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Several important experimental results on tetrathiafulvalenium-tetracyanoquinodimethanide (TTF-TCNQ)
suggestive of collective many-body effects are summarized and measurements of the dc conductivity are
discussed.

In response to the preceding comment by Thomas
et al. , ' we wish to briefly summarize several im-
portant experimental results on tetrathiafulvalen-
ium-tetracyanotluinodimethanide (TTF-TCNQ)
suggestive of collective many-body effects and to
comment on the measurements of the dc conducti-
vity.

It has long been known that a one-dimensional
(1D) metal is intrinsically unstable to the forma-
tion of charge- or spin-density waves. ' ' The
chainlike stacking' of molecules in the TCNQ
salts with the implied r-electron overlap was sug-
gestive of highly anisotropic properties and, in a
rough sense, of quasi-one-dimensionality. Under-
standing of experimental systems which are
electronically one dimensional came with quanti-
tative measurements of the anisotropy of the opti-
cal' "and transport" "properties of 1D con-
ductors. The observation in polarized optical re-
flectance of a plasma edge for E parallel to the
conducting axis and a flat frequency-independent
ref lectivity through the far ir for E perpendicular
to the conducting axis implies that even though the
conductivity perpendicular to the chain is finite,
this transverse transport does not arise from
metallic behavior; i.e. , v~ vq & 1 and ~~ 7,& 1,
where au~ and v. are the plasma frequency and
scattering time. Moreover, the measurements of
the magnitude of the transverse components of the
conductivity tensor yield an estimated mean free
path /~ of order 10 ' of a lattice constant, whereas
in the parallel direction the mean free path as
estimated from the dc or the optical conductivity
near the plasma edge implies metallic propagation.
Thtus l~~&a(~ and l «a, where a)~ anda are the
lattice constants parallel to and perpendicular to
the principal conducting axis. The implication is
that the interaction of the electrons with the lat-
tice is sufficiently strong to localize electrons on
individual chains with dif'fusive hopping between
chains. This localization2' converts a metal with
an anisotropic band structure into an array of 1D
metallic chains.

TTF-TCNQ (Ref. 21) is a one-dimensional metal
at high temperatures which undergoes a metal-
insulator transitipn ' 3 at 54 K tp a high-dielectric-
cpnstant' nonmagnetic ' ~ grpund state. Recent
x-ray scattering"" and elastic-neutron-scat-
tering ' studies showed the existence below 54 K
of a low-temperature incommensurate super-
lattice having a periodicity of 3.4b in the chain di-
rection. The structural results established the
existence of the charge-density-wave ground state
arising from the 1D Peierls instability and deter-
mined 2kF =0.295b*. Careful studies" "of the
transition region from 38 to 54 K provided de-
tailed information on the three phase transitions"
observed on going from the ordered superlattice
to the 1D conductor. In the conducting state above
54 K the x-ray results shpwed ' 1D diffuse
scattering consistent with a 1D lattice distortion
or a phonon anomaly. Inelastic-neutron-scat-
tering studies of the phonon spectrum revealed a
Kohn anomaly at 0.295b* at room temperature"'"
which becomes stronger" with decreasing temper-
ature. The constant value of 2kF leads to a tem-
perature-independent charge transfer" of 0.59
electrons from donor to acceptor. These struc-
tural studies, therefore, established the ex-
istence of the Peierls distortion and the associated
giant Kohn anomaly, and provided detailed infor-
mation on the temperature dependence.

The electronic properties that distinguish
TTF-TCNQ from ordinary metals are revealed
by studies of the temperature- and frequency-
dependept conductivity and dielectric function,
c,(&u) and e, (u&), from dc through the ultraviolet.
The early measurements of the four-probe dc
electrical conductivity from our laboratory"
showed a strong increase with decreasing tem-
perature and suggested intrinsic normalized peak
values at 58 K as high as 500 with an absolute
value of order 10' (0 cm) '. Schafer et al.34 sug-
gested these early results arose in part from in-
herent difficulties in the measurement technique
for small anisotropic samples. Detailed studies"
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using both the conventional four-probe technique
and the Montgomery configuration led to the de-
velopment of an internal signature of measure-
ment problems due to inhomogeneous current
flow and showed that spurious peaks can be de-
termined directly via structure in c'(T) arising
from the temperature-dependent anisotropy. This
test has been verified in detail experimentally' '"
on TTF-TCNQ, through computer models and re-
sistance network studies, and has been used suc-
cessfully by others. "

Extensive studies' ' ' of the b-axis dc conducti-
vity and materials properties of TTF-TCNQ
showed that the quasi-one-dimensionaltiy leads to
stringent requirements on material purity, cry-
stal perfection, quality of contacts, and special
care on the part of the experimenter in handling
delicately sensitive crystals. We measured the
temperature dependence of the dc conductivity for
over 400 TTF-TCNQ single crystals. The physi-
cal dimensions of approximately 200 of these
were measured in order to determine absolute
values: In the initial work, when sample per-
fection was not studied, and crystal-growth
techniques and sample purification methods were
developing, the room-temperature conductivity
averaged over the first thirty samples was
325+ 150 (D cm) '. Most of these early crystals
showed peak values between six and ten times the
room-temperature value. As techniques of cry-
stal growth, chemical preparation, and sample
mounting and handling improved, the conductivity
results showed a corresponding change. The
average room-temperature conductivity measured
on 65 samples midway in our studies was 500
+180 (0 cm) '; the normalized peak values ranged
from slightly below 10 to above 100. The average
room-temperature value for 30 samples rnea-
sured in a subsequent group was 550+ 150 (0 cm) '.
In our final studies, procedures were changed to
select for measurement only those crystals judged
superior by optical reflection and transmission
microscopy. The average room-temperature
conductivity over the last 15 samples measured
was 660+130 (0 cm} '. The time evolution of the
room-temperature data suggests an intrinsic
room-temperature value of approximately 800
(0 cm) '. There is a clear correlation between
the increased sample quality (due to improved
materials, contacts, and sample handling pro-
cedures) and the room-temperature values. For
the final 60 samples studied, the normalized peak
values are listed in Table I.

We note that it is not a question of a few special
samples; over 30% of the samples listed in Table
I showed peak values greater than 20 times
o (300 K). Therefore, both the absolute value

TABLE I. Normalized peak values of the b-axis dc
conductivity for the last 60 samples measured.

o (58 K)/~(300 K) Number of samples

10-15
15-20
20-25
25-30
30-100

100-150

15
26

9
3
4
3

(discussed above) and the peak distribution (Table
I) are higher than observed in other laboratories'
[data from other groups yield average room-tem-
perature values from 300 to 500 (0 cm) ' and
correspondingly low peak values].

Our experimental results for pure samples"
show that the maximum conductivity occurs at
58 K, whereas less-pure samples" yield lower
peak values with maximum conductivity occurring
at higher temperatures. " Thus, impurities lead
to resistive effects and thereby limit the intrinsic
conductivity.

These extensive dc studies lead to the following
conclusions: (i) peak normalized values of order
100 with absolute magnitude approaching 10'
(0 cm) ' are intrinsic; (ii) crystal purity and per-
fection are of crucial importance; (iii) "typical"
peak normalized values of 15 or less are a conse-
quence of materials preparation and/or sample
handling.

Contactless microwave measurements" ' "of
the b-axis conductivity are in good agreement
with the dc results. These microwave-loss rnea-
surements were analyzed using closed-form an-
alytical solutions for highly anisotropic metals in
the surface-impedance regime. The measurement
technique and analytical solutions have been tested
by measuring the temperature-dependent aniso-
tropic conductivity of graphite (&r~, /o~ &10') and
2H TaSe, (o~~/o~ 2-10) with results in agreement
with the reported dc values. The microwave
results' on TTF-TCNQ show 8 of 16 carefully
chosen crystals exhibiting &r'(58K)/o'(300K) values
from 25 to 80 and the temperature dependence
from sample to sample showing a series of nested
curves quantitatively similar to the dc results.
The extreme sensitivity to crystal perfection,
purity, and handling observed in the dc experi-
ments were even more obvious in the microwave
studies; for example, exposure of a sample to
laboratory atmosphere for just a few hours was
sufficient to decrease o'(58K}/o~(300K) by a factor
of 2.

Given the demonstrated sensitivity of the dc and
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microwave transport to purity and crystal. per-
fection one might ask if the intrinsic peak con-
ductivity is even higher than 10' (0 cm) '. Our
opinion is that this is not the case. The absence
of higher measured values coupled with the esti-
mated oscillator strength from ir studies" sug-
gests an upper limit for o'(58 K} of about 10'
(0cm) '.

The initial suggestion" of viewing the behavior
of TTF-TCNQ in terms of coll.ective many-body
effects associated with the soft-phonon Peierls
instability was based principally on the rel-
atively large and strongly temperature-dependent
dc conductivity in the context of earl. ier studies~'~
of metal-insulator transitions in other quasi-1D
TCNQ systems. The existence of high metal-like
conductivities in quasi-1D systems as evidence
for many-body effects remains under continued
active study. For example, Bychkov, ~ Berezin-
sky, "and Gogolin, Mel'nikov, and Rashba" have
shown that for independent electrons in a strictly
1D system containing impurities or defects, the
conductivity should decrease as the temperature
is lowered, approaching zero with a temperature
dependence determined by the ratio of the im-
purity and phonon scattering rates, r /~„„(T).
Large conductivity peaks with normalized values
of 50-100 and absolute values approaching 10'
(Oem) ' are therefore difficult to understand on
the basis of single-particle scattering, yet are
insufficient to demand by themselves an expla-
nation in terms of collective effects since a~,
represents only the zero-frequency limit of
o,(~). Data over the full frelluency range as ob-
tained from dc, microwave, ir, and optical studies
reveal that there is an energy gap and an extreme-
ly narrow zero-frequency mode in o, (&a). These
results, together with the structural studies sum-
marized above, show that TTF-TCNQ is not a sim-
ple metal, and that collective effects are dominant
features of the electronic properties.

In the conducting regime above 58 K there is an
energy gap' " (E =0.14 eV) with a small residual
conductivity in the gap region. ' " ' The results
of recent far-infrared studies ' of polarized re-
flectance from single-crystal mosaics of TTF-
TCNQ at 100 K are shown in Fig. 1. The dc and
microwave data are included with uncertainty in
absolute value obtained from the discussion given
above; o (300 K) = 700 + 100 (0 cm) ' and o(100 K/
o(300 K) = 10 +1. The solid curve is from a best
fit to the E ))b reflectance using a single Lorent-
zian oscillator centered at zero frequency and a
residual conductivity in the far ir of 50 (f}jcm) '."

The full frequency dependence7 "of o,'(&o) (Fig.
1) shows a maximum at 1000 cm ' with a smooth
Drude-like frequency dependence observed at high-
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er frequencies. The corresponding behavior' "
of e,'(&o) (Fig. 1) is like that of a semiconductor
with transitions across the energy gap sufficient-
ly strong to give negative values between 1000
and 6000 cm '. At lower frequencies e,' is posi-
tive with magnitude of approximately 100, consis-
tent with the measured oscillator strength across
the gap (0.14 eV) as obtained from the plasma fre-
quency (1.2 eV); e =1+or~/&o', =100. The large
zero-frequency conductivity drives z, negative in
the far ir.

The energy gap remains as the dominant feature
in o, (u&) and e, (&u) in the insulating state at
4.2K.' ""However, measurements of the b-
axis reflectance in the gap region" below 50 cm '
reveal an optical mode centered at approximately
2 cm ', suggesting that the oscillator strength re-
sponsible for the conductivity above 54 K is shifted
to finite frequency in the insulating state.

Low-temperature microwave measure-
ments""~' (10 GHz) yield the unusually large val-
ue of &1 3500 much greater than the single-par-
ticle contribution observed in the ir due to virtual
excitations across the energy gap. Thus, the low-
temperature dielectric constant is indicative of
additional oscillator strength at very low fre-
quencies and is quantitively consistent" with the
low-temperature far-ir observations described
above.
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FIG. 1. Frequency dependence of o&(w) below 50 cm
at 100 K. Insert: Sketch of full frequency dependence of
o'g () and Eg (~) at 100 K (see Refs. 9-11 and 46).
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The experimental behavior of TTF-TCNQ is
currently being pictured in terms of the phenom-
enological model of a Peierls-Frohlich condensa-
tion~ "of the conduction electrons with a high
mean field scale temperature. ' "~ " In this mod-
el, the electronic properties are dominated by
charge-density-wave fluctuations associated with
the Peierls instability in which a phonon mode is
driven soft" by the divergent response function
of the 10 electron gas at q=2k„. The Peierls in-
stability thus would lead to the metal-insulator
transition near 54 K and the periodic superlattice
distortion in the low -temperature semiconducting
state. Above 54 K, in the fluctuation regime, the
observed energy gap (0.14 eV) is identified as the
Peierls gap with the condensate moving to con-
tribute to the high dc and microwave conductivity.
Below M K, the condensate is pinned"'~ by high-
order commensurability, interchain coupling or
defects leading to the observed incommensurate
superlattice, and to a shift of the collective-mode
oscillator strength into the ir with an associated
conversion of the dc conductivity into a large low-
frequency rfielectric constant of the form"

(gP 03
3 (2d)'

The middle term arises from single-particle oscil-
lator strength sf~ associated with the Peierls en-
ergy gap 2; the final term is the contribution
from the pinned Frohlich mode with oscillator
strength 0' and characteristic pinning frequency
'Opia-

The observation of the incommensurate super-
lattice" " is of fundamental importance, for
it implies that the phase of the distortion is ar-
bitrary and only becomes fixed by higher-order
effects or the relatively weak interchain coupling.
As a result, so long as"'"

where g(&) is the longitudinal coherence length,
b is the lattice constant, and F,(y) is the ampli-
tude of the periodic pinning potential, the fluctuat-
ing charge-density wave can move to form a cur-
rent-carrying state. On the other hand, the ef-
fect of impurities as potential pinning centers has
been discussed" with the suggestion that in the
presence of such centers the fluctuations will be
resistive. " This important theoretical question
has not yet been settled. Experimentally, '4'"
however, impurities do give rise to resistive
fluctuations leading to a lower peak conductivity
occurring at a higher temperature.

Owing to the lack of long-range order and the
presence of intrinsic dissipative processes, per-
sistent currents are not expected, and thus a
Peierls-Frolich condensate is not a supercon-
ductor. However, the extremely weak pinning
forces (&u~ of order a few wave numbers) ob-
served in TTF-TCNQ and the corresponding weak
interchain coupling suggest the possibility that
under proper conditions the pinning might be sup-
pressed leading to a wider fluctuation range and
higher conductivity.

A broken symmetry conduction mechanism aris-
ing from a (nearly) phase-independent charge-
density wave would represent the only example
yet found in nature of collective electron trans-
port which is different from pairing superconduc-
tivity. The experimental evidence for collective
transport in these 10 materials is accumulating
and is a principal reason for their interest. Con-
tinued experimental studies of TTF-TCNQ and
related derivatives are in progress to further test
the generality of these ideas and provide a firm
experimental basis for the development of the
microscopic mechanism.
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