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Conductivity and permittivity of the quasi-one-dimensionsional organic transfer salt (TMPH - have
been measured at low frequencies{400 Hz) between room temperature down to below the temperature of
transition into the spin-Peierls state. We interpret the huge real part of the dielectric permitipvity 16) in
the localized state as the realization in this compound of a charge ordered state of Wigner crystal type due to
long-range Coulomb interaction.

I. INTRODUCTION The second group of models includes the various versions
of the Hubbard model-***°The extended Hubbard model
Conductors formed of linear chains of organic moleculegakes into account the interaction between charge carriers on
tetramethyltetrathiafulvalen@MTTF) or tetramethyltetrase- the site of host latticeon-site interactiopwith characteristic

lenafulvaleng TMTSF) with a general formula (TMTCEX energyU as well as the interaction between charge carriers
with C= Se. S. and X and the interchain counterion©" the neighboring sitegnear-neighbor interactionwith

=ClO,, PR, Br, ... have been intensively studied theseCh""r"JICteriStiC energy. In the case of (TMTTRX com-

last years because they exhibit a rich variety of cooperativgounds’ at temperatures above the transition into spin or-
dered states, the electron-electron interaction is determined

phenomena including superconductivity, antiferromag-b | Coulomb int . dit is st th
netism, spin-density wavéSDW), spin-Peierls state, and y ‘ohg-range Louiomb Interaction and 1t 1S stronger than
o . spin interaction. This is one of the reasons spin-charge sepa-
charge Ioca||zat_|oﬁ.Wh|I_e the Bechgaard (TMTSEX salts  a4ion is one-dimensional observed in siitB) conductors:
display a metallic behavior down to low temperature where g, the frame of the extended Hubbard model it was shown
transition in a SDW state occurs below-12 K,  ihat the dimerized energy gap is strengthened taking into
(TMTTF),X salts exhibit a charge localization in the tem- account the on-site and near-neighbor interactfoAs.the
perature range of 100-200 K, with a maximum in conduc-same time the spectrum of spin excitations remains gapless,
tivity at T, and a thermally activated variation belm ,2‘3 which also corresponds to spin-charge separation.
revealing strong Coulomb interaction effects in these sulfur One important result of the extended Hubbard model ap-
salts. proach concerns the formation of &4(CDW) superlattice

Quasi-one-dimensional conductor (TMTTEKR) consists  of Wigner crystal type in such 1D compounds with decreas-
of molecular chaingalong the highest conductivity axis ing temperature. Using the Monte Carlo technique it was
with two electrons per four molecules, which corresponds tshown that, for large enougbl and V magnitudes, strictly
1/4-filling in terms of holes. These molecular chains areon-site interaction results only in a weakd CDW, while
slightly dimerized due to intermolecular interaction. As along-range Coulomb near-neighbor interaction can produce a
result, with decreasing temperature a dimerized dgp CDW singularity at &g .° Analogously, using mean-field
opens with effective 1/2-filling of the upper conduction band.approximation'® it was recently shown that for a one-
Two intermolecular transfer integrals along molecular stackglimensional molecular chain with and without dimerization
t, andt, have to be considerédQuantum chemistry calcu- the form of the developed superstructure depends consider-
lations show that in (TMTTR)PF; the dimerization de- ably on the magnitude of near-neighbor interactanat V
creases with decreasing temperature and at low temperaturasove some critical valué. a 4k CDW superstructure oc-
thet, /t, ratio is about 1.1-1.2. curs with charge disproportionation depending\orestima-

As was shown in several of theoretical and experimentations of V/U and V/t, magnitudes in (TMTTR)PF;, ob-
works, between many factors that determine the properties @géined from quantum chemistry calculations and from optical
(TMTTF),X-type salts, electron-electron correlation phe-conductivity*? yields values folV/U in the range 0.4—0.5
nomena play the leading part-23In this context two types and for V/t, in the range of 2—3 manifesting the essential
of theoretical models have been essentially developed. In thele played by the long-range Coulomb interaction in this
frame of the so-calledy-ology model$%*the electron- compound. Hereafter we present results of conductivity and
electron correlations are considered as a perturbation to ttdielectric permittivity measurements of (TMTT/HF;,
one-electron approach. These models have been used for dehich provide some evidence of a charge modulated state
scribing the low-energy properties of these salts that exhibitanalogous to a Wigner crysjatesulting from electron-
the features of a Luttinger liquid rather than a Fermi ligtfid. electron charge correlation beloty, .

0163-1829/2000/63)/17534)/$15.00 PRB 62 1753 ©2000 The American Physical Society



1754 F. NAD, P. MONCEAU, C. CARCEL, AND J. M. FABRE PRB 62

100 B 0.1 108
\ g 11 e 8x10°F e -

P go.c v . - -

107} %, 3 \ . 10 e
® 201 & Lot e'\‘-

» R | W= 0 6x10°F o s BT

10°F o ol . , it o —
10 20 30 40|
(DE ° 1000/T (K ) € a e
3 10°r 1. ¢ 4x10°F o am 10°
s,. a H 10 . 700
8 ® [ 7S
104} ¢ ° . e A
¢ o a . 2x10°} o L
10} o . ° .‘ A o
N 4 R - .l

5 10007 (K b . . . 0

1%, 10 20 30 40 50 0 50 100 150 200 250 300
1000/T (K ") Temperature (K)
FIG. 1. Variation of the real part of the conductar@dsample FIG. 2. Temperature dependence of the real part of the dielectric

1) normalized to its maximunG,, as a function of the inverse Permittivity e’ (sample 1 at frequencies(iin kHz): ©1, A10,
temperature at frequenciéa kHz): ¢ 10, @100, and® 1000. Inset ~ ®100, 1000, and 4 5000. Inset: temperature dependencee of
(a) details of the temperature dependencesé6, near the maxi- for sample 1 @) and sample 2 @) at 100 kHz in a double-
mum. Inset(b) temperature dependence of the logarithmic deriva-ogarithmic scale.

tive d log G/d(10001T).
96/ ) nitude of energy gap is two times smaller than the value

reported in a previous publicatidrThis difference can be a
result of the gap determination in Ref. 2 frd&{1/T) depen-

We have studied (TMTTRPF; samples originating from dence obtained by averaging Gf(1/T) dependencies from
two batches. The crystals have been prepared using standzgeveral different samples with jumps Gfdue to cracks. The
electrochemical proceduré$ Electrical contacts were pre- jumplike decrease of conduction at every crack results in
pared by first evaporating gold pads on nearly the wholanore steep averagdsl(1/T) dependence and accordingly in
surface of the sample’s ends on which thin gold wires wergmore higher gap magnitude. The small cooling rate enables
attached afterwards with silver paste. We have carried outs to avoid cracks and to determine more accurately the
the measurements of complex conductad,w), using energy-gap magnitude that agrees with theoretical
an impedance analyzer HP 4192A in the frequency rangevaluationl.l
10°-10' Hz and in the temperature range 4.2—-295 K. The At lower temperature we observed a bend on®&(@/T)
amplitude of the ac voltage applied to the sample was withirdependence nedi,=70 K, i.e.,G begins to decrease more
the linear response and typically 30 mV/cm. We have nofaster(activation energy=380 K) with a following gradual
ticed that the cooling rate had a significant effect on thetransition to a new activation regime at temperatures below
results of our measurements, much more important than i@5 K. Detailed measurements of sample 2 show that the de-
the case of (TMTTF)Br for instance!’ at a cooling rate crease of is thermally activated between 4.2 and 20 K with
above 0.5 K/mm, cracks appear as seen in jumps in the tenan activation energy=36 K. This energy gap satisfied the
perature variation of5. However with a slow cooling rate BCS-like relationA=1.7%Tgp with Tg=20 K as previ-
around 0.2 K/mm and along temperature stabilization befor@usly shown in the temperature dependence of the electron
performing measurements, we succeeded in recording thgaramagnetic resonan¢&PR spin susceptibility and the
temperature dependencies of real and imaginary par@ of nuclear relaxation raté; *.18
without any jumps for three samples. These samples have a It can also be seen in Fig. 1 that the frequency dependence
length of 3-4 mm, a cross section of abouk 20 °  of G(1/T) becomes noticeable below 70 K with a frequency
—10“%cm?, and a room-temperature conductivity dispersion growing at lower temperature. For showing more
~400 " tcm™t. The results obtained for these three precisely the particular points on t&(1/T) variation, we
samples are qualitatively similar and we will present the datalraw in inset(b) of Fig. 1, the temperature variation of the
for two of them(referred as samples 1 angl 2 logarithmic derivative that was reproducible for our three

Figure 1 shows the variation of the conducta®@@’) of  samples. The decrease ®fnearT,=70 K may indicate the
sample 1 normalized by its maximum valGg, as a function  beginning of a transition into some new ground state.
of the inverse temperature. The detailédT) dependence The temperature variation of the real part of the dielectric
near the room temperature is shown in in&®tof Fig. 1.  permittivity €'(T) of sample 1 in the frequency range
With decreasing temperature, the conductance 0f0°-5x10° Hz is shown in Fig. 2. Between 300 and 220 K,
(TMTTF),PF; first grows up to a maximum af,=250 K the magnitude ofe’ is below the background level deter-
as previously reported in Refs. 2 and 3. Beldyy, the de- mined by the resolution of our measurements in this tem-
crease ofG(T) in the temperature range 200—70 K follows perature range. The growth o’ is noticeable below
an Arrhenius-type behavior with an activation eneryy =200 K and frequency independent downTte-110 K. Be-
=300 K. The value of this activation energy is in good low this temperature a significant frequency dispersion oc-
agreement with the evaluation of the charge gap in Refs. 1&éurs as seen in Fig. 2: at a given frequeney(T) goes
and 20. It was shown that®p=1/4(t; +1t,), which provides through a maximum before falling down. With decreasing
Ap=300 K for (TMTTF),PF;. At the same time this mag- frequency, the amplitude of the maximum&f(T) is larger

Il. EXPERIMENT
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’ For frequencies above 9@z this €' growth is rather
achieved at 80 K. This dismatching in the temperature ranges
for occurrence of R fluctuations and the’ growth makes
108 g S— difficult the explanation ofe’ growth as a result of &
. CDW fluctuations. In the same temperature range 50—200 K,
m . EPR susceptibilityy decreases monotonously without any
v maximum?®® A small maximum ony(T) dependence was
o observed near 40 K with a following decreaseyads a result
¢ of the transition to the spin-Peierls state. Such considerable
. qualitative difference betweeti (T) and x(T) dependencies
* confirms the existence of spin-charge separation in
108 (TMTTF),PF; salts.
10 15 20 25 30 We tentatively ascribe the frequency and temperature de-
1000/T (K pendencies o¢’ of (TMTTF),PF; in the temperature range
o Tgp<T<T, as related to the charge induced correlation phe-
_ FIG. 3. Temperature dependence of the relaxation tméthe o mena discussed above. Taking into account the dimeriza-
dielectric relaxatior(sample 1. tion and on-site interactions in the Hubbard model for the
] . _half-filled band, the commensurate charge induced super-
and the maximum position on the temperature scale shifts tgycture is strictly linked to the host lattice. In such a case
lower temperature. This behavior is qualitatively similar tope possibility of polarization of the superstructure, i.e., its
critical slowing down phenomena near a phase transitionspft with respect to the host lattice, is small and conse-
The e'(T) curves for samples 1 and 2 are shown in the insefyently one would expect a low magnitude of the dielectric
of Fig. 2 in a double-logarithmic scale, manifesting their yermittivity. The ground state with a Mott-Hubbard gap and
qualitative similarity. In the temperature range 200-70 K'appropriate charge localization have been realized in 3D
the €'(T) dependence can be described by the power lawgemiconductoré! In such compounds’ is of the order 10, a
€' (T)~T"“ with a=1/3. While €'(T) is decreasing from typical value for usual semiconductors, while in our samples
70 down 10 K, a small bump ie’(T) can be seen near of (TMTTF),PF;, the e’ magnitudes amount by several or-
=35 K. ders of value large(Fig. 2).

The frequency dependencies of the conductance, of the ag explained above, long-range Coulomb interaction of
real parte’, and of the imaginary par¢” of the dielectric  gyfficient strength and appropriate charge induced correla-
permittivity of (TMTTF),PR, have a form similar to tjon may lead to a superstructure with charge disproportion-
those we previously measured on other 1D organiGtion corresponding to ak¢ CDW as in a Wigner crystal.
compounds.*®As usual, the frequench, corresponding to  For (TMTTF),PF, this charge disproportionation can be
the maximum ofe”(T) corresponds to some mean value of eyaluated on the base of calculations in Ref. 13 taking into
the relaxation timer=1/2wf, of charge polarization. The account the estimated magnitude of the reduced near-
variation of 7 with the inverse temperature is drawn in Fig. 3 neighbor Coulomb interaction/t,=2.*'2 For such aV/t,
for sample 1 in the temperature range 95-35 K: for 60 Kyalue we estimate the charge disproportionation as about 1:3.
<T<95 K, 7(1/T) is thermally activated with an energy  The transition towards a new charge ordered state is char-
activation of~650 K; but, at lowerT, 35 K<T<60 K, the  acterized by a new order parameter and the opening of an-
activation energy is smallerr 380 K, the same as the acti- other energy gap. As is well known, more or less wide fluc-
vation energy of the conductivity in the same temperatureuations may appear at temperatures near a phase transition.
range. In this fluctuating temperature range the rigidity of the

charge superstructure is reduced and consequently it be-
IIl. DISCUSSION comes more 'easily' polariz_ablg. We ascribe the large magni-
tude of the dielectric permittivity that we have found, to the

As follows from published datd® and from our experi- fluctuational collective response of such charge superstruc-
mental results, (TMTTR)PFR; can be characterized by two ture of Wigner crystal type with charge disproportionation
distinct energy scales: temperatdig=250 K corresponding formed in (TMTTF),PF;. Indeed, as can be seen from Fig.
to the conduction maximum anik=20 K corresponding to 2, in the temperature range abovg, thee’ magnitude does
the transition into the spin-Peierls state. If one will considemot exceed the background level. Its noticeable growth be-
the temperature$sp<T<T, as a range of simple localiza- gins below 200 K when, as we considered, the growing of
tion of charge carrierSpne could try to explain the observed this Wigner-type CDW superstructure begins to determine
growth of €’ as a result of the growth ofkz CDW fluctua-  the kinetic properties of the compound. N&ay a bump is
tions when approachingsp.?® As was mentioned in Ref. 8, visible in the temperature dependence of the conductivity
the temperature range of fluctuations near the spin-Peierigig. 1), which is a characteristic feature of a phase transi-
transition can be wide enough and reaeBTgp. It means tion. The maximum value of’ amounts to 10-1CF, two or
that in (TMTTF),PF; the manifestation of the fluctuations three orders of magnitude lower than tevalues in incom-
can be noticed beginning frofi=Tgp+3X Tg=80 K, the  mensurate chargeand spirt® density wave below their tran-
temperature at whichkZ fluctuations have started to be re- sition temperature. However the magnitude ef in
ally observed® However, as can be seen from Fig. 2, e  (TMTTF),PF; is nearly comparable with that in
growth begins nevertheless not from 80 K but frer200 K. (TMTTF),Br.}” The interpretation given in Ref. 17 for the
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temperature dependence &f of (TMTTF),Br would need ~ range, finding of a huge maximum of the real part of the
to be reconsidered at the light of the present results showingiélectric permittivity (up to 106) with a slowing down be-
charge ordering, a property that very likely is general for thehavior with decreasing temperature while the magnetic sus-
whole family of (TMTTF),X compounds. ceptibility does not show any significant variation, which
When the temperature is decreased beTgw fluctuations co_rresponds to Iargg charge polari;ation simqltaneously with
also decrease but interchain correlations and interchain intefPin-charge separation; artd) considerable difference be-
actions increase. Both of them favor the three-dimensiondiveen the temperature dependence of the dielectric permit-
ordering of a «x CDW commensurate superstructure result-ivity and 2kg diffuse x-ray scattering. o
ing in the decrease of the’ magnitude. The slowing down All these features seem to confirm the possibility of the
behavior ofe’ and the temperature depencence of the relaxformation in the temperature rangep<T<T, of a charge
ation time[Fig. 3 also indicates the lattice involvemehe., ordered state_. On the basis of our experlmental results and
heavy moleculgsin the relaxation procegs some theoretical approaches, we consider that the huge am-
According to x-ray measuremerf&diffuse . scatter- plitude of the real part of the dielectric permittivity of
ing grows critically in (TMTTF),PF; below ~70 K, which ~ (TMTTF),PF; can hardly be provided by a Mott insulator.
originates from the gradual enhancement of spin induce®n the contrary, we argue that this large dielectric polariz-
electron-electron correlation of antiferromagnetic type. Due2bility reflects the fluctuational collective response of the
to the growth of the electron-phonon interaction and of the*Kr charge-density wave of Wigner crystal type due to long-
increasing of the interchain interaction, these: Zpin in-  ange Coulomb interaction and electron-electron correlation.
duced correlations diverge beloTisp resulting in the con- Recently charge disproportionatidrand 4 superlatticé’

densation of an ordered spin-Peierls state witrka guper- ave been reported from NMR and x-ray measurements in a
structure. 1/4-filled 1D organic compound (DI-DCNQIMNg without

dimerization.

IV. CONCLUSION
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