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Resonant Raman scattering in a his-tetramethyltetraselenafulvalene-hexafluorophosphate
[(TMTSF)2PF6] single crystal
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Raman scattering experiments have been performed on a (TMTSF)2PF6 single crystal. Resonant
effects have been found for a laser excitation in the vicinity of 6450 A. The latter experiment has al-
lowed us to detect and identify many internal modes of the TMTSF molecule. Also, external modes
have been recorded and identified. One of them is strongly Raman resonant, and is responsible for
the electronic charge transfer which characterizes this one-dimensional conductor.

I. INTRODUCTION

(TMTSF}zPF6 is a one-dimensional (1D) organic con-
ductor, which remains metallic down to very low tem-
peratures. At T=10 K, it becomes a magnetic insulator
at normal pressure, while at 12 kbar, it undergoes a
metal-superconductor transition at 0.9 K.' (TMTSF)qPF6
crystallizes in the space group PT' ' with Z=1; the PF6
cation lies on an inversion center, while the TMTSF mole-
cules form stacks along the a direction, the two molecules
located in the same unit cell (corresponding to each other
through an inversion center located at the center of the
unit cell) belonging to the same stack.

The origin of metallic 1D conductivity in the series of
(TMTSF}2X salts is well known. The TMTSF molecule
acts as an electron donor, while the X counteranion is an
electron acceptor. With a 2 to 1 stoichiometric ratio be-
tween the TMTSF and X, half an electron leaves each
TMTSF molecule; the electronic band related to the donor
state is thus half empty, leading to conducting properties.
The nature of the very-low-temperature electronic and
magnetic properties depends, nevertheless, on that of the
X anion, which always resides on an inversion center. For
X=PF6 or AsF6, the superconducting state is reached
only under pressure, ' but for X=C104, this transition
takes place at 0 kbar for T=4 K; it has been suspected
that the ordering of the C104 ion at low temperature
(which lowers the crystal symmetry} could be related to
the different electric behavior of this latter compound.

There exists already considerable literature on the opti-
cal properties of the tetramethyltetrathiafulvalene
(TMTTF) and of the TMTSF molecules, either neutral3 or
fully ionized. In contrast, very few results exist for
(TMTSF)2PF6 itself or even for closely related one-
dimensional conductors such as (TMTTF)2PF6, for in-
stance.

The present study was undertaken in order to fill this
gap by studying the Raman spectrum of this substance.
The initial goal was to record the internal modes of the
PF6 counterion in order to see whether some orientational
disorder existed in this salt also and whether it could be,
later on, correlated with the corresponding information on
the C104 internal modes. Unfortunately, the two salts
turned out to be very opaque and no internal line of any

counterion could be detected in them. On the other hand,
some other lines, though weak, could be recorded and
were discovered, at least some of them, to display
resonant effects under a change of the excitation-laser
wavelength. The aim of this paper is to report and dis-
cuss these findings. This paper will be divided as follows.

Section II describes the experimental technique and the
normalization procedure used to display the four recorded
spectra.

In Sec. III we summarize the various crystallographic
and optical data which are available for (TMTSF)2PF6
and for some related substances and which are necessary
for the interpretation of our experiment.

Section IV is devoted to a discussion of our experimen-
tal results; after a brief description of the various spectral
regions and a review of resonant Raman scattering (RRS)
theory, we apply the latter to these different spectral re-
gions and show that many of our results can be properly
interpreted within such a framework.

Finally, Sec. V is devoted to a summary of the impor-
tant results so far obtained (in particular, the demonstra-
tion of resonant Rainan scattering with one external mode
of the crystal), as well as to a discussion of the still un-
solved questions raised by the present work.

II. EXPERIMENTAL PROCEDURES
AND TECHNIQUES

Our Raman experiments were performed with a T 800
Coderg spectrometer. We equipped it with a large-
aperture light-collecting system designed in such a way
that it provides a magnification of 3.5 from the sample to
the spectrometer entrance slit, with a frontal distance of
21 cm from the scattering system to the first lens. The
spectrometer was electrically connected through a
laboratory-made interface to a Digital Equipment Cor-
poration PDP 11/03 computer, controlling the scans and
allowing for data collection and treatment. Two Spectra
Physics 164 lasers (argon and krypton) were used to pro-
duce the excitation light.

The crystals we used resembled prismatic black needles.
These needles had four planar faces, each parallel to the a
direction, with a surface area of approximately 8&(0.2
mm . The small size of these faces, as well as the very
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low intensity of the scattered light, forced us to use spe-

cial devices in order to ensure that all the light arriving on
the entrance slit was Raman-scattered light originating
from our sample. In order to prevent the detection of Ra-
man scattering from other sources, two crystals were in-

stalled horizontally, side by side, and carefully fixed with

50-pm golden wires inside a groove in the holder of the

cryostat, in such a way that one of their faces was verti-

cal. The samples were cooled by the convection of a fixed
volume of helium gas kept at constant pressure and in
thermal equilibrium with the copper walls of the inner

cell. The latter was brought to the appropriate tempera-
ture by an external helium flow. The three windows

crosscxl by the incident laser beam and the three windows

crossed by the scattered light were pure SiOq and carefully
cleaned in order to avoid spurious fluorescence.

The samples can be very easily damaged by laser heat-

ing and another source of difficulty, especially in the case
of RRS, was the additional presence, in the detected sig-

nal, of laser plasma lines elastically scattered by the crys-
tal. The former difficulty was reduced and the latter to-

tally overcome by the following system.
The laser was located far away (8 m} from the sample.

The light passed through two lenses, constituting a beam-

expander telescope, which sent the bmm on a 10&10-cm,
1200-(vertical grooves)/mm blazed grating. The first-
order diffracted beam was then sent back to the same

grating via a mirror and was once more first-order
dispersed. The beam, which covered about 50% of the
surface of the grating was made to slowly converge in
such a way that the focus of the system was located ap-

proximately 1 m in front of the sample. In fact, due to
the optical aberrations of the system, this focus consisted
of two caustics mutually orthogonal and both perpendicu-
lar to the beam. We made use of these aberrations by
placing a vertical slit at the position of the vertical caus-

tics, thus eliminating the plasma lines. The horizontal
caustic was then imaged as a horizontal 5 XO. 1-mm line

on one face of the crystal, this line being itself imaged, by
the above-described collecting optics, on the horizontal
entrance slit of the spectrometer.

The characteristics of this system are a filtering spectral
width of 4 cm ' at half height, with an attenuation of
100 6 cm ' away from the selected laser line, and the pos-
sibility of sending a light power of 40 mW on to the sam-

ple without noticeable heating. Even with such a power
the spectra were very weak and, for instance, with a 4-

cm ' spectrometer spectral slit width, the 450-cm ' line

of the 4545-A VV spectrum (Fig. 2) produced a signal of
5 counts/sec over a background of 100 counts/sec.

%e used a horizontal, right-angle scattering geometry
with a 60' incident angle with respect to the normal to a
vertical face (containing the horizontal a direction) and a
30' mean scattering angle; a mask was placed between the
sample and the entrance slit in order to prevent detection
of the directly reflected light. The incident light was po-
larized vertically, i.e., perpendicular to a; the scattered
light was analyzed either vertically (VV scattering) or hor-
izontally (VH scattering) by a polaroid. A half-wave plate
was placed behind the analyzer and turned, for each ex-

periment and each wavelength in such a way that the out-
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FIG. 1. (a) Projection along u of the pseudomonoclinic cell.
The molecules in the plane x =0 are drawn as solid lines, while

those in the plane x =a /2 are represented by dashed lines. The
crosses are symbols for PF6 ions. b' and c' are the projections
of b and c. (b) Sketch of the pseudomonoclinic cell where the
TMTSF molecules are symbolized by parallelograms.

going light was polarized in the direction for which the
spectrometer had its maximum efficiency. It was thus
possible to compare, for each wave length, the VV and
VH relative intensities. The relative intensities of the VH
4545- and 6471-A spectra could not be experimentally de-
cided. It was fixed by assuming an equal intensity for the
36-cm ' line in both spectra, and the reason of this choice
will be discussed in Sec. IV C.

III. SUMMARY OF RELEVANT DATA
ON (TMTSF)2PFg

A. Crystallography

As already explained, (TMTSF)2PF6 crystallizes in the
space group P 1, with Z =1, and the two molecules corre-
spond to each other through an inversion center located at
the center of the cell. (When not otherwise stated, the
word molecule will be used as an abbreviated form for
"TMTSF molecule. ") In fact, although the crystal has a
very low symmetry, the structure analysis reveals that the
molecules, which are stacked along a, are fairly planar;
this plane being, within 1, perpendicular to a and passing
nearly through a phosphor atom (which lies on an inver-
sion center}. Furthermore, the distance between two mol-
ecules of the same cell and the distance between two mole-
cules belonging to the same stack but to two neighboring
unit cells is nearly the same (as pointed out in Ref. 2). Fi-
nally, the C axis is nearly perpendicular to a (P=86.3').
Thus, if one defines a new cell with basis vectors
a,bi ———a+2b, c the crystal structure in this new cell is
approximately C2q (C(2/m), 1,1), each molecule being in
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a mirror plane perpendicular to a and passing either
through the origin, or through the center of the c face as
shown in Fig. 1. The H geometry in the light scattering
experiment is thus parallel to the twofold axis, while the
V one is in the mirror plane. Finally, the data of Thorup
et al. also indicate that the local environment distorts the
molecular shape very little: it nearly has the DzI, symme-
try of the isolated molecule, and it is the latter which will

be assumed for the vibrational properties of the molecule.
Let us finally note that this approximate Czi, crystal

symmetry does not hold for the counterion (no P—F bond
is close to alignment with a). This is of no importance
here because this counterion does not manifest itself in
our experiments.

B. Optical data

Several vibrational spectroscopy experiments have been
performed, either on the neutral or on the fully ionized
molecule (TMTSFC104 and TMTSFBr). Iwahana et al.
reported some Rarnan measurements on TMTSF and
(TMTSF)2PF6. Later on, Meneghetti et al. performed ir
and Raman experiments on the neutral molecule, as well
as on TMTSF Br (ir) and TMTSF PF6 dissolved in aceton-
itrile (Raman). From these data and from the correspond-
ing data for TMTTF, Meneghetti et al. constructed a
valence force field, which allowed them to compute all the
in-plane internal-mode motions, assuming a Diq molecu-
lar symmetry. This calculation led to agreement between
the computed and some of the recorded frequencies (all
the Raman detected frequencies being identified as modes
of a &s symmetry), some other recorded frequencies receiv-
ing no proper explanation. [Note that throughout this pa-
per, lower-case symbols will be used for the irreducible
representations of the molecular group Dzl„while capital
letters will refer to the irreducible representations of the
factor group of the crystal space group (I'i or Czq).]
Meneghetti et al. also pointed out that the Raman spec-
trum of the fully ionized molecule showed signs of RRS
at A, =6471 A due to an electronic absorption, measured
around 8000 A in the acetonitrile solution and around
6500 A in solid TMTSF C10&. They also reported anoth-
er electronic absorption around 3800 A in the solid.

Very few optical data are related, on the other hand, to
the vibrational spectroscopy or the optical data of the
half-ionized salts. Iwahana et ol. were only able to
detect one Raman line of (TMTSF)2PF6 at 1463 cm
The same line was measured on various salts of TMTTF
by Huong et al. , who reported that its frequency suffered
a linear shift with the degree of ionization of the mole-
cule.

An ir absorption experiment was also performed on
(TMTSF)2X with X=PF6 and Re04 by Bozio et al. This
ir experiment, which provided some frequencies for the
Meneghetti et al. calculation, is important in our case for
the following reason. As the two TMTSF molecules of
the unit cell are related by an inversion center, each inter-
nal vibration gives rise, in principle, to two modes: a
Raman-active one and an ir-active one. Nevertheless, if
the molecule keeps its local DzI, symmetry, a gerade vi-
bration and, in particular, an a I-symmetry internal mode

will be ir active only if the electron-vibration coupling is

quite large. In the experiment of Bozio et al. , it was
found that no a,g internal mode could be detected in the
metallic state, both for ReOq and PF6. Few such modes
were, indeed, detected in the insulating low-temperature
phase for Re04, but none became visible under the same
conditions with PF6. This reinforces the idea of a regular
stacking of the molecules, with practically no dimeriza-
tion between the two molecules of the unit cell, as was im-

plied in our pseudomonoclinic (C(2/m), 1,1) cell.
An optical-absorption measurement was also performed

by Jacobsen et al. ' in the visible range on single crystals
of (TMTSF)zX, with X=AsF6. The 6400-A absorption
band discussed above for the fully ionized salt was seen,
on the PF6 half-ionized one, as a small peak in reflectance
measurements for light polarized perpendicular to the
chain (V geometry). Due to the relationship with the
Meneghetti et al. electronic and Raman measurements,
this absorption is presumably related to a transition from
an occupied state to the valence band. On the other hand,
no peak was observed in the H geometry, at that frequen-

cy, but the reflectance began to rise with no detected
maximum in the 5000—4000-A region.

C. Electronic structure analysis
and related information

Two band-structure calculations have been performed
on these materials by Whangbo et al." and by Grant. '

Both calculations were based on the linear-combination-
of-molecular-orbitals (LCMO) method, which in fact in-
cluded only the contribution of one single molecular orbi-
tal. This implies that for all the other electronic bands
below the conduction band, and presumably also for the
first electronic band above the conduction band, the same
approximation is valid. In fact, the most important infor-
mation pertinent to our measurements is related to the
calculation of Grant who computed the transfer integrals
of the molecular orbital related to the conducting state be-
tween one molecule and its various neighbors. He also
computed the relative change of these transfer integrals
with respect to a change of the relative position of the
molecule within the cell. He found that the most dramat-
ic change occurred in the transfer integral between two
nearest-neighbor molecules belonging to the same stack
but to two different cells when they were moving parallel
to the a direction. This relative change was computed to
be larger, by a factor of 4, than any other relative change
of these transfer integrals.

IV. EXPERIMENTAL RESULTS
AND DISCUSSION

Figure 2 represents an overview of four recorded spec-
tra at 30 K for A, =4545 A and A, =6471 A, both for the
VV and VH geometry. Figure 3 represents the low-
frequency part of these spectra with an expanded frequen-
cy scale; Fig. 4 shows a detailed view of the 1400—1650-
cm ' part of the same spectra, with a reduced intensity
scale, in order to show the relative intensity of the very
active 1463-cm ' line, with again an expanded frequency
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(ii) With the exception of the two above-mentioned
spectral regions, the spectra are extremely weak, if not
completely featureless, as was the case in the Iwahana ex-
periment' for all geometries but the VV A, =6471 A one.
The latter clearly appears as a RRS which provides a lot
of results. Thus, we shall first give a short summary of
the elements of RRS theory necessary for the interpreta-
tion of our results; second, apply it to the 150—1400-cm
region; third, discuss the external mode (co&100 cm ')
spectrum; and finally, describe the new problems which
arise above 1400 cm

po 500 1000 1500

z(crn ) A. Resonant Raman scattering

FIG. 2. Overview of four recorded spectra at 30 K of
(TMTSF)2PF6. From top to bottom, the geometry and laser
wavelength are the following: (a) VV and 4545 A, (b) VV and
6471 A, (c) VH and 4545 A, and (d) VH and 4545 A.

scale. These three figures make clear the two following
points.

(i) The low-frequency part (co&100 cm ') and the
1400—400—1600-cm region behave in a different manner
from the rest of the spectrum.

F 11ollovnng Loudon, the one-phonon Raman scattering13

phenomenon is made up of three processes: (1) photon
annihilation plus creation of an electron-hole pair, (2) in-
teraction of a phonon with one member of the pair, creat-
ing a different electron-hole pair, and (3) destruction of an
electron-hole pair producing the scattered photon. These
processes take place in any order, giving rise to six dif-
ferent orderings. One of these terms, corresponding to the
three processes taking place in the order described above,
1s

@ + (u, k
~ p~ ~

c»k)(ci, k
~ g ~

c2,k)(c2,k
~ pii ~

v, k)
(c ~y +ph oi~ )l(~. —oi. ) —W 1

where
~
v, k) or

~
c;,k) are crystal electronic states with

wave vector k, related to a valence band (u) or a conduc-
tion band (c&) labeled by the index i, %co„and Ace, are the

corresponding electronic eigenvalues„while cosh is the scat-

I

tered phonon frequency. In the numerator, p~ (pii) is the
dipole moment operator for a dipole parallel to the a (P)
direction, while Q is the electron-phonon operator, which
when applied to an electronic wave function, describes the
way this wave function is perturbed under the influence of
a phonon. (Note that we have neglected the light, and

1000 200

v(crn-" )

FIG. 3. External-mode region (0—200 cm ') of the
spectra —presentation as in Fig. 2.

1400 1500 1600

v (cm-")

FIG. 4. 1400—1650-cm ' part of the spectra, on a reduced
intensity scale, showing the strong activity of the 1463-cm
line—presentation as in Fig. 2.
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~
u, k) = gP, (r—RL )e

I.,s
(2)

where P„(r—rp} is the u molecular orbital centered at ro,
and Rz is the center of the s molecule (s=1,2) of the I.
cell. Then, at the same level of approximation,

(u, k~p ~c,k)= f 2NP„'(r) (b, (r)d r .
Br

(3)

As Pu(r) and Pc(r) can be classified by their Dzq symme-
try properties, there exists for each (u, c} set, at most, one
operator p~ for which the matrix element is different
from zero.

scattered-phonon, wave vector for simplicity. )

Resonant Raman scattering takes place when (neglect-
ing the phonon energy) the photon energy is equal to the
energy of an electron-hole pair. Equation (1) shows that
in the Raman process described by this equation this can
happen twice, once if co, —co„=co; and once if

~c —~v =~(.
The analysis of the Loudon formula shows that one has

a similar result if the hole-phonon interaction takes place
as the second scattering process, while this can happen
once only if this interaction (or the electron-phonon in-
teraction) is the first or the last process. The most strong-
ly resonant term is thus (1) (or its equivalent where the
roles of the conduction and valence band are inter-
changed) when the two conduction (valence) bands are the
same, ' in which case the Raman tensor diverges as
(CO~ —COq —CO( )

In the LCMO method with one molecular orbital per
band, one writes

Thus, in the LCMO method with one molecular orbital
per band, the most strongly resonant terms impose a=P,
i.e., the incident- and scattered-light polarizations both
have to be parallel to one and have the same given direc-
tion. Furthermore, the internal vibration modes are fairly
localized on one molecule. The electron-phonon matrix
element thus couples one molecular orbital with another
one localized on the same molecule. As in the case of
RRS, the orbitals both belong to the same band (see
above), symmetry implies that the internal mode must be-
long to the totally symmetric (or identity) representation,
a&e. The corresponding rules for external modes will be
discussed in Sec. IV C.

B. The 150—1400-cm ' region: Identification
of the internal modes

The optical-absorption measurements of Jacobsen
et al. ' suggest that RRS will appear for a laser frequency
around 6471 A in the VV geometry, and we have shown
that we expect this resonant effect to be mostly important
for a&e modes. This is, indeed, largely the case and Table
I lists, in column 1, the frequency of the modes detected
in this geometry which can be attributed, with the help of
the Meneghetti et al. calculation (column 2), to a&e
modes. One sees that all the modes, with frequencies be-
tween 1S5 and 1620 cm ' and attributed to a~g symmetry
in Ref. 6, are detected in our measurements, except for the
v6 mode. Furthermore, the v7 and v~2 modes which were
not previously detected turn out to have frequencies in
rather good agreement with their predicted values (155
crn ' for v&z instead of a predicted 133-cm ' value and
1070 for vz instead of 1057 cm '). Also the 1464-cm

TABLE I. Frequencies (cm ') of the modes detected above 130 cm '. Indications of their relative
intensities are abbreviated as follows: w= weak, m =medium, and s =strong. Mode 1: resonant-mode
frequencies which can be compared with the a&g in-plane —mode calculated frequencies of Ref. 6 (mode
2 with the Meneghetti et al. labeling). Mode 3: nonresonant (VH) or poorly resonant modes. Mode 4:
unidentified, strongly resonant, modes; the asterisk indicates modes already detected by other experi-
mentalists. Mode 5: modes with special properties discussed in Sec. IV D.

Mode 1

155 (w)
263 ( w)

281 (m)

918 (mw)

1070 ( w)

1452 (w)
1464 {s)

1601 (m)

133 (v]2)
263 (vii)
276 (v)o)

453 (v9)

1057 (v7)
1370 (v6)
1438 (v5)
1469 (v4)

1625 (v3)

473 (w) (VH)
489 ( w) (VH)
679 ( w) [v62(b3g)]

328 (m)~
398 (m)

936 (m)

1582 (m)*

Mode 5

1479 (mw)
1565 (m)
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value of vi compares favorably with a predicted value (us-

ing the empirical law of Huong et al. ) of 1469 cm
Column 3 of the same table gives the frequencies of the
two internal modes detected in nonresonant conditions in
the VH spectrum and of one mode detected in the VV
spectrum which seems to be poorly resonant. The latter
can be identified with a b3& (v62) mode of Ref. 6, while the
two others are out-of-plane modes not computed by these
authors. The surprising result is the appearance of the
frequencies listed in column 4 (the case of column 5 will
be discussed in Sec. IV D), which correspond to frequen-
cies appearing under RRS (VV geometry) and which can-
not be accounted for by the Meneghetti et al. calculation.
Two of them, marked with an asterisk, have already been
reported in earlier measurements ' and are not identified.
The fact that they are strongly resonant is quite surpris-
ing. They could be combination bands (with two phonons
of the same or of different frequencies) of the same sym-
metry, but there exists no indication of their origin, in
particular, for the 324- and 398-cm ' lines.

TABLE II. Frequencies (cm ') and assignments of the exter-
nal modes.

Frequency
(cm ')

36
46
49
52
57
64

External mode

Libration Bg
Translation Bg
Libration A
Translation Az
Translation 8g
Libration Bg

C. The external mode region

In this frequency region, nine modes at most could be
detected: the three PFs librations, the three TMTSF
parallel librations, and the three external relative motions
of TMTSF. The PF6 librations (one Az and two Bg
modes) are quite presumably invisible because the PF6
anion has more or less a cubic symmetry. On the other
hand, the TMTSF molecules are fairly anisotropic and the
main Raman scattering mechanism for a libration is the
rigid rotation of the molecular dielectric tensor. 's Due to
the approximate Cqi, symmetry of the crystal, one expects
two Bs libration modes in the VH spectrum (correspond-
ing to rotations around axes perpendicular to a} and one

Az libration visible in the VV spectrum. Furthermore,
the scattering mechanism for these inodes involves the
rigid rotation of the molecular orbitals and should have
no resonant character. We can thus assume that the two
modes at 36 and 64 cm ' of the VH spectrum and the
mode at 49 cm ' of the VV spectrutn (see Table II and
Fig. 3},which are quite visible at 4545 A, are three libra-
tion modes. Furthermore, we expect these modes to have
the same intensity at all excitation wavelengths. We have
taken them as intensity references and adjusted the un-
known intensity ratio between the 4545- and 6471-A spec-
tra using this internal standard. This appears to give a
coherent result for the two VH modes (see Fig. 3). Unfor-

tunately, no check can be made on the VV spectrum (due
to the relatively very intense 54-cm ' mode at 6471 A),
but the result is certainly not grossly inconsistent. This
intensity ratio has been used later on to draw Figs. 2, 3,
and 4.

Let us now discuss the three translational inodes. One

Aq mode is expected in the VV geometry and corre-
sponds to a motion along a, while two 8 modes are ex-
pected in the VH spectrum, corresponding to motions per-
pendicular to this axis. Figure 3 shows that, among the
three yet unidentified modes of this spectrum, only the
54-cm ' mode is clearly resonating, in the VV geometry,
at 6471 A. This is exactly what we expected from Grant' s
calculation, ' because the relative change of the LCMO
transfer integral under pressure is just the electron-phonon
matrix element (for ci ——c2) of Eq. (1). As one transfer in-
tegral relative change is 4 times larger than any other and
is related to a motion parallel to a, the corresponding
mode should resonate 16 times more than the two other
optical phonons. This mode can thus be safely identified
with the internal relative displacement of the molecules
along u. The only troublesome aspect is related to the VH
spectrum, in which, under resonant conditions, the 54-
cm ' mode also appears, though less strongly. The
breakdown of the C2i, symmetry is, of course, not surpris-
ing because this is only an approximate result. Neverthe-
less, this VH detection does not go along with the discus-
sion in Sec. IV A and suggests that a transfer integral be-
tween a conduction-band molecular orbital and another
unoccupied molecular orbital of a nearest neighbor is also
very sensitive to a relative motion of the two molecules
along a. Though this is not unlikely, there is no calcula-
tion at the present time to confirm our hypothesis.

Finally, two weak modes at 46 and 57 cm ' appear in
the VH spectrum and have no resonant character. We
have tentatively attributed them to the two other optical
translation modes of TMTSF, and our attribution of the
whole low-frequency spectrum is given in Table II.

D. The 1400—1620-cm ' spectral region

The five frequencies detected in this spectral range are
reported in Table I. Three belong to the a~g symmetry
and have already been discussed in Sec. IV B, as well as al-
ready having reported the existence of an unidentified line
at 1582 cm '. One more unsolved problem remains in
this frequency range. Firstly, if the intensity ratio of the
VV to the VH spectrum at 6471 A is very similar to that
of the lower part of the spectrum, this is not true for the
4545 A spectra —both are equally intense. Secondly, in
the latter case, not only is the 1463-cm ' line more in-
tense in the VH spectrum, but this is even more striking
for the 1565-cm ' line and also the 1479-cm ' line (see
Fig. 2), which explains why these lines have been reported
on column 5 of Table I. Even if the Jacobsen optical-
reflectance measurement suggests that one is approaching
a new electronic resonance below 4000 A, it is not clear
why this would affect most specifically that part of the
spectrum and would be more important in the VH spec-
trum.
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V. SUMMARY AND FINAL REMARKS

The Raman experiments reported in this paper indicate
that the main difficulty related to this experimental tech-
nique is the optical opaqueness of the (TMTSF)iPF6 crys-
tals. This prevents the detection of any internal mode re-
lated to the PF6 counteranion and practically any internal
mode of TMTSF when one is not in a resonant Raman
scattering condition: the only clearly visible modes in a
nonresonant condition are the 1463-cm line, which is
strongly connected to the charge transfer mechanism, and
the three TMTSF libration modes, which had not been
previously detected. Under RRS conditions, nearly all the
internal aie modes become visible and their frequencies
agree, in general, with the valence force field calculation
of Meneghetti et al. Furthermore, an external optic
mode related to a motion of the TMTSF molecules along
the a (stacking) direction strongly resonates. The relative
motion of the two molecules which is related to this mode
is by definition the motion deeply involved in the charge
transfer mechanism. The detection and identification of
this mode is of great importance in the future understand-
ing of the charge transfer mechanism and, possibly, of the

superconducting properties of the other salts of the same
family.

If the general picture which emerges from the present
analysis is rather consistent, some findings remain unex-
plained. There exist unidentified resonant Raman scatter-
ing modes, and some of them are among the most intense
of the RRS spectrum. Furthermore, in the 1450—
1650-cm ' region, a new resonance mechanism seems to
take place when the laser frequency increases. Further ex-
periments are clearly needed to elucidate these points.
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