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Finally we constrast the localized excitations
underlying the phenomena discussed in this Let-
ter with the spin-flip Raman scattering associ-
ated with free and bound electrons (holes). ' In
Cdy Mn„Se and Cd, „Mn„S such transitions are
characterized by large g factors arising from the
band-electron-Mn" exchange interaction. ' In
Cd, „Mn„Te we have observed a spin-flip Raman
line with effective g factors in excess of 80.
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A theory of the tetramethyltetraselenafulvalene (TMTSF) salts and their sulfur analogs
is developed. It is shown that the phase diagram is controlled by electron-electron um-
klapp scattering. The theory accounts for differences between the sulfur and selenium
series, and the absence of Peierls transitions. Predictions of the pressure dependence
of the spin-density-wave critical temperature and correlations of the dimerization of the
organic stacks with critical pressures and temperatures are verified experimentally.

PACS numbers: 61.65.+d, 72.15.Nj, 74.10.+v, 75.25.+z

Much of the recent interest in the study of or-
ganic metals has been focused upon the tetra-
methyltetraseienafulvalene salts (TMTSF)P' where
X is AsF„PF„TaF„Clo, BF„etc. These
materials are structurally anisotropic and, by
the standards of organic metals, are very good
conductors. At low temperatures they undergo
transitions to states which are insulating at low
pressure but superconducting at higher pressure. '

Attempts to observe a Peierls distortion have so
far been unsuccessful' and, quite early on, there
were speculations that the metal-insulator transi-
tion might be brought about by the formation of a
spin-density-wave (SDW) state s Recent experi-
ments' strongly support this idea.

It is interesting to contrast these properties
with those of the closely related tetramethyltetra-
thiafulvalene salts, (TMTTF)Q, in which seleni-
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um is replaced by sulfur. At atmospheric pres-
sure and temperatures of a few hundred kelvins
they undergo a metal-insulator transition with no
anomaly in the magnetic susceptibility, yet at
least one compound, (TMTTF),PF6, shows' a
Peierls-like transition at about 10 K. Until re-
cently, ' no member of this series had been made
superconducting.

The purpose of this Letter is to analyze the ex-
isting experiments by means of a slight exten-
sion of the theory of quasi one-dimensional ma-
terials. Any theory should encompass all of the
features —the absence of Peierls distortions, the
transition from SDW to superconductive behavior,
and the differences between the selenium- and
sulfur-based compounds. It is known that such
phase diagrams are characteristic of one-dimen-
sional systems with electron-electron umklapp
coupling, and Barisic and Brazovskii have point-
ed out that precisely this interaction is produced
by the anion lattice. Once these ideas are extend-
ed to take account of the crossover from one-di-
mensional behavior to a regime in which trans-
verse motion of the electrons becomes signifi-
cant as the temperature is lowered, it proves
possible to understand the main features of the
experiments, and to show how they are correlated
with the observed dimerization of the organic
stacks. Recently, Horovitz, Gutfreund, and
Weger' have considered the effects of elect~on-
Phonon umklapp scattering in mean-field theory.
They suggested that the electron-electron umklapp
scattering, upon which our theory is based, van-
ishes because of a symmetry of the anion lattice.
There is no such symmetry in the structure of
these materials and, if it existed, it would affect
both umklapp processes and remove the observed
dimerization of the organic stacks.

Structurally' both the sulfur and selenium se-
ries have a triclinic space group I'1 with an in-
version center at X; there is no glide-plane sym-
metry. The TMTSF or TMTTF molecules are ar-
ranged in stacks, lying in planes separated one
from another by a plane of anions. Complete
charge transfer to the anions leaves a conduction
band comprised of one hole for every two TMTSF
or TMTTF molecules. With this structure, there
are distinct transfer integrals along the stacking
direction (t,), from stack to stack (t,), and per-
pendicular to the organic planes (t,). They satis-
fy t, &t, & t, and, in particular, "for (TMTSF),PF„
t, =300 meV, th=3.3 meV, and t, =0.3 meV. This
anisotropy implies that the materials are quasi
one-dimensional at high temperature but they

cross over to an anisotropic three-dimensional
behavior when T (t,.

The reciprocal lattice vector of the anion lattice
has a component along the stacking direction
equal to 4kF, where AF is the Fermi wave vector
of the holes when transverse hopping is neglected.
Consequently, electron-electron umklapp scatter-
ing, generated by the Coulomb potential of the
anions, may transfer two holes across the Fermi
surface. This process is known to be singular in
the one-dimensional region. '" Thus the standard
weak-coupling model contains three coupling con-
stants'": g, and g, for small and large momen-
tum transfer, respectively, and g, for electron-
electron umklapp scattering. Their bare values
may be expressed in terms of the on-site coupling
U and the near-neighbor coupling V of an extended
Hubbard model' as g, =U —2V and g, =U+2V.

The dimensionless renormalized coupling con-
stants g; =g;/2~t, satisfy renormalization-group
(RG) equations which are, in lowest order,

i, ' = agg-. b(g-, g,i-.), (la)

i.' = —Ta(i, '+g.') + ~b(g.'+i.'),
gs™gs(2cg2—de) &

(lb)

(lc)
where the prime denotes differentiation with re-
spect to l —= ln(t, /T). These equations encompass
the well-known RG equations for the one-dimen-
sional electron gas'" (a =b =c =d =1), which are
valid at high temperatures, as well as the sepa-
rate equations for particle-particle (b =c =d =0)
or particle-hole (a =0) scattering which are appro-
priate when T & t, . The one-dimensional region
will be considered first and, in view of the exis-
tence of extensive reviews, '"we shall simply
state the principal results and show how they may
be applied to the materials under consideration.

In the continuum limit, which is suitable for a
discussion of long-ranged correlations, the
charge-density and spin-density degrees of free-
dom are decoupled, and each may be studied by
combining solutions of Eqs. (1) with various exact
results. The spin waves are controlled by g, :
Wheng, &0, there is a gap in their energy spec-
trum and the magnetic susceptibility is exponen-
tially activated. Since this is not found to be
true in the TMTSF or the TMTTF salts at high
temperatures, it follows that g, o0, and, from
Eq. (la) with a =b =1, it can be seen that g, -0 as T
decreases. On the other hand, the charge-density
degrees of freedom are governed by the combina-
tion (2g, -g„g,) for which the flow lines

g.'- (2g. -g,)' =T, (2)
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where ~ is a constant, divide into two regions
with quite different physical properties. When

2g, -g, & —
I g, l, the umklapp coupling constant

g, is an irrelevant variable; correlations in the
hole gas are such that the response to umklapp
scattering is small. A consequence is that the
singlet and triplet supereonductive correlation
functions diverge algebraically as frequency (d

and wave vector q tend to zero; but there is no
pairing gap without three-dimensional order. On
the other hand, if 2g, -g, ~ —Ig, l, theng, is a
relevant variable, and there is a finite correla-
tion length" ( = exp(&/T"') In. this region, there
is a gap in the charge-density spectrum propor-
tional to $ ', the conductivity is activated, and
the hole gas develops a charge-density wave
(CDW) with wave vector 4k~. The latter is essen-
tially a CDW form of a Wigner crystal, and it en-
hances the effects of umklapp scattering. For q
=+ 2kF, the SDW correlation function is propor-
tional to ' as (d - 0 but the CDW correlation
function remains finite. '"

As the temperature is lowered, three-dimen-
sional effects modify this behavior in a variety
of ways. When g, is relevant, the 4kF CDW mill
be strongly enhanced" near some temperature
To, and interstack hopping will stabilize a SDW
state with long-ranged order: Coupling to the lat-
tice will produce associated distortions at 4kF

(dimerization) and 2kF (spin-Peierls transition),
respectively. The absence of an ordinary Peierls
transition in this case is an important conse-
quence of the one-dimensional theory. '" Given
this picture, it seems reasonable to associate the
metal-insulator transition in the TMTTF salts
with an enhancement of the 4tF CDW, and the 2kF
distortion seen' in (TMTTF),PF, with a spin-
Peierls transition. The dimerization should in-
crease rapidly for T near T„and Table I shows
that this is consistent with existing experiments
(the quoted values of the dimerization were meas-
ured at room temperature). In order to have T,)t„ it is necessary either that g, be large or
that 2g2-gi =U+6V) 0 in the sulfur compounds.

On the other hand, in the TMTSF series, the
4kF CDW does not develop strongly at low pres-
sure, and the metal-insulator transition is related
to the formation of a SDW state. The dimeriza-
tion should be smaller than in the sulfur com-
pounds. Table I shows that this is indeed the case,
with the exception of (TMTSF),FSO, which has a
large dimerization and T M& &t,. It is therefore
qualitatively similar to the sulfur compounds,
and should not have a magnetic anomaly at T MI.

TABLE I. Table of the dimerization 4, the metal-
insulator transition temperature TM& (K) and the crit-
ical pressure for superconductivity P, (kbar) for the
TMTTF ard TMTSF salts. 6 = (d&-d2)/(d&+ d2) x 10
with d& and d 2 nearest-neighbor distances, was meas-
ured at room temperature. Values of 6( 4 may not be
experimentally significant. Values are from Ref. 1
and 9 and references therein, and from F. Wudl (pri-
vate communication).

TMTTF 4 TM~ Pc TMTSF 6 TMI Pc

Br
BF4
I
NO3

C104
SCN
PF6

0 100 25
(3) 190 ~ .
6 ~ ~ ~ ~ ~ ~

9 ~ ~ ~ ~ ~ ~

}0 230 ~ ~ ~

10 240
14 245 )30

CI04
PF6
AsF6
NO3

SbF,
TaF,
F803

0.) None
4 12
4 12

~ ~ ~ 12
~ ~ 0 ]5

0
7

10
10
11
11

This picture implies that g, is almost marginal
at low pressure, and this is consistent with the
fact that g, becomes irrelevant when the pressure
P exceeds a critical value P, at which a super-
conducting state becomes stabilized. Dimeriza-
tion is a measure of the relevance of g, and

should be correlated mith P,. Table I shows that
it is. Our interpretation of the experiments re-
quires that 2g, -g, =U+6V(0 in the selenium
compounds.

In order to give a more quantitative description
of the low-temperature behavior it is necessary
to take account of the fact that, for T (t» the dis-
tortion of the Fermi surface removes the loga-
rithmic singularities in particle-hole (p-h) dia-
grams, "except for particular values of the mo-
mentum transfer, "corresponding to perfect
nesting"'" of the Fermi surface. Since particle-
particle (p-p) ladder diagrams are most diver-
gent for total momentum zero, it follows that
singularities in the two channels occur for differ-
ent ranges of values of incoming and outgoing
momenta (with small overlap) and that the singu-
larities no longer interfere, as they do in a one-
dimensional system. If we set b =0, a =1, the
resulting Eqs. (1a) and (lb) constitute the RG
method of summing p-p ladder diagrams, which
diverge at the transition temperature T, for super-
conductivity. The boundary conditions for these
equations are obtained (apart from factors of
order unity) by setting g; equal to the solution g&

of the one-dimensional equations when T =tb. It
is straightforward to show that the resulting val-
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TsDw tb exp[ 2/(g, + I g, l)] (4)

when g, + I g, I
)0. The corresponding expression

for TcDw is given by Eq. (4) withg, +ig, ( re-
placed by —2g, +g, + I g', I. Since g, 0, T s Dw

)Tcoz. Equations (3) and (4) are reminiscent of
the mean-field expressions for the transition tem-
peratures but significant one-dimensional effects
reside in the renormalized coupling constants and
energy scale.

Since g, + i g, i must vanish at the critical pres-
sure P, where T sow(P) vanishes, it is possible
to linearize near P, and rewrite Eq. (4) in the
form

T»w -exp[- const/(P, —P)] (5)

which accounts for the rapid drop in TMI as I', is
approached from below, and gives a good repre-
sentation of the measured values" of T sD& in
(TMTSF),P F,. For the TMTTF salts, which
have T MI )t„ the one-dimensional recursion rela-
tions give T Mi -exp[- const/(P, —P) ].

Perhaps the most striking confirmation of these
ideas is provided by the discovery' of supercon-
ductivity in (TMTTF),Br above 25 kbar. This
is the least dimerized of the sulfur series and
hence, from our point of view, the most likely to
show superconductivity under pressure. It is the
only member of the sulfur series in which super-
conductivity has been found so far. The transition
temperature' is 4.5 K.

A number of questions are raised by the above
analysis. Experimentally, it would be of value
to make a more accurate and extensive investiga-
tion of the dimerization of various materials as
functions of temperature and pressure, and to
search for spin-Peierls distortions. The most
interesting theoretical question is the source of
the interactions leading to the observed behavior.

ue of T, for singlet superconductivity is given by

T,=t„exp[2/(g, +g,)]

when g, +g, &0. This should exceed the transition
temperature for triplet superconductivity when
retardation of g, is included.

To consider the question of SDW or CDW order,
it is necessary to omit p-p and nonlogarithmic
p-h contributions to Eqs. (1) by setting a =0, 5 =c
=1, d =0 for the SDW channel or a =0, 0 =d =1, c
=~ for the CDW channel. The solutions of the re-
sulting equations are sums of p-h ladder diagrams
which diverge at the SDW or CDW transition tem-
peratures. With the same matching procedure as
before, the SDW transition temperature is

Generally speaking, 2g2 gy appears to be posi-
tive in the sulfur series, as it is' in tetrathiaful-
valene tetracyanoquinodimethane (TTF-TCNQ).
However, the crossover to superconducting be-
havior in the selenium series requires that 2g,
-g, 0. The difference may be related to virtual
excitation to the second hole levels of the organic
molecules, which are spread into a band by hop-
ping. In the selenium series, the level spacing is
relatively small and the bandwidth large, so that
such a mechanism leads quite naturally to a
stronger attraction. Its pressure dependence may
account for the shape of the phase diagram.

A preliminary account of this work was given at
the meeting of the French Physical Society, Cler-
mont-Ferrand, France, June 1981, and at the
Boulder Conf erence. '
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The density of states and the localized or extended nature of the eigenstates is investi-
gated in one-dimensional crystals with a modulation potential incommensurate with that
of the underlyiIg lattice. Studies of the transmission coefficient T and of the spatial de-
pendence of the eigenstates show that even in one dimension it is possible to have a mo-
bility edge. The implications of these results on experimentally measured quantities are
also discussed.

PACS numbers: 72.10.Bg, 71.50.+t, 71.55.Jv

In recent years there have been many studies
of crystals containing a modulating periodic po-
tential of a period different from that of the un-
derlying lattice. " Such modulations occur natu-
rally in crystals containing charge-density waves
or spin-density waves' as well as in ionic conduc-
tors' and finally it has become possible to grow
crystals with such modulation by molecular-beam
epitaxy' (superlattices). Such periodic modula-
tions can be either commensurate or incommen-
surate with the underlying lattice. Both cases
are of considerable interest theoretically and ex-
perimentally.

A crystal with an incommensurate modulation
presents an interesting case, in that, strictly
speaking, it does not possess translational order.
In this respect it is like a disordered solid. How-
ever, unlike a disordered solid, it possesses
lengths over which it almost repeats. Thus, an
incommensurate crystal presents a case inter-
mediate between an ordered and a disordered sol-
id. It has been argued'' that, within the one-di-
mensional (lD) one-band tight-binding model,
with incommensurate modulation there exists a
"metal-insulator" transition at a critical strength

of the modulation, i.e. , all the energy eigenfunc-
tions are localized above the critical value, while
all become extended just below it. Such behavior
is unlike that of a disordered solid, for which all
states are localized in 1D, or that of a commen-
surate crystal, for which all states are extended.
Such a transition in the nature of the eigenfunc-
tions which may be induced experimentally in
the same sample by, for example, external pres-
sure —presents a very interesting theoretical pos-
sibility that is worth investigating.

It is the purpose of this Letter to examine the
nature of the eigenstates of this model by study-
ing the transmission coefficient T of the 1D sys-
tem of size ¹ This technique is employed in the
problem of electrical conductar. .ce of a 1D disor-
dered crystal with very interesting results. ' '
In the course of the present study, a detailed den-
sity-of-states (DOS) calculation was made, and
the spatial dependence of the eigenstates was ex-
amined.

The model we consider is

6„c„+ (cf„~~+c„g)=Zc„,
where the energy at site n is e„=V,cos(gn), c„
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