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Broken-Symmetry Band Structure of Ditetramethyltetraselenafulvalene-X [(TMTSF)2Xl
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The author derives a set of two-dimensional band structures arising from spin- and/or
lattice-induced commensurate symmetry breaking of the high-temperature, ambient-pres-
sure phase of ditetramethyltetraselenafulvalene-X. These band structures are proposed as
the framework for many of the low-temperature transport properties of these compounds
and are shown to be consistent with experiment in those cases where the broken symme-
try conditions have been well established.

PACS numbers: 71.25.Tn, 72.10.Bg

Besides superconductivity, the 2: 1 Bechgaard
salts of tetramethyltetraselenafulvalene (TMTSF)
exhibit an extraordinarily rich variety of other
condensed matter phenomena. ' Their high-tem-
perature metallic state is characterized by an
open quasiplanar Fermi surface, ' ' yet certain
low-temperature experiments' ' indicate that the
physics of (TMTSF), X in this latter region is
dominated by two-dimensional interactions. How-

ever, it seems unlikely that the inter-TMTSF-
stack coupling is sufficiently volume sensitive to
cause the Fermi surface to close at moderate
pressures or low temperatures. 4 In this Letter,
I suggest that the intrinsic interstack interac-
tion plays a different role under pressure and/or
low temperature because of symmetry changes
imposed by antiferromagnetic (AF) or anion or-
dering (AO) on the high-temperature band struc-
ture. This picture is qualitatively different from
other current proposals, ' being purely single par-
ticle in nature. Broadly speaking, two distinct,
but possibly connected, symmetry-breaking mech-
anisms can arise. One is through creation of a
magnetic superlattice of standing spin-density
waves (SDWs) or simple AF ordering, ' and the
other by ordering of noncentrosymmetric anions. "
For the former, direct experimental details of
the magnetic superlattice are currently unavail-
able. For the latter, x-ray data indicate a doub-
ling of the unit cell in one, several, or all direc-
tions, as the temperature is lowered. "" These
types of ordering, the antiferromagnetic and
anion, if commensurate, produce a potential of-
ten doubly periodic in the direct la.ttice. Vfe thus
consider here the two-dimensional reciprocal
space symmetries Q = (-,', 0), (—,', —,'), and (0, —,')."

The general picture is schematically summa-
rized in Fig. 1, which shows a,n idealized cation
arrangement in Q = (z', —,') symmetry for (TMT-
SF),X. In each oval I have lumped a single di-
mer and its net spin. Essentially, I have ap-

proximated the upper branch of the folded-cosine
high-temperature band structure with a single co-
sine function giving the benefit of algebraic sim-
plification without loss of physical content. The
different site energies are denoted by e, e', aris-
ing from AF and or anion ordering, and t i~, t ~~',

t~, t~', are the interdimer transfer integrals as-
sociated with displacive distortions. For AF or-
dering, e, e' represent the different site exchange
potentials seen by a carrier of given spin. " Ex-
actly the same model holds for anion ordering ex-
cept, of course, that e, e' now represent the dif-
ferent cation-site electrostatic potentials arising
from the ordered anion lattice. In the absence of
cation distortion, whose omission does not affect
qualitatively the discussion to follow, Fig. 1 can
be described by a simple fourth-order secular
equation in the three parameters 6 = (e —e')/2,
t

~~
and t . Figure 2 summarizes the solutions for

each of the three symmetries on taking t ~~/t ~ = 10
and 6 =2/~. " The energy axis indicates the de-
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FIG. 1. Idealized schematic of the 2x2 ordered lat-
tice of (TMTSF) &X.
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pendence of the major band features on the pa.—

rameters 6, t~t, and t~. The crystal momentum
axes are not to scale; however, the Brillouin-
zone insets are. The figures are representative
of the entire (TMTSF),X family. Figure 2(a) re-
calls the high-temperature metallic phase if we
imagine EF bisecting the upper band and 5 as the
cation dimerization gap. We now discuss each
symmetry in detail.

Q = (—,', 0): Depending on the relative values of
the Madelung and/or AF exchange parameter 6
and the b-axis bandwidth 4t ~, we obtain either a.

V

FIG. 2. Model band structures for the three most
highly commensurate two-dimensional broken symme-
tries (a) Q= (2 o) (b) Q= (2, 2); (c) Q = (o, 2) ~

semimetal (26&4t~) or an indirect-gap semicon-
ductor (2b, &4t~). Figure 2(a) explicitly contains
the bands for 2L=4t~, i.e. , those of a zero-band-
gap semiconductor. Its Brillouin-zone inset, on
the other hand, shows a semimetallic case (6/2t~
=-,') and the associated hole-electron pockets.
This picture provides a possible explanation of
the behavior of (TMTSF),NO, between 40 and 12 K.
Parkin et al. ,

"have observed a conductivity
anoma, ly at 40 K which seems associated with a
Q = (-,', 0, 0) AO transition" at the same tempera-
ture. Below 40 K the conductivity remains metal-
lic until a metal-insulator (MI) transition occurs
at 12 K which is probably due to further anion or-
dering that is quenched at high pressure. The
transition at 40 K is relatively unaffected by pres-
sure and superconductivity does not occur, at
least up to pressures of 24 kbar. " The hole-
electron pockets formed at X and V, respective-
ly, create an unfavorable Fermi topology for
SDW instabilities and give rise to a lower density
of states consistent with the absence of supercon-
ductivity and the 50%%u& drop in thermopower ob-
served by Bechgaard et al."

Q = (—,', —,'): Here the Brillouin zone has the same
shape as the high-temperature phase but with one-
fourth the area. The high-temperature Fermi
contour, indicated by dashed lines in Fig. 2(b),
shows a strong 2kF nesting tendency in the [I, 1]
direction and provides a natural mechanism for
SDW formation in centrosymmetric-anion (TMT-
SF),X compounds. Note that the condensation of
this SDW into an AF state will invariably produce
an insulator with direct gap 2A, however weak
the exchange interaction. This is the only sym-
metry of the three considered here that yields an
insulator for every finite value of 2A." I there-
fore propose Fig. 2(b) as the band structure for
AF-ordered (TMTS F),X (X = PF„AsF„SbF„
TaF, ) and anion-ordered (TMTSF),X (X = ReO„
NO, ) below their respective MI transition temper-
atures. For the AF compounds, the assignment
is at present speculative, while for HeO, the sym-
metry is known to be Q = (-„—„—,)." We would not
expect this gap to be removable by pressure. We
would predict for (TMTSF),ReO„e.g. , that if the
temperature were lowered below its MI transition
at ambient pressure, the subsequent application
of high pressure would not restore the metallic
state without some further change in symmetry.
The direct band gap is created by the remova1. of
a virtual crossing near X by the AF or AO inter-
action. Thus, for 2~ «4t~~, we expect gyes* «1
with an attendant high mobility. In the Fig. 2(b)
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inset, I plot the constant energy contours for
the electron-hole band extrema. These bands
form a closed "trench" about the X-V direction.
The effective masses ~ ii

and ~ i are found to be
reduced from their high-temperature metallic
values by approximately b, /2t, i

near X and 6/2t i
at U, respectively. Chaikin et a/. ,

"have esti-
mated 26= 4 meV from the conductivity activa-
tion energy in the PF, compound below its 12-K
MI transition [the gap shown in Fig. 2(b) is more
representative of an AO gap such as seen in
(TMTSF),Re04 (Ref. 11)]. Taking the same

t'ai,

t i
used for Q= (

—„0), we obtain», and ~ for the
two reduction factors. The effective-mass com-
ponents vary radically within the trench as a
function of carrier position and population. The
Q = (—,', —,') model is qualitatively consistent with
the magnetoresistance measurements" and non-
linear transport data"" of (TMTSF),PF, below
its MI transition.

Q =(0, —,'): In this symmetry, a finite 2a does
not introduce any gaps near the high-temperature
EF; in fact, the number of Fermi contours in-
creases from two to four and the ground state re-
mains metallic. " X-ray studies show that slow-
ly cooled (TMTSF),C10, displays a Q = (0, 2, 0)
distortion at 22 K thought to be due to a C104 AO
effect" and stays metallic in agreement with the
model. Furthermore, the density of states stays
high in the new symmetry, a supporting condi-
tion for superconductivity. Moreover, Fig. 2(c)
shows that for ~= 2t~, any nesting tendency be-
tween the four Fermi contours would require an
incommensurate superlattice period. I believe
this requirement stabilizes the Q = (0, —,') symme-
try against SDW formation thus permitting super-
conductivity to occur. Recently, it has been
shown that slowly cooled (TMTSF),C10, exhibits
a depressed spin-lattice relaxation rate" right
down to the superconducting transition tempera-
ture in agreement with this feature of the model.
Finally, I point out that the Q= (0, i) state is
relevant to the newly discovered organic super-
conductor (BEDT-TTF),(ReO, ), [his (ethylenedi-
thiolo)tetrathiafulvalinium rhenate]. " In this ma-
terial, there are two cation stacks per unit cell
and the Re04 anions alternate in rotational posi-
tion perpendicular to the long axis of the cation
thus producing a pseudo (0, —,') symmetry.

Of the three models, Q= (—,', 0) is the most nat-
ural to support quantum oscillations. Yet there
is currently no direct experimental evidence for
this, or any, mode of symmetry breaking under
pressure and/or magnetic field. It would be re-

quired that a magnetic field applied in the c* di-
rection somehow create Q = (—,', 0) ordering of the
spin lattice. Clearly, structural measurements
as a function of temperature, pressure, and mag-
netic field should be given high experimental pri-
ority.

In summary, we have derived three separate
two-dimensional band structures produced by AF
and/or AO induced commensurate symmetry
breaking of the high temperature, open Fermi-
surface phase of (TMTSF),X. The Q = (-'„0) mod-
el seems appropriate for the low-temperature
transport properties of (TMTSF),NO, and possi-
bly the high-magnetic-field, low-temperature
metallic regime of (TMTSF),PF, and (TMT-
SF),C10,. The only completely insulating phase
is Q = (—,', —,') which provides an excellent frame-
work for the semiconducting behavior of the AF-
ordered centrosymmetric anion compounds. Fi-
nally, we find for Q = (0, —,') a retention of the me-
tallic state with a less commensurate Fermi con-
tour structure which suppresses the SDW insta-
bility in agreement with recent data on (TMT-
SF)2C104.

I acknowledge many stimulating conversa-
tions with S. S. P. Parkin and thank R. L. Greene
for a critical reading of the manuscript.
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