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Polarized reflectance measurements from the far infrared to the visible are reported
for (TMTS F)2P F6 . At low temperatures, both parallel and perpendicular polarizations
show plasma edges in the infrared with metallic reflection below these edges, indicating
taro- or three-dimensional behavior. The transverse plasma frequency is -& of the par-
allel plasma frequency. At higher temperatures, the plasmon in the perpendicular polari-
zation becomes highly overdamped, indicating a crossover to one-dimensional behavior.

PACS numbers: 71.25.Pi, 78.30.Jw

The organic linear-chain compound his-tetra-
methyltetraselenafulvalene hexafluorophosphate,
(TMTSF),PF„is currently of great interest be-
cause it remains metallic to low temperatures'
(19 K) and because it becomes superconducting'
(when subjected to a hydrostatic pressure of 12
kbar and cooled below 0.9 K). It is the first-
known organic superconductor. These properties
are somewhat surprising in view of its structure, '
highly anisotropic dc conductivity, and near-in-
frared reflectance, ' which suggest that (TMTSF),-
PF, is at least as one-dimensional (1D) as tetra-
thiafulvalene tetracyanoquinodimethane (TT F-
TCNQ). It is generally believed, as demonstrat-
ed experimentally in the case of TTF- TCNQ, that
because of the Peierls transition, quasi-1D sys-
tems should exhibit neither superconductivity nor
low-temperature metallic behavior. '

A recent interpretation based on the pressure
dependence of the transition temperatures in

(TMTSF),PF, suggests that the material may be
electronically 2D or 3D at low temperature. ' In
this Letter we present direct evidence for con-
siderable overlap transverse to the chain direc-
tion. With decreasing temperature we have ob-
served the growth of an infrared reflectance edge
for electric field perpendicular to the chain di-
rection, which strongly resembles the plasma
edge of a Drude metal. Such an edge has not been
previously observed in organic linear-chain con-
ductors; we suggest that it results from a signif-
icant transverse bandwidth. At high temperature
the edge is overdamped. Thus from the optical
point of view (TMTSF),PF, must be considered
a 1D metal at high temperature, while it is 2D
or 3D at low temperature. The crossover from
one regime to the other occurs when kT -W~,
where W~ is the transverse bandwidth. At higher
temperatures thermal disorder localizes elec-
trons on single chains (leading to diffusive trans-
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port), while at lower temperatures it is possible
to have coherent motion in the transverse direc-
tion.

The crystal structure of (TMTSF),PF, is tri-
clinic with sheets of 1D TMTSF stacks separated
by sheets of PF,- ions. ' The stacking axis is a
and the sheets are in the a-b plane. There is a
zig-zag arrangement of the TMTSF molecules of
an individual stack and a small (1.14 ) tilt of the
molecules away from the perpendicular. This
tilt causes a weak dimerization of the molecules
leading in an extended zone scheme to a 10 band
structure consisting of one cosinelike band with
a very small gap in the center. Because the PF,
ion has a very stable, closed-shell electronic
structure, each TMTSF molecule can be assumed
to have a charge of + —,', leading to kF = SIr/2a,
where a is the chain-axis lattice constant com-
prising two molecules. If there is a sufficiently
large transverse overlap integral, there will be
a significant transverse bandwidth. From the
crystal structure and the resistivity anisotropy'
the biggest transverse overlap is expected to be
in the TMTSF sheets, i.e., in the b direction.

Single crystals of (TMTSF),PF, were prepared
as described elsewhere. ' Microanaiysis showed
2: 1 stoichiometry within experimental limits
(0.5%). All of the crystals were elongated in the
a direction and had reasonable quality (001) fac-
es. The reflectance studies were made for elec-
tric fields along the chain axis, a, and perpendic-
ular to a in the plane parallel to the TMTSF
sheets, the b' direction.

The reflectance data were taken by using two
instruments. The frequency range 600-20 000
cm ' (0.08-2.5 eV) was covered by a Perkin-El-
mer model-16U grating monochromator. Suffi-
cient signal was obtained from single crystals
with faces of approximate size 5&& 0.7 mm'. The
far-infrared measurements covering the range
10-700 cm ' (1.25 meV to 0.09 eV) were done on
a Michelson interferometer. Here a mosaic of
eight crystals, optically aligned to give a target
of 6x 6 mm', was needed to give sufficient signal.
Absolute values of reflectance were obtained in
both cases by comparing the signal from the nak-
ed crystal surfaces to the signal from gold-cov-
ered crystal surfaces.

Low-temperature measurements were per-
formed in a Helitran cryostat with electronic
temperature control. Because of radiation heat-
ing, the sample was warmer than the indicated
temperature of the cryostat. The true sample
temperatures mere determined by placing a TTF-
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FIG. 1. Polarized reflectance of (TMTSF) 2PF6 for
E i~ a (conducting axis) and E ~i

b' {perpendicular to a
in the sheets of TMTSF molecules or PF6 ions). Data
are shown for three temperatures: (a) 300 K, (b) 100
K, and (c) 25 K. Least-squares fits to the reflectance,
assuming a Drude dielectric function, Eq. (1), are
shown as solid lines.

TCNQ crystal in the sample position and by using
the well-known resistivity versus temperature of
this material' as a calibration. When the cold-
finger thermometer indicated 4.2 K, the actual
crystal temperature was 25 K; at 100 K and
above, the difference was negligible.

In Figs. 1(a)-1(c) we present the reflectance
data for (TMTSF),PF, for light polarized parallel
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to the a and 5' directions at three temperatures:
300, 100, and 25 K. There are a wealth of com-
plicated details in the reflectance spectra; the
following features seem most noteworthy:

The chain-axis reflectance (E ~~ a) appears me-
tallic at 300 K, as expected, with a plasma edge
near 7000 cm '. At lower frequencies, the re-
flectance gradually rises toward unity. In the in-
frared range, strong vibronic structure is seen.
The sharp rise below 1300 crn ' resembles a
similar feature observed' in TTF-TCNQ and is
believed to be due to coupling of C=C molecular
vibrations to the conduction electrons. The posi-
tion of the plasma edge is temperature indepen-
dent to first approximation but the edge sharpens
considerably on cooling to 100 K, Fig. 1(b), and
then to 25 K, Fig. 1(c). At these temperatures a
broad maximum extending from 300 to 1000 cm '
approaches reflectance values of 10(P& as does
the very-low-frequency reflectance. The mini-
murn at 50 cm ' may be due to a Fano-type inter-
ference" of the electronic background with lattice
vibrational modes.

The ref lectivity for E
~~

b' at 300 K is rather
flat down to 1200 cm"'. At lower frequencies,
R(b') increases from the 10% level to about 70%
at the lowest frequencies measured. This behav-
ior is characteristic of a conducting material
where the optical relaxation rate is much higher
than the plasma frequency, i.e. , the plasmons
are overdamped.

Perhaps the most interesting feature of the da-
ta is that, as the temperature is lowered, a rath-
er mell-defined reflectance edge, along with an
associated minimum near 1000 cm ', appears.
We interpret this edge as the true transverse
plasma edge. Thus at low temperatures well-de-
fined plasmons apparently exist in at least two
dimensions. To our knowledge this is the first
observation of a strongly anisotropic, but not
quasi-1D plasmon behavior in the class of organ-
ic charge-transfer salts. For comparison, the

corresponding reflectance component in the iso-
morphous sulfur analog to (TMTSF),PF, is flat
down to at least 500 cm ' at high as well as at
low temperature.

It is important to stress that the transverse re-
Qectance data cannot be explained as an optical-
phonon excitation. The electric field direction
for exciting an ionic-type vibration would be
along the c axis, not the b' axis. In addition, as
shall be discussed below, the oscillator strength
implied by these data is more than 2 orders of
magnitude larger than appropriate for a lattice
optical phonon.

Another detail of the E
~~

b' data is the very
strong infrared absorption band of the PF, ion"
at 835 crn '. This band is known to have a high
oscillator strength. The other infrared band of
PF, at 558 cm ' is also seen in the data, again
most clearly for E

~~
b'. Such vibrational modes,

not coupled to the conduction electrons, are dif-
ficult to identify in the highly reflecting a-axis
spectra.

The optical properties of quasi-1D conductors
are customarily analyzed in terms of simple
Drude models, for which the dielectric function
s(+) obeys

&(CO): &goop Np /(8 ((8 +i+)y

where e
„„

is the background dielectric constant,
&~ the unscreened plasma frequency, and I the
optical relaxation rate. In Table I we give the
values of cop, F, and e„„obtainedby fitting the
reflectance for the two polarizations and the three
temperatures, assuming a Drude dielectric func-
tion, Eq. (1). The fits are shown as solid lines
ln Flg. 1.

The results of these fits allow us to obtain band-
structure parameters for (TMTSF),PF,. The op-
tical effective mass, ~*, is related to the plas-
ma frequency by the equation

(dp = 47Tt& /Bg

TABLE I. Drude-model parameters for (TMTS F)2PF&. Note that the
fit to data for E ~~

b' included a narrow Lorentzian oscillator to account
for the observed line at 835 cm '.

COpra

(cm ')
Ap ~i

(cm ') (cm ~)

300
100
25

ll 200
11300
11400

1920
780
580

2.6
2.9
2.9

2340
2360
2360

3670
1700

600

4 3
3.6

5
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At all temperatures we find ~*(a)/m, = 1.0 and

m*(b')/I, = 20. It is remarkable that the chain-
axis effective mass is close to the free-electron
mass. In TTF-TCNQ, for comparison, ' m*

Using a simple tight-binding model for
the band structure, we can translate these effec-
tive-mass values into bandwidths:

W =2tt /m*l',

where l is the intermolecular spacing. For sim-
plicity the optical effective mass has been taken
as the band-edge effective mass. From (3) we
obtain W(a) = 1.2 eV and W(b') = l3 meV.

For an effective mass nearly equal to the free-
electron value, the tight-binding model is clear-
ly not the best one and a more realistic band-
structure calculation on (TMTSF),PF, would be
quite important. However, the estimates given
here underscore two interesting facts: The band-
width of the TMTSF stacks is unusually high for
charge-transfer complexes, where bandwidth
estimates tend to be around 0.5 eV. A chain-ax-
is bandwidth of about 1 eV is also supported by
an independent estimate from thermopower data. '
Bandwidths in excess of 1 eV have previously
been found only in systems with very efficient
overlap of donor molecules, such as (tetrathia-
tetracene), (iodide), (TTT,I,)" and tetrathiaful-
valenium iodide (TTFI, ,)."

A transverse band mass of 20yyg, seems rather
high. It is an open question whether the Drude
analysis yields the correct value in the high-
mass limit. However, we believe that it is rea-
sonable as a first approximation, since the band-
width anisotropy found here is independently con-
firmed by the resistivity anisotropy. The simple
relation"

p(a) W(b') ' 2b

p(f ) W(a) a

yields a predicted anisotropy p(a)/p(b') = 1.7x 10 '.
The experimental anisotropy at low temperature'
is 3x 10 4 in good agreement with this number.

The data indicate a dimensionality crossover in
two ways. (1) The infrared reflectance goes from
1D to at least 2D (although anisotropic) metallic
behavior, as the temperature is lowered. Wheth-
er this observation in itself has relation to super-
conductivity and suppression of the Peierls tran-
sition is not clear. (2) If the derived transverse
bandwidth, W(b') = l3 meV, is assumed to be cor-
rect, the smearing of the Fermi-Dirac function
is smaller than W(b') only at low temperatures.
Thus at room temperature the band structure is

effectively 1D, while below 100 K, W(b' ) will be-
come increasingly important. Here may be im-
plications for superconductivity in this material.
In 1D materials, the Peierls transition generally
defeats any tendency towards superconducting be-
havior. In (TMTSF),PF„the transverse coupling
gives considerable Fermi surface curvature and

suppresses the Peierls transition (particularly at
high pressures') to a sufficient extent that the

superconducting transition can occur.
In summary (TMTSF),PF, ha, s been found to

possess highly anisotropic optical properties.
But, in contrast to other quasi-1D materials,
metallic behavior is also seen perpendicular to
the chain axis at low temperatures.

This work was supported by the Danish Natural
Science Research Council, and the NATO Re-
search Grants Programme under Grant No. 1319.
We thank Dr. N. Thorup for determining the crys-
tal morphology and Professor J. C. Garland for
a critical reading of the manuscript.

'K. Bechgaard, C. S. Jacobsen, K. Mortensen, H. J.
Pedersen, and N. Thorup, Solid State Commun. 33,
1119 (1980).

~D. Jerome, A. Mazaud, M. Ribault, and K. Bechgaard,
J. Phys. (Paris), Lett. 41, L95 (1980).

N. Thorup, Q. Rindorf, H. Soling, and K. Bechgaard,
to be published.

48ee, for example, A. Z. Berlinsky, Rep. Prog. Phys.
42 1243 (1979)

For a general discussion, see for example,
H. Gutfreund and W. A. Little, in IIighly Conducting
One-Dimensional Solids, edited by J. T. Devreese
(Plenum, New York, 1979), p. 305, and references
therein.

6H, . L. Greene and E. M. Zngler, Phys. Rev. Lett.
10, 1587 (1980).

~C. S. Jacobsen, K. Mortensen, M. Weger, and
K. Bechgaard, to be published.

L. B. Coleman, Ph.D. thesis, University of Penn-
sylvania, 1975 (unpublished) .

D. B. Tanner, C. S. Jacobsen, A. F. Garito, and
A. J. Heeger, Phys. Rev. B 13, 3381 (1976).

' L. P. Gor'kov and E. I. Rashba, Solid State Commun.

27, 1211 (1978).
"G. M. Begun and A. C. Rutenberg, Inorg. Chem. 6,

2212 (1967).
' R. B. Somoano, S. P. S. Ten, V. Haded, S. K. Khanna,

M. Novotny, T. Datta, A. M. Hermann, and J. A. Wollam,
Phys. Rev. B 17, 2853 (1978).

3R. J. Warmack and T. A. Calcott, Phys. Rev. B 14,
3238 (1976).

'~G. Soda, D. Jerome, M. Weger, J. Alizon, J. Gal-
lice, H. Robert, J. M. Fabre, and L. Giral, J. Phys.
(Paris) 38, 931 (1977).

1145


