right
panels of Fig. [Bl). The intriguing question is why most of
the time the perpendicular transport basically follows the
behavior parallel to the chains at reduced temperatures,
except for some factor. This immediately implies that
diffusive transport does not influence the temperature de-
pendence of py and pc+, and that £, mainly contributes
to the prefactor. Thermally activated-transport is the
dominant mechanism also perpendicular to the stacks.
Even when tunneling between the chains, the charge car-
riers have to overcome the energy gaps that open in the
conduction band due to Coulomb repulsion, charge or-
der and anion order. The behavior of py (T) and p.+ (T)
reflects the changes of the one dimensional band.

Within the group of symmetric and non-symmetric
anions there are trivial relations of the absolute values
p(300 K) in the three directions to the corresponding lat-
tice parameter,summarized in footnote 136 and Fig. [l
The absolute value of p(300 K) depends on the orbital
overlap defined by distance and position of the organic
molecules with respect to each other. Along the a-axis
the transfer integrals determine the bandwidth, along the
two other crystal directions they affect the tunnelling
probability. This description does not include any corre-
lation effects that might have impact even on the room
temperature resistivity, e.g. fluctuations founded by
Coulomb repulsion or rotating anions causing localiza-
tion effects. Transfer integrals and correlation effects can
be changed by chemical or physical pressure. A detailed
investigation of the pressure dependence of these charge
localization and ordering effects will be given elsewhere
(Ref. [17).

A. Anisotropic transport mechanism

There have been multiple attempts to describe the
transport in anisotropic conductors theoretically. Ishig-
uro et al2? considered one-dimensional metallic chains
connected by diffusive conduction and suggested that the
ratio of the conductivity parallel and perpendicular to the
stacks is

o _ I
g - 2b2ti ’

(7)

where vp is the Fermi velocity along the stacks and
b and t, are the distance and transfer integral of ad-
jacent stacks. This approach is applicable only when
transport is coherent along the chains (o)) and inco-
herent in the perpendicular direction (o, ). Using tight
binding approximation for a quarter-filled band, result-
ing in hvp = \/itnas, with as equal to the distance of
the molecules (unit-cell length a = 2as), one ends up
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FIG. 8: (Color online) The phase diagram of (TMTTF);X
shows the different phases (antiferromagnetic AFM, spin-
Peierls, charge ordered, charge localization, one-dimensional
metal) as a function of pressure. While some of the bound-
aries 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 chemical pressure or exter-
nal pressure which the approximate scale given. For the dif-
ferent compounds with octahedral and spherical anions, the
ambient-pressure position in the phase diagram is indicated
by the arrows on the top axis.

with:%31

o 2/ t\ 2

L

ol tr
In regard to (TMTTF);X, this relation is only valid
within the temperature range 7' > T}, and calculations
for (TMTTF)2PFg yield 1 : 16 : 860 for the anisotropy,
reproducing our experimental data (cf. Tab. [[l) within a

factor of 3.
Eq. [@) can be extended to gapped system when re-

placing vr by the thermal velocity vy = \/kgT/m*:3°

0'” - h2]€BT 9
oL 2mrbt )
This equation is only valid for very low carrier concen-
tration, when phase space restrictions are not important
any more and the Fermi distribution can be replaced
by the Boltzmann distribution. For (TMTTF);X and
T < T, the overall temperature dependence of the mea-
sured anisotropy is in agreement with the Eq. (@) for the
gapped system.

These predictions assume perfect crystals and do not
take defects and imperfections of real samples into ac-
count. Under extreme conditions, e.g. when the gap in
the conduction band is very large, contributions from
variable-range hopping between localized states may ex-
ceed band transport. This is reflected in our measure-
ments, when for very low temperatures p(T) deviates
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FIG. 9: (Color online) In the left panel the dependence be-
tween the resistivity p, and the structural dimerization along
a-axis, both at room temperature is plotted. The structural
data are taken from Refs.[23-27/29. The right panels show the
room temperature resistivities pq, ppr and p.+ for all investi-
gates compounds (TMTTF)2 X; from left to right the volume
of the unit cell increases, i.e. X = BF4, ClO4, ReO4, PFg,
AsFg, and SbFg.

from Arrhenius law, changing to the temperature depen-
dance of hopping transport.

B. Luttinger liquid

All investigated (TMTTF),X salts are one-dimen-
sional conductors and located in the Luttinger-liquid re-
gime for high temperatures. When T is lowered, elec-
tronic correlations become relevant and open up a gap Ag
in the electronic density of states, i.e. drive the system
into a Mott insulating state (cf. phase diagram Fig. [§]).
Due to the high localization temperature 7, of about
250 K, it difficult to extract Luttinger exponents from
our measurements. Transport studies at elevated tem-
peratures are highly desirable, however, the crystals de-
compose at approximately 400 K.

In the Bechgaard salts (TMTSF)2X a dimensional
crossover is reported upon cooling or application of
pressure,32 32 for example seen in the development of a
Drude-type conductivity and plasma edge in the opti-
cal properties of the b-direction. In the case of the sul-
fur analogues, such as (TMTTF),PFg, pressure has to
well exceed 20 kbar.3® This is in full agreement with the
(about a factor of 4) different values for the transfer inte-
grals tp, of the selenium and sulfur analogues, for instance
(TMTSF)2PFg: t, = 56 meV and (TMTTF)yPFg: ¢ &
13 meV.37:38



C. Charge localization

The metal-like conduction at elevated temperatures
vanishes around 250 K basically for all (TMTTF)2X
compounds, and charge localization sets in due to the
opening of a Mott gap. In the range above the ordering
temperature, transport is characterized by an average ac-
tivation energy Ag in the order of 500 + 100 K for most
compounds. With increasing anion size, the energy Ag
decreases; however, there seems to be no simple relation
to the dimerization observed in these compounds (Ta-
bles [ and [[V]). Williams et al.32 pointed out a relation
to the unit-cell volume and the S-S contacts which both
increase when going from X = BF, to ReO4 and further
to SbFg (Fig.[d). Regarding the theoretical description
of Ay, different factors have to be taken into account.
The nominal band filling of the (TMTTF)2 X compounds
is 1/4, but due to the structural dimerization of period-
icity 4kr a band gap opens up, moving the system to-
wards half filling.4% Due to umklapp scattering, the sys-
tem develops the Mott gap Ag. Following Giamarchit!
the strength of the umklapp scattering is described for
half and quarter filled systems by g1 U(D/EF) and
g1 xUU/ Er)? respectively, where U stands for on-side
Coulomb repulsion, Ef is the Fermi energy and D de-
notes the dimerization gap. The strength of the dimeriza-
tion D is difficult to estimate, since it is caused by bond
or on-site dimerization or by the anion potential. Consid-
ering only bond dimerization along the a-direction, the
data for p,(T") show a linear relation within symmetric
or non-symmetric anions, plotted in Fig. [ as a function
of to the relative dimerization 2(dy — dy)/(d2 + dy).

It is interesting to note, that for the perpendicular
transport p.«, the ambient-temperature values increase
monotonously when going from X = BF,4 to SbFg de-
spite the different symmetry (Fig. [@).

D. Charge order

Except (TMTTF),ClOy4, all Fabre salts develop a
charge-ordered phase below T' < T, as first observed
in thermopower and resistivity measurements. Interest-
ingly, there is no decrease or distinct anomaly in the
magnetic susceptibility:#2 unlike common semiconduc-
tors, the spin is not affected by charge activation. The
charge-ordered phase was finally proven by NMR,44:43
dielectrict®4647  and optical measurements*®4? and
amounts to a few percent as listed in the right columns
of Tab. [Vl

The charge disproportionation results from an inter-
play of on-side and next-neighbor repulsion U and V,
respectively. While this phenomena is clear for quarter-
filled compounds, it is still under discussion for sys-
tems close to half filling, which might be the case in
(TMTTF)2X due to the structural dimerization of pe-
riodicity 4kr. It has been argued?® that there is a strong
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FIG. 10: (Color online) The charge order transition temper-
ature Tco as a function of the shortest distance between the
ligands of the anions (F or O) and sulfur atoms in TMTTEF.
For (TMTTF),ClO4 the distance is much larger compared
to the other compounds: it develops no charge order. The
structural data are taken from Refs. [23-27,29.

competition between the dimeric Mott state and the
charge-ordered state. According to Nogami et al.22 the
relative dimerization At,/(ts) = 2(ts1 — ts2)/(ts1 + ts2)
decreases strongly from its room-temperature value of
0.4 — 0.45 when the temperature is reduced and reaches
approximately 0.25 at Tco. Values of At,/(ts) larger
than 0.25 prevents 4k site charge order in (TMTTF ). X .
This can be interpreted, that compared to half-filled
properties quarter-filling has to dominate in these system
in order to exhibit charge order. In Tab.[[Vlthe available
values for dimerization and charge disproportionation are
listed.

For a along time, the charge-order transition in
(TMTTF)2X was considered of purely electronic origin
and called structureless transition.’* Since no additional
spots could be found in x-ray scattering,2}22 the possible

TABLE IV: The relative dimerization Ats/(ts) is determined
by structural studies of different Fabre salts. The room tem-
perature values are taken from Nogami et al.,>2 those in brack-
ets are from Refs. [1)20J53. The charge order 2 characterizes
the charge disproportionation between charge rich site pg + ¢
and charge poor sites po — d as derived from optical and mag-
netic measurements (Refs. 120/44/45/48-51) conducted at dif-
ferent temperatures as indicated in brackets.

(TMTTF), X

X At/ (ts) 5

T~300K lowT NMR IR
PFg | 0.41(0.38) 0.20 (30K) | 0.12(30K) 0.06(30K)
AsFg | 0.46(0.34) 0.19 (40K) | 0.13(30K) 0.13(20K)
SbFe | 0.39(0.30) 0.17 (100K)|  0.25(low)
ClO4 | 0.34(0.33) - -
ReO4| 045  0.30 (150K)| 0.17(100K)




structural changes had to be very small. Only recently,
high resolution thermal expansion measurements® re-
vealed a pronounced anomaly in (TMTTF);PFg and
(TMTTF),AsFg at the charge-order transition, that is
much stronger pronounced along c¢* and b'-axes than
along the chains. These results support early sugges-
tions of Pouget et al.;>® and others® that charge order
is stabilized by structural modifications, in particular by
the anions.5”

The fact that charge order is linked to the anion ar-
rangement becomes obvious from Fig. a linear cor-
relation is discovered when the charge-order transition
temperature Tco is plotted versus the shortest distance
between the sulfur atoms in the TMTTF molecule and
the ligands of the anions, i.e. fluorine or oxygen. Note,
the only compound that does not develop charge dispro-
portionation by far holds the longest distance.?? The im-
portant interaction between the organic cations and the
counterions was recently detected by ESR spectroscopy
which revealed an anomalous temperature behavior of
the g-factor, indicating the deformation of the molecular
orbitals by the anion potential.28

By comparing the shape of the anions of the differ-
ent compounds, it is obvious, that especially the non-
symmetric anions are strongly distorted; this calls for a
closer inspection of the anions themselves. A short con-
tact between ligand and organic molecule is naturally
correlated with a long bond between the ligand and the
central atom of the anion. The bond length in the anions
increases from ClO4 over BF, to ReOy4. This is deter-
mined by the size of the central atom and the difference
in electronegativity of the atoms constituting the anion.

Despite of some ambiguity in extracting the slope in
the Arrhenius plot,%% the energy gaps deduce from our
transport measurements (Tab. [[I]) are in fair agreement
with literature data. In general the activation energy in-
creases upon lowering the temperature from one regime
to another. Below Tco the charge order gap Aco(T)
following a BCS-like behavior, indicating a second-order
phase transition. Since we start out from a charge-
localized state, it adds to the present gap Ag according
to Eq. (B). The total activation energy is a consequence
of bond and site contributions to the umklapp scatter-
ing, i.e. A = A(U) and U = /Uy* 4+ U,2.85! Our as-
sumption to add up bond gap and the side gap according
to Eq. () is not mandatory for pure electronic origin,
but the good fit to our data justifies this assumption. It
can be seen as an indication that the charge-order gap
does not only have electronic origin, but is stabilized by
structural properties. It should be noted that significant
differences exist for the various compounds, and also the
increase of the activation energy upon passing through
the CO transition varies significantly. Thus it is not pos-
sible to related Aco(T) to the value of the charge order
parameter ¢ used to characterize the charge dispropor-
tionation.

As depicted in Fig. [[Il there seem to be some cor-
relations between the various anions and structural pa-
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FIG. 11: (Color online) Unit cell and dimerization parameters
for the six investigated compounds (TMTTF)2X . The com-
pounds are ordered form left to right by increasing unit cell
volume (X = BFy4, ClO4, ReOy4, PFs, AsFg, and SbFs). The
structural data are taken from Refs. 23-27,29 and tabulated
in footnote 136.

rameters. However, due to the different symmetry and
distortion of the anions, a rigorous relation of unit-cell
parameters with physical properties seems difficult. Fur-
ther issues of relevance are the polarizibility and how
strong charge is located on the anion.

One important finding of our study is the surprising
similarity of the overall behavior in all three directions.
This implies that the charge ordering is coupled between
the chains and influences the transport in a similar way.
Brazovskii pointed out that in the present case of a fer-
roelectric Mott-Hubbard insulator ordered domains de-
velop, separated by ferroelectric domain walls.® Further
experimental and theoretical studies of the behavior in
the perpendicular directions are highly desirable.

E. Anion order

As demonstrated from Fig.[3] the anion-order anomaly
in (TMTTF)2ClOy4 is not associated with a noticeable
change of the slope in resistivity p(T), as already pointed
out by Coulon et al! Finding the identical activation
energy on both sides of the phase transition implies that



the dominant transport mechanism remains unchanged.
In the case of (TMTTF);BFy, a slight increase of the ac-
tivation energy can be identified when passing Tap. The
maximum anion order gap Apo is found for (TMTTF)o-
ReQy, following a BCS-like temperature dependence.

For X = BF4 and ClO4 a step-like reduction in re-
sistivity at Tao is observed. It can be interpreted as
a freezing out of scattering channels when anions order.
The fact that the overall slope p(T') does not change sig-
nificantly above and below Thp implies that the more
or less temperature independent scattering due to anion
disorder — which adds to temperature-dependent factors
according to Matthiessen’s rule — just freezes out.

Taking into account these different characteristics of
the anion order in the investigated (TMTTF)Xy com-
pounds, the conclusion is obvious, that Aao is not only
generated by backscattering on the anion potential but
also by changes which the anion order induces on the
TMTTF-molecules. The value of Ao depends, however,
on the coupling between anion and TMTTF-stack. The
fact that in (TMTTF)3SCN the metal-insulator transi-
tion occurs at Thp and the anion superstructure does not
lead to a doubling of the unit cell along the a-direction
[¢=(0,1/2,1/2), Ref. 43] supports this idea. Recent
ESR experiments corroborate this picture as well:42 The
anion ordering in (TMTTF);ReOy4 leads to a very large
singlet-triplet gap A, = 1100 K because a 0-O-0-o0-
charge pattern develops along the stacks below Tao.

Coupling strength between anions and TMTTF-stack
seems not only to depend on the size of the anion, in-
creases from BF,4,C104 to ReOy4, even more pronounced is
the difference in the shortest distance from anions-ligand
to sulfur (tabulated in the inset of Fig. [ITl) and the elec-
tronegativity of the atoms constituting the anions. Fol-
lowing this idea, coupling increases from ClO4, BF, to
ReQy4, whereas the transition temperature depends on
the anion size.

The step in p(T) is the same in all three directions, im-
plying that the ordering affects the transport in a similar
way. We conclude that a three-dimensional order of the
anions takes place at Tap; i.e. there is strong coupling
between the stacks and the periodicity changes in all di-
rections. These findings are in accord with previous and
recent ESR experiments.42:62
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VI. SUMMARY

The temperature dependent dc resistivity of the quasi-
one-dimensional organic salts (TMTTF),X (X = PFg,
AsFg, SbFg; BF4, ClO4, ReO4) was measured and ana-
lyzed in all three directions. Most of the compounds ex-
hibit a weak metallic behavior at elevated temperatures.
Increasing charge localization leads to a resistivity min-
imum around 7, = 250 K and the opening of an energy
gap which upon cooling increases up to Ag = 400 K be-
fore charge order sets in. Below Tco we can derive a gap
Aco(T) in the density of states that opens in a mean-
field-like behavior. The effect is seen in all three crystal
directions, but best resolved along c¢* axis. The resistiv-
ity increases in all compounds, but to a different extend:
in (TMTTF)3PFg it is barely visible, the effect of charge
order is moderate in (TMTTF)2BF, and AsFg, and very
strong in (TMTTF)2SbFg and (TMTTF)3ReO4. From
our comparison of structural and transport data, we find
relations of resistivity values to the anion size and amount
of dimerization; also we can clearly identify the influence
of the anions on the charge-order transition. Anion or-
dering in (TMTTF);BF4 and (TMTTF)2ClO,4 causes a
step-like decrease of the resistivity below Txo since dis-
order scattering on reduced. Contrary, the energy gap of
(TMTTF)3ReOy increases strongly because of the much
stronger influence of the anion on the organic stacks,
leading to a variation of the charge pattern. The shape
of the anion-order anomaly seems to be related to the
difference in the coupling between anions and TMTTF-
stacks.
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