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We investigate the properties of a one-dimensional model of the electron-phonon sys-
tem which exhibits the Peierls instability. The instability tends to suppress BCS pair-
ing, and the resulting Peierls state below the structural transformation is semiconduct-
ing. Results of the conductivity calculation compare favorably with recent measurements
on most samples of tetrathiofulvalinium tetracyanoquinodimethane but cannot explain the
extraordinary conductivity peaks found in a few samples.

Recently, the synthesis of the highly conducting
organic solid tetrathiofulvalinium tetracyanoquin-
odimethane (TTF-TCNQ) was reported by two
groups. " The temperature dependence of the
conductivity is metallike above 60 K and insula-
torlike below. The Johns Hopkins group' found
the maximum conductivity (at 66 K) to be 1.47
x10'/O cm. Coleman et al. ' observed some sev-
enty crystals which have similar behavior. How-
ever, three of their crystals had much larger
conductivity peaks near 60 K (& 10'/0 cm).

The two groups pointed out that a possible ex-
planation of the low-temperature insulating phase
is the Peierls instability' in one dimension. At
room temperature the crystal structure of TTF-
TCNQ is monoclinic, ' with parallel chains of TTF
(electron donor) and TCNQ (electron acceptor)
Because of the very small interchain overlaps,
electrons are confined to the one-dimensional
TCNQ chains and holes to the TTF chains.

Several explanations have been given for the
extraordinary conductivity peaks of Coleman eI al.
The experimenters themselves' explain the ex-
traordinary peaks in terms of superconducting
fluctuations due to BCS electron-electron pairing'
via the Peierls soft phonon. They suggest that
suppression of the Peierls transition could lead
to a stable high-temperature superconductor. "
Bardeen' has suggested that the peaks are the
result of fluctuations of a different kind of super-
conducting state arising from a one-dimensional.
model proposed by Frohlich. ' In this theory,
although the chains distort as suggested by Peierls,
a superconducting current-carrying state could
be constructed in which the electrons move with
the lattice distortion.

We have calculated the properties of a one-
dimensional electron-phonon system. In this
note we discuss the nature of the results with
particular regard to the following questions:
(1) the possibility of BCS pairing above the Peierls

ID(q' +P, td)] = —td +l D (E+['P' — ), (2)

where 0 is the unrenormalized phonon frequency,
X - N(0)g'/0, and the coherence length $

—v F /T.
Above T„e=(T—T, )/Tp; while in the critical
region and below Tp, c decreases to zero mono-
tonically as T decreases as a result of the strong
effect of fluctuations in one dimension. Equation
(2) is the time-dependent Ginzburg-Landau equa-
tion for a fluctuation into the Peierls state. Al-

instability, (2) the current response of the Peierls
state, and (3) the fluctuation conductivity above
the transition.

We adopt the Hamiltonian for a one-dimensional
coupled electron-phonon system, neglecting di-
rect electron-electron interaction. Arguments
have been given for small electron-electron in-
teractions in TTF-TCNQ'; the inclusion of a
strong interaction would tend to suppress the
Peierls instability and favor a magnetic state at
low temperature, in disagreement with experi-
ments. The calculations have been performed in
both the effective-mass and tight-binding limits
(with only slight numerical differences). The
interaction is

H,~= Q g(k, q+ G)a„~a,„,o(b, + 5, '), (1)
kqG

where G is a reciprocal-lattice vector, a and b

are operators for electrons and phonons, respec-
tively, and a sum over spins is understood. The
Peierls instability may be regarded as arising
from the softening of the phonon with wave vector
q-2kF —= q„which is due to the enhanced Kohn ef-
fect" in one dimension. The Peierls transition
temperature Tp is the point at which the qo phonon
frequency first reaches zero as the temperature
is lowered. Just above the transition, the random-
phase —approximation (RPA) calculation of the
phonon Green's function yields (for q = q, +p, p
&AF, (d & T)
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though the coefficients are the same as those for the superconducting case, (2) differs in that it does
not lead to a contribution to the current, and in the presence of a finite electron-impurity scattering
rate 1/7, the transition temperature is lowered according to e-e = e+ m/Br T.

The BCS-type superconducting transition temperature T, is determined by the temperature at which
the binding of the Cooper pair (k0 and —k4) due to phonon-mediated attraction occurs. Just above the
Peierls transition, the attraction between electrons comes mainly from the soft phonons near q, . The
condition for a singular solution of the Cooper-pair f, matrix is

1 = T Q g D(go+ p, (d) G(qo+ p, E+ (d) G(- g()
—p, —E —(g)),

where D is given by Eq. (2) and G is the electron
Green's function. E is set equal to zero after
the energy summation.

Examination of Eq. (3) yields three reasons
why soft phonons tend to destroy rather than en-
hance BCS pairing:

(1) Lowering the phonon frequency &u would
raise T, only if co&T,. If ~&T„ then these pho-
nons do not provide attraction for electrons to
form a Cooper pair. This is a very general re-
sult valid for all kinds of materials. To show
this, we evaluate Eq. (3) by using bare electron
Green's functions and the phonon Green's func-
tion of Eq. (2), neglecting tbe damping term. We
obtain an electronic term

'dP tanh(b, /2T„) 1

, 2m 2S, (u,
' —S,' (4)

where 8 is the electron energy, ~~ is the renor-
malized frequency of the q, +p pbonon. The func-
tion tanb(S/2T, )/2S is approximately constant
for ISI&2T, and 1/2 ISI outside. If &u«&2T„ the
phonons provide attraction for the Cooper insta-
bility as usual. If w~ & 2T„elementary integra-
tion shows that Eq. (4) cannot be satisfied. That
is, phonons of frequencies comparable to or less
than T, tend to destroy Cooper pairing.

(2) If the soft-pbonon fluctuation contribution to
the electron self-energy is included, the elec-

tron Green's function becomes

G (k, CO) (a) —S« —6 /((d+ S«+ 'E4TE )) (5)

with tbe fluctuation gap 6 = v T/e '. The major
effect on Eq. (4) is to replace S«by (S«'+5')''
which further reduces T, .

(3) Thermal occupation of phonons also tend to
destroy BCS pairing. " Although this effect is
small in ordinary solids, it does also provide a
depairing mechanism for soft phonons. " If this
term is evaluated for the soft phonons, neglecting
the damping, it goes like (T —Tp) '~'. Rice and
Strassler" have suggested that this large term
suppresses superconductivity. However, if the
phonon damping term is included as in Eq. (2),
the thermal phonon term is much reduced, being
dominated by the damping term rather than by
the soft-frequency contribution (T —T, ) '~. Thus
while this term helps to suppress BCS supercon-
ductivity, its effect is not as decisive as those
given in the first two reasons.

%e consider now the description of the system
below Tp. The equations of motion involve a
correlation function of the a's Bnd b's which,
above Tp, is dominated by the interaction of the
electrons with the soft phonons. Below the Peierls
instability one is led to introduce an order param-
eter 5 proportional to the displacement of alter-
nate TCNQ molecules in a chain which represents
the "condensation" of a macroscopic number of
phonons into the q, = n/a state, in analogy to
Gor'kov's treatment for the superconductor. Thus

g,(Ta„„a(b,+b, ~)a«~)~ g(b, +k, ~)(Ta„,a«t) = 6G(k, k+q, ), (6)

where

6 =-g(b, + b, ~ = (g2/02) Q «G (k, k +q, ),

and G(k, k+qo) is sn "anomalous" propagator
which represents diagonal long-range order, in
contrast to the superconducting state. "

Although (6) is the natural factorization which
reflects the Peierls instability, other choices,
leading to a supercurrent, are conceivable. The

!
only decomposition we have found that leads to
the possibility of a supercurrent is the convention-
al BCS one, which is suppressed by the Peierls
instability. In addition, (6) results in a transi-
tion temperature whose scale is set by the Fermi
energy" (rather than the smaller phonon energy):
T p

—eF exp( —I/A. ), and which is of the correct or-
der of the transition temperature for TTF-TCNQ. ~'2
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Explicit evaluation of the current response, in-
cluding the anomalous propagator in the Peierls
state, confirms the absence of a supercurrent.
Although the expression for the electromagnetic
response is similar to that of the BCS supercon-
ductor, the coherence factor has the opposite
sign and thus leads to an insulator behavior.

In the region Tp &T &2Tp, the fluctuation con-
ductivity is obtained by expanding in powers of
the soft phonon. The resulting diagrams shown in
Fig. 1 are similar to those above the supercon-
ducting transition" with several crucial differ-
ences which correspond to the difference be-
tween the superconducting state and the Peierls
state. First, the contribution of Fig. 1(c), the
analog of the Aslamazov-Larkin" diagram, van-
ishes to leading order in general, and is identi-
cally zero if there is particle-hole symmetry
and q, = n/a. Since the contribution of this dia-
gram is related to the coupling of the electric
field to the time-dependent Ginzburg-Landau
equation (2) describing the soft mode, the absence
of the Aslamazov-Larkin diagram is related to
the fact that the characteristic charge of the
fluctuating electron-hole pair described by (2) is
zero, rather than 2e as for a superconductor.
Second, the contribution to the conductivity of
Fig. 1(b) is negative, in contrast to the super-
conducting case, and corresponds directly to the
cancelation of the coherence factor below the
transition as mentioned previously. Thus, the
contributions from both fluctuation terms, Pigs.
1(a) and 1(b), reduce the conductivity.

In the limit of small scattering (TTp»1), we
obtain the simple approximation for the conduc-
tivity,

o 2ao/(1+ 8™T) (8)

where 0, is the metallic conductivity in the ab-
sence of the phase transition. Equation (8) is
also valid above T p, where 5' is related to the
density of soft phonons. Equation (8) is compared
with experimental data in Fig. 2. We have used
a', (T) = o,(300)[(T/300)2+8]', where R is the con-
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tribution of impurity scattering, and the T depen-
dence is taken from experiment. '

Other properties of the system have been calcu-
lated, including the dielectric constant, ultrason-
ic attenuation, spin susceptibility, and thermo-
power. Details will be presented elsewhere.
Here we merely note that all properties are con-
sistent with a transition to a semiconducting
state below Tp. Of particular interest is the ul-
trasonic attenuation, which we predict should
have an appreciable peak just below the transi-
tion for clean enough samples. This is analogous
to the conductivity behavior of the BCS supercon-
ductor with paramagnetic impurities. " On the
other hand, the conductivity of the Peierls state
is similar to the ultrasonic attenuation in the
BCS system. These phenomena are indicative
of the characteristic signature of the coherence
factors of the Peierls state. One final conse-
quence of the model is that Tp increases strong-
ly with uniaxial compression. We estimate that
10 kbar should increase T p by a large fraction, '
thus causing a big change in conductivity at a
fixed temperature. "

We wish to thank Professor B. T. Matthias,
Professor J. Bardeen, Professor W. Kohn, and
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FIG. 1. Fluctuation contributions to the conductivity.

Solid lines, electrons; wavy lines, soft phonons; dashed
lines, external vertices.
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FIG. 2. High-temperature conductivity data of Bef. 2

compared with Eq. (7). Crosses, experiment; solid
line, theory with R = 0,05; dashed line, theory with R
=0; and e, =0.01 defined as in Bef. 17. Inset: Low-
temperature conductivity data of Ref. 1 with d/Tp —-2.9.
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Temperature Independence of Positron Trapping by Vacancies in Gold*
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Experimental data are presented which indicate that the trapping rate of positrons per
unit vacancy concentration in gold is temperature independent.

The temperature dependence of positron trap-
ping by vacancies in gold has been directly mea-
sured. The results show that below O'C the pos-
itron trapping rate per unit vacancy concentra-
tion is independent of temperature. From the
same data, but less directly, it appears likely

that temperature independence continues up to
at least 650'C.

The importance of this result arises from the
increasing use of positron trapping to determine
vacancy-formation energies E„ in metals. ' The
temperature dependence of trapping must be
known if E„ is to be evaluated with an accuracy
of better than about 10/p.

The method was to fix the concentration of va-
cancies in gold, by quenching, and then to mea-
sure the positron lifetime at nitrogen and ice
temperatures. The gold foil, of 99.99% purity

from Johnson and Matthey, 0.4x0.6X0.010 in. ',
was prepared by annealing for 4 h at 950'C in air
and slowly cooling over about 12 h to room tem-
perature. It was then etched. These pieces were
clamped at each end in a light frame and quenched

from 650'C by plunging them end first into water.
The quenching rate was observed to be about 0.5

~10 'C per second for the first 125' while the
foil was still in air and about 3&10 C per sec-
ond thereafter in water. After quenching, these
specimens were etched for a few minutes at room
temperature and placed immediately in the ap-
paratus which cycled them between ice tempera-
ture and 100 K. The few minutes at room temper-
ature and the several hours at iee temperature
and below during data collection should result in

no significant annealing of monovacancies. ' The
change in positron lifetime between two fixed


