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Abstract. Conductivity and permittivity e of the organic transfer salt (TMTTF),;Br have been measured
at low frequencies (102—107 Hz) between room temperature down to 4 K. The real part of the permittivity,
€', is shown to grow below the temperature T, at which the conductivity is maximum due to charge
localization of Mott-Hubbard type. € reaches a maximum of 10°-10° at 35 K-50 K depending on the
samples. Decreasing temperature below T}, ¢’ sharply decreases down to helium temperature through the
antiferromagnetic phase transition at Ty = 15 K. We explain the magnitude, the temperature and frequency
dependence of €' as resulting from short range charge density wave states in the temperature range where
charge localization occurs. This interpretation is supported by recent X-ray scattering measurements.

PACS. 75.30.Fv Spin-density waves — 77.22.Gm Dielectric loss and relaxation — 71.30.++h Metal-insulator

transitions and other electronic transitions

1 Introduction

Quasi-one-dimensional conducting cation-radical salts
(TMTTF)2X [TMTTF = tetramethyl-tetrathiafulvalene]
and (TMTSF);X [TMTSF = tetramethyl-tetraselena-
fulvalene|, where X = PFg, Br, ClOy4 ..., show a large
variety of electronic condensed states, including supercon-
ductivity, Spin Density Wave (SDW), antiferromagnetic,
spin Peierls state, magnetic field induced SDW, etc. [1-
3]. The possibility of realization of these states is essen-
tially determined by electron-electron interactions, includ-
ing correlated spin interaction. For this reason, probably,
the majority of studies in this field have been dedicated to
measurements of NMR,, spin echo, magnetic susceptibility
and so on.

However the question about the correlation between
magnetic and charge properties of these quasi-one-
dimensional conductors is very important. In many cases
the synchronous variation of magnetic and electrical prop-
erties during the transition to above mentioned con-
densed states has been demonstrated. For example, when
the selenides salts or Bechgaard salts as (TMTSF),PFg,
(TMTSF)2NOs, etc. undergo a transition into an incom-
mensurate spin modulation state such as a Spin Density
Wave (SDW), one can observe the change of magnetic
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properties as well as the change of electrical characteristics
with properties which are similar to those for systems with
charge modulation-Charge Density Wave (CDW)-ground
state. Thus, it was found a non-linear conductivity above
a threshold field [4,5], narrow-band noise [6-8], memory
effects, high dielectric susceptibility [9,10] and also the
existence of frozen metastable states at low temperatures,
which are characterized by the divergence of relaxation
time and which are very similar to glassy state [11,12].

However, as it was shown by measurements in the sul-
fur salts, mainly in the case of formation of commensu-
rate superstructures, magnetic and charge properties can
be decoupled [2]. Charge localizations of Mott-Hubbard
type occur in the (TMTTEF)2X salts in the range of 100-
200 K, leaving unaffected the spin degrees of freedom [13].
Interchain exchange interaction between one-dimensional
2kpr spin fluctuations stabilizes a three-dimensional or-
dering antiferromagnetic state at low temperature. In
(TMTTF),Br, this ordered state occurs at Ty = 14 K

[2].

However, as far as we know, a detailed study of the
appropriate variation of electrical properties of such ma-
terials in an extended temperature range has not been
carried out up to now. Hereafter we present the results of
detailed measurements of the complex conductivity and
permittivity of (TMTTF);Br samples between room tem-
perature down to helium temperature in the frequency
range between 5 x 102 and 107 Hz.
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2 Experimental

Crystals of (TMTTF);Br were prepared using standard
electrochemical procedures [14]. Measurements were per-
formed on samples with cross-section area ~107° +
10~* cm? and length 3-6 mm. The samples were attached
to gold wires (with diameter 17 pm) by silver or gold paste
which covered the whole area of sample ends, providing
the homogeneous current distribution near contacts. It is
known that craks appear in the chains if the sample is
cooled too fast [4]. However we did not observe any size-
able jumps of the sample resistance at the cooling rate
~ 0.5 K per minute. The measurements of real (o) and
imaginary (So) parts of conductivity have been carried
out by an impedance analyzer (HP 4192A) in the fre-
quency range 5 x 10%-107 Hz with the use of an additional
preamplifier when at low temperatures the sample resis-
tance became larger than 1 MQ [15]. The amplitude of
the ac electric field was chosen in such a range where the
values of Ro and So were independent of the ac voltage
amplitude.

3 Results

We have measured four samples of (TMTTF);Br. Below
we show the data for two samples with a conductivity at
room temperature ~ 100 (2cm)~!, which is close to the
value reported in [16]. By lowering temperature from room
temperature, the conductivity first increases and reaches
a maximum at T, = 225 K for sample 1 and at 185 K for
sample 2, then decreases down to the lowest temperature.

In Figure la we have drawn the temperature depen-
dences of the real part of the conductance, G, measured
at 10* Hz, as a function of the inverse temperature for
samples 1 and 2, normalized to their maximum magnitude
G- The steepest variation of G occurs near T' ~ 100 K as
it can be seen by the first minimum of the temperature de-
pendence of the logarithmic derivative shown in Figure 1b.
The position of the minimum in dlog(G)/d(1/T) varia-
tion is practically the same for both samples and is inde-
pendent on frequency. In the temperature range between
100 K and 20 K, the decrease of G follows a thermally
activated variation with an activation energy of ~ 75 K.
In the temperature range between 300 K and 20 K, the
conductivity is actually independent on frequency in our
frequency domain up to 107 Hz. However, below T' ~ 20 K,
we have observed the beginning of a frequency dependence
of G(T') which becomes more pronounced at lower temper-
atures.

As can be seen from Figure la a sizeable peculiarity
exists below 20 K on G(1/T") dependences for both sam-
ples. The second minimum in the logarithmic derivative in
Figure 1b at T' ~ 15 K corresponds to this peculiarity, at
the same temperature for both samples and independent
on frequency up to 107 Hz. This minimum in the logarith-
mic derivative is the signature of a temperature transition
into the ordered antiferromagnetic state Ty = 15 K, de-
termined by measurements of spin susceptibility and spin
relaxation [13]. In the temperature range 15 K-8 K G(1/T)
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Fig. 1. (a) Variation of the real part of the conductance of
(TMTTF)2Br normalized to the maximum value measured at
10* Hz as a function of inverse temperature. Sample 1: o;
Sample 2: . (b) Temperature dependence of the logarithmic
derivative of the conductance shown in Figure la for samples 1
and 2.

dependences are close to a thermally activated behaviour
with an activation energy A, ~ 50 K for both samples.
This value is in good agreement with the gap value of the
antiferromagnetic phase defined by 2A = 3.5 kT . Below
~ 8 K the log G(1/T') dependence deviates from linear to
a sublinear variation.

The real ¢ and imaginary ¢’ parts of the dielectric
permittivity have been calculated by standard equations:
€ (w) = So(w)/w and €' (w) = R[o(w) — ggc]/w [15]. Fig-
ure 2 shows the temperature depencence of €'(T") of sample
2 at 1 MHz along with the temperature dependence of the
conductivity at the same frequency.

Above T, the dielectric permittivity is rather small.
The scattering of the data above 200 K represents the res-
olution limit of our measurements of So(w) with respect
to the relatively large value of the Ro(w) (~ 1073 S).

Below 190 K which practically corresponds to the tem-
perature of the conductivity maximum at T, = 185 K, the
magnitude of ¢ begins to grow reaching the maximum
value of ¢ = 1.7 x 10° at T = 35 K for sample 2. The
temperature dependence of ¢ for sample 1 is similar with
a maximum value of 7 x 10° near 50 K.
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Fig. 2. Temperature dependence of the real part of the di-
electric permittivity ¢ (o) and of the conductivity (H) of
(TMTTF)2Br (sample 2) measured at 1 MHz.
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Fig. 3. Temperature dependence of the real part, €', of the
dielectric permittivity of (TMTTF)Br (sample 1) in the low
temperature range at frequencies (in kHz): x - 1,0 - 2, e - 5.

Below this maximum €’ decreases sharply down to the
value of 10* at liquid helium temperature. However a small
peculiarity is observed in the €¢(7") dependence near Tn
more pronounced as frequency is decreased as shown in
Figure 3. The position of this peculiarity on the tempera-
ture scale does not depend on frequency.

Figure 4 shows the frequency dependences of real part
of conductivity Ro(w) at different temperatures for sam-
ple 1. In the temperature range 20-8 K Ro(w) is practi-
cally independent on frequency at low frequencies and its
value corresponds to g, value. The growth of Ro(w) be-
gins above some frequency, the value of which decreases
with decreasing temperature. Below 8 K, Ro(w) does not
approach a constant value down to the lowest frequency of
our measurements (5 x 102 Hz). Such a type of behaviour
is typical for some disordered materials for which hopping
conductivity dominates [15,18]. At enough low tempera-
tures the frequency dependent conductance for these ma-
terials exhibits a power-law dependence as: RG(w) ~ w®.
As can be seen in Figure 4, the real part of the conduc-
tance, G, at T' = 4.4 K do not completely follow this law,
which would be probably the case at lower temperatures.
However, using the high frequency part (f > 10° Hz)
of G(w) at T = 4.4 K, one can evaluate the exponant
s =0.38+0.02.
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Fig. 4. Frequency dependence of the real part of the conduc-
tance of (TMTTF)2Br (sample 1) at temperatures (K): @ -
44;0-6; Xx -8 O -10; A -12; b - 14; x - 16; 7 - 18; e - 20.
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Fig. 5. Frequency dependence of the real part, €', of the dielec-
tric permittivity of (TMTTF)2Br (sample 1) at temperatures
(K):®-4.4;©-6; x -8 A-10; B-12; - 14; o - 16; ¥ - 18;
e - 20.

Figure 5 shows the frequency dependences of €'(w) at
various temperatures in the range 4.4-20 K. At 44 K
the €'(w) dependence is close to a power-law dependence
€ ~ w™™. However, the scattering of data because the
€' values are not far from the resolution limit of our ex-
perimental set up cannot allow a precise determination of
the exponant n. It is more appropriate to use the high
frequency data at a slightly higher temperature where
the scattering of data is smaller. Thus at T = 6 K for
f > 10* Hz one obtains: n = 0.58 4 0.02.

At higher temperatures € (w) consists of two approxi-
mately linear sections in the logarithmic scale: at low fre-
quencies € depends very weakly on frequency, at high fre-
quencies € ~ w™™ with approximately the same value of n
as at low temperatures. The crossover between these two
sections shifts to higher frequency with increasing temper-
ature and the € (w) dispersion decreases. With increasing
temperature from 4.4 K up to 30 K the ¢’ magnitude grows
monotonously at all frequencies under investigation.

The frequency dependences of €’(w) shown in Fig-
ure 6 in a double logarithmic scale present a qualitative
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Fig. 6. Frequency dependence of the imaginary part, €’, of
the dielectric permittivity of (TMTTF);Br (sample 1) at tem-
peratures (K): ® - 4.4, ©-6; x - 8; A -10; W-12; % - 14; o -
16; v - 18; e - 20.
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Fig. 7. Temperature dependence of the relaxation time of di-
electric relaxation of (TMTTF),Br (sample 1). The dashed line
corresponds to the thermally activated behaviour with activa-
tion energy of ~ 50 K. The arrow indicates the antiferromag-
netic transition at T ~ 15 K.

similarity at different temperatures. The €’(w) curves at
different T" can be brought into coincidence by a shift along
the two coordinate axis. With increasing temperature the
€’ (w) maxima shift to high-frequency range. In the fre-
quency range above the frequency f,, of the €’(w) max-
imum, the variation of €’ wersus frequency has the form
€' ~ w™™, where m ~ 0.58. In accordance with well-
known equations [18] for Debye-type relaxation the recip-
rocal frequency, f,,, corresponds to some average relax-
ation time 7 = 1/27 f,,,. At each temperature f,, has been
determined by differentiation of the €’ (w) curves. Figure 7
shows the temperature dependence of 7(1/7") obtained on
the basis of this equation. As can be seen from Figure 7 in
the temperature range 4.4-15 K this dependence is close
to an activated form 7 ~ 79 exp(E/T) with 7o ~ 5x 107 s
and E ~ 50 K. Near 15 K we can see a bend on the 7(1/T)
dependence with a reduced slope at higher temperatures.
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4 Discussion

The different temperature intervals for (TMTTF),Br
ground states with decreasing temperature have been con-
sidered in a number of publications [2,3,13,16].

Two main regions can be distinguished according to
the temperature dependences of conductivity and dielec-
tric response: Ty <T < T, and T' < Ty. In the tempera-
ture region above Ty the temperature dependence of con-
ductivity is characterized by the existence of a maximum
with a thermally activated behaviour which can be con-
sidered as an evidence for a transition into some ground
state at T' < T); so the temperature T ~ 100 K of the
first minimum in the logarithmic derivative of conductiv-
ity (Fig. 1b) can be considered as the “critical” temper-
ature of such a transition. The electrical conductivity of
the ground state is determined by the existence of some
degree of dimerization in chains of (TMTTF)2Br [19,20],
which is especially important in the case of predominance
of one-dimensional intrachain interaction. As a result, the
so-called dimerized gap can be opened in the spectrum of
electron excitations [19,20]. Simultaneously with decreas-
ing conductivity the another fundamental physical param-
eter of the material — the dielectric permittivity ¢ —
shows a monotonous growth beginning at a temperature
close to T, (Fig. 2). The €/(T) magnitude approaches a
high value in the order of 10°-10° at a maximum near 35 K
followed by an abrupt decrease. It should be noted that
half of this ¢’ decrease occurs at the critical temperature
Tn ~ 15 K. At the same temperature the d(log o)/d(1/T)
dependence shows the second minimum (Fig. 1b) which
identifies Ty as a transition into a new ground state.

The €'(T) dependence (Fig. 2) is qualitatively simi-
lar to the temperature dependence of the 2kp peak in-
tensity of X-ray diffuse scattering recently reported [20]
in (TMTTF);Br. The difference in temperatures for the
beginning of growth of the structural peak intensity and
growth of €/, as well as the appropriate difference in tem-
peratures of their maxima, can be probably ascribed to
difference in sample quality (for example defect concen-
tration), as well as the absence of direct proportionality
between the X-ray peak intensity and magnitude of ¢’
However it is more important to underline the main qual-
itative similarity between these dependences. Taking into
account the results of X-ray diffuse scattering [20] with
respect to our permittivity measurements, we believe that
the growth of ¢ is due to fluctuations of a 2k displacive
lattice instability of spin-Peierls type which develops at
T < T,. But a real 2kp superstructure with a finite gap
does not condense because it is hindered by thermal fluc-
tuations. Then, the large ¢ magnitude in response to an
ac field corresponds probably to some fluctuating charge
density wave. The simultaneous growth of ¢ and of X-
ray diffuse scattering with decreasing temperature are due
to the relative weakening of thermal fluctuations and im-
provement of the 2kr ordering.

With a subsequent decrease of temperature, the inter-
chain interaction and three dimensional effects begin to
play an important role [2,3]. At Ty = 15 K, (TMTTF),Br
undergoes gradually a transition into an antiferromagnetic
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spin ordering as revealed by many experiments as spin
susceptibility [13]. The suppression of the 2kr fluctuations
and the decrease of € begin in the same temperature range
above T. Near and below Ty these fluctuations decrease
but remain observable down to = 10 K [20]. As can be seen
in Figures 2 and 5, the magnitude of ¢ in the same tem-
perature range becomes also smaller but still with a finite
measurable magnitude. It seems that in this temperature
range a finite charge modulation still exists or that the ap-
plication of an electric field may induce a finite polariza-
tion. A similar situation is probably realized in the Bech-
gaard salt (TMTSF);PFg where, in accordance to recent
results [19,20], the ground state in the spin ordered phase
is characterized by the existence of a mixture of SDW and
CDW. More precisely it consists of two CDW'’s of oppo-
site spin with an arbitrary phase [21]. In (TMTTF),Br,
in spite that the antiferromagnetic ground state becomes
commensurate with the pristine lattice at T = Ty, small
2kr CDW fluctuations remain below T [20]. The dielec-
tric response we have measured in this temperature range
with a finite value of ¢’ can be associated with the grad-
ually reduced contribution of these 2kp fluctuations. Si-
multaneously 4k satellites have been observed at T' < Ty
[20], which are due to the magnetoelastic coupling of the
lattice with the antiferromagnetic modulation, as typical
for many antiferromagnets. Such 4k lattice displacement
wave can lead to the appropriate charge modulation i.e.
to 4k CDW which can also give some contribution to the
dielectric response of (TMTTF)3Br at T' < Ty.

Our results for o(w,T), €(w,T), €' (w,T) and (T
(Figs. 4-7) in the temperature range T' < T show a be-
havior similar to that measured in other CDW systems
at low temperature [15]. Indeed, the temperature depen-
dences of RG(w) of (TMTTF).Br (Fig. 4) at T < Tn
have similar features with those measured in CDW one-
dimensional conductors such as TaSz at T' < Tp/2 [15]. At
low temperature, the G(w) dependences correspond to the
equation G(w) ~ w", which is characteristic for variable
range hopping mechanism of conductivity in disordered
systems [17,18]. The variation of € (w,T") and €’ (w,T)
with frequency and temperature and the possibility of
scaling between them in log w scale are also similar to ap-
propriate dependences observed in TaS; [15]. At very low
temperature (in our case for (TMTTF);Br, below 4.4 K)
when the variable range hopping mechanism for conduc-
tivity becomes dominant, hops of electrons as well as hops
of the collective CDW excitations (soliton type) between
metastable states have been shown to contribute to the
conductivity [22-24]. As described in [18], these processes
contribute not only in the real part of conductivity ¢.e. in
€, but also in the imaginary part i.e. in €.

Below Ty, the relaxation time of charge excitations
T grows exponentially with £ ~ 50 K, a value close to
the activation energy of the electrical conductivity in the
same temperature range (Fig. 1). Such a behavior is also
analogous to the appropriate 7(1/7T) variation measured
in quasi-one-dimensional CDW conductors in the inter-
mediate temperature range around T'p/2; it is associated
with the reduction of the number of free electrons which
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lead to the slowing down of the CDW excitations and con-
sequently to the growth of the relaxation time. However,
in (TMTTF)2Br the frequency dependent maxima in the
€'(T') curves and the divergent branch on 7(1/T") depen-
dence [11,12] measured in TaS; at very low temperature
(T' < 50 K) are absent. This is probably due to the smaller
degree of charge modulation in (TMTTF);Br samples in
comparison with pure CDW quasi-one-dimensional con-
ductors of TaSs type. In such a structure close to commen-
surability with a weak charge modulation, the formation
of collective CDW excitations, such as solitons, disloca-
tions, discommensurations, needs an energy of the order
of the lattice distortion gap which is not favorable. In this
case the absence of the above mentioned € (T) maxima
and 7(%) divergence is consistent with our model for den-
sity wave conductors [11,12,15], in which these collective
CDW excitations and the interaction between them de-
termine the tendency towards a glass transition with a
diverging 7 at a finite temperature.

5 Conclusions

The behaviour of the quasi-one-dimensional organic con-
ductor (TMTTF),Br with intermediate degree of stack
dimerization cannot be reduced to only two ground states:
charge localization at Ty < T' < T}, and antiferromagnetic
state at T' < T . According to the recent discovery of 2kp
X-ray diffuse scattering at 7' < Ty and T near Tx and
in addition of 4kp satellite reflections at T < T [20], a
charge modulation exists in (TMTTF);Br, which corre-
sponds as a matter of fact to the formation of appropriate
CDW states. The large magnitude of € (up to 10°), its
dependence on temperature and frequency manifest the
existence of such CDW states in (TMTTF),Br.

However at low temperatures below T the degree of
charge modulation seems to be not very large (in this tem-
perature range € ~ 10* — 10°), probably due to the close-
ness of the two-fold commensurability. In such a case the
number of CDW collective excitations is small and the
interaction between them weak (the CDW phase mode
becomes weaker). As a result the tendency of growth of
coherence length and dielectric permittivity at low tem-
peratures observed in incommensurate density wave con-
ductors [11,12,15] turns out to be blocked.
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