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The electrodynamic response of the organic linear chain Bechgaard salts (TMTSF)2X ~X5PF6 and ClO4!
has been investigated over a very broad spectral range by applying a variety of optical spectroscopic tools. We
focus our attention on the spin-density-wave ground state and, in particular, on its manifestation in the optical
properties, with polarization perpendicular to the chains. Along this direction, we have clearly identified the
spin-density-wave gap in the optical spectra of both compounds. We discuss the single particle excitation
across the gap within a formalism similar to the one worked out for the superconducting state, but with
Bardeen-Cooper-Schrieffer case I coherence factors, as well as an approach based on the two-dimensional
Hubbard model.@S0163-1829~99!05235-2#
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I. INTRODUCTION

For decades the physical properties of quasi-o
dimensional~1D! conducting systems have attracted a lot
interest, both with respect to their normal and to their brok
symmetry ground states. The quasi-1D electronic struc
leads to Fermi surface instabilities and therefore to ph
transitions, reflecting the formation of electron-electron
electron-hole pairs, with the ground state atT50 being a
coherent superposition of the respective pair states.1

Solutions of models for the 1D electron gas~see, for ex-
ample, theg-ology approach1,2! show that a superconducting
or a charge- or spin-density-wave~CDW, SDW!, ground
state can be reached, depending on the strength of
electron-electron or electron-phonon interaction. For the
perconducting ground state, gauge symmetry is brok
while the density-wave states break translational symme
and in the SDW case the spin-rotation symmetry is also b
ken. For ‘‘real’’ quasi-1D materials, characterized by a no
negligible interchain coupling, a mean-field treatment mig
be applied, which then leads to a finite transition tempera
TMF .1 Because of fluctuation effects the observed criti
temperature for the phase transition is usually smaller t
TMF .

The various broken symmetry ground states have sev
common characteristics and their electrodynamic respo
have been thoroughly explored, particularly with respect
the excitation spectra of the superconducting and cha
density-wave states.1,3 In both cases, the response reflects
PRB 600163-1829/99/60~11!/8019~9!/$15.00
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single particle and collective mode excitations, with the s
called coherence factors playing an important role. In
@Bardeen-Cooper-Schrieffer~BCS!# s-wave superconducting
state atT50, the zero frequency mode is followed, at fini
frequency, by vanishing conductivity up to the gap frequen
~2D! and then the absorption smoothly rises due to cas
coherence effects.3 At finite temperatures a smooth rise o
the absorption develops due to absorption by unconden
electrons. These effects have been accounted for by a st
stream of papers and are commonly connected to the ca
lations first performed by Mattis and Bardeen within t
dirty limit ~i.e., 2D,G, G being the scattering relaxatio
rate! of the BCS framework.4 The situation is somewhat dif
ferent for the density-wave states, in which case I cohere
factors lead to a sharp maximum in the conductivity at
gap frequency.1,3 The conductivity spectrum of charge
density-wave systems was first calculated by Lee, Rice,
Anderson.5

In contrast to the CDW and superconducting grou
states, the electrodynamics of the SDW state is relativ
poorly understood.1,6 Despite a large number of optica
experiments,7–18 evidence for the SDW gap has not be
clearly established. On the one hand, experimental res
obtained along the highly conducting axis8–17 of the linear
chain Bechgaard salts (TMTSF)2X ~X5PF6, AsF6, and
ClO4!, generally display a very high reflectivity and cons
quently changes induced by the formation of the ground s
are difficult to detect~particularly in the so-called clean limi
where 2D.G and changes are small!. Moreover, the normal
8019 ©1999 The American Physical Society
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8020 PRB 60V. VESCOLI et al.
state properties along the chains are fundamentally diffe
from those of a simple metal.17,19,20Sometimes the analysi
of early optical measurements10,11 in the direction parallel to
the chains explained a peak around 200 cm21 as evidence of
a SDW-gap structure. However, this feature exists w
aboveTSDW with little change at the SDW transition tem
perature itself, and therefore it cannot be the single part
gap associated with the SDW ground state.19,20 On the other
hand, the experimental results obtained with the electric fi
polarization perpendicular to the chains9–15 show that below
some characteristic frequency the reflectivity drops as
temperature is lowered throughTSDW. This occurs at differ-
ent frequencies depending on the experimental techn
used, and while in general there is no sharp onset, gap va
ranging from 30 to 100 cm21 were asserted. Recently, tran
mission measurements through a gridlike structure
~TMTSF!2PF6 and ~TMTSF!2ClO4 crystals gave indications
for a SDW gap perpendicular to the chains around 32 and
cm21, respectively.18 We believe that this unsatisfactory va
riety of results is due to the investigation of small cryst
and mosaics, often resulting in a reflectivity significan
smaller than the one which we have observed~in some cases
exceeding our low frequency values of the absorptivity
one order of magnitude!. In fact, the strong anisotropy of th
electronic structure usually leads to long needlelike cryst
with typical transverse dimensions of less than 0.5 mm
order to perform high quality optical measurements it is n
essary to have large crystal faces, achieved in early pion
ing work with mosaics. Surface scattering and interfere
effects due to misalignment of the crystals, gaps between
crystals, and diffraction effects from the composite sample
aligned needles in the mosaic configuration can induce s
rious results and important alteration of the specular con
tion, even if the needles are coated with gold for the ref
ence measurement.

We have embarked on a thorough and systematic inve
gation of the excitation spectrum of large single crystals
the Bechgaard salts (TMTSF)2X, with X5PF6 and ClO4. It
was initially supposed that the large scattering rate and
eventual realization of the dirty limit scenario perpendicu
to the chain direction should make an exploration of
electrodynamics of the SDW state with respect to the
excitation problem more accessible. Therefore, this pa
will be focused only on the electrodynamics perpendicula
the chain direction, where we achieved a direct detection
complete analysis of the SDW gap. Parts of the results w
presented before21 and we also refer to Refs. 19 and 20 for
comprehensive discussion of the on-chain~i.e., parallel di-
rection! electrodynamic response. In Sec. II we brie
present the sample growth techniques along with the exp
mental methods and results. Our findings and their theo
cal implications are discussed in Sec. III, while in Sec. IV w
conclude by addressing a few open issues and conseque
of our results with respect to the general understanding of
physics in these quasi-1D organic systems.

II. EXPERIMENT AND RESULTS

The large single crystals used in this study were grown
an electrochemical growth technique,22 at reduced tempera
ture ~0 °C! and at low current densities. These conditio
nt
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give a slow growth rate and, over a period of four to s
months, produce single crystals up to 432.531 mm3.19,20

These large, high-quality faces in theab8 plane allowed us
to perform reliable optical reflectivity measurements of the
materials, both parallel (Eia) and perpendicular (Eib) to
the highly conducting chain axis, down to low frequencie
The use of such large crystals led to significant enhancem
of the accuracy obtained for the optical reflectivity with r
spect to previous investigations obtained by aligning m
tiple needlelike crystals into mosaics. We should remark t
the directionsa and b8 define the face of the sample, o
which the optical experiments were conducted, and there
the axis characterized by the largest optical anisotropy.
b8 direction is perpendicular toa but slightly different from
the b direction of the triclinic crystal structure. This differ
ence should not affect our overall conclusions.

The high quality of our large single crystals has be
confirmed by dc transport measurements.23 The resistivity
r(T) measured along the chain displays a typical meta
behavior at higher temperatures, a sharp phase trans
around 10 K, and a thermally activated behavior of the
sistivity below this temperature. The gap, using the expr
sion s(T)5s0 exp(2Egap/2kBT) is Egap52Dr535 K and
we refer to this value as the transport gap. It has been es
lished that the ground state in both materials is a sp
density-wave, the onset of which is atTSDW512 K for
~TMTSF!2PF6 and 6 K for ~TMTSF!2ClO4.

23,24 The insulat-
ing behavior results from the opening of a gap in the sin
particle excitation spectrum at the Fermi level due
electron-electron interactions. The most recent dc-trans
results on~TMTSF!2PF6 ~Ref. 23! also confirm the huge an
isotropy by orders of magnitude along the three crysta
graphic directions. In fact, the conductivity@i.e., 1/r(T)#,
besides a metallic behavior forTSDW,T,100 K in all direc-
tions, has an anisotropy of approximately 1:500:53104 at
about 20 K going from thec axis to theb8 and a axes,
respectively.22,23Electron-spin-resonance results also sugg
anisotropic metallic behavior along all three directions.25

The electrodynamic response of these Bechgaard s
over an extremely broad energy interval (7 – 105 cm21) has
been obtained by combining the results from different sp
trometers in the submillimeter, far~FIR! and mid~MIR! in-
frared, optical, and ultraviolet~UV! spectral ranges. A de
tailed presentation of the experimental techniques is give
Ref. 20. Here, we just recall a few essential technical aspe
In the optical range from 15 to 105 cm21 polarized reflec-
tance measurements were performed employing four s
trometers with overlapping frequency ranges. In the subm
limeter spectral range~7–20 cm21!, we have used a coheren
source spectrometer26,27based on backward wave oscillator
high power, tuneable, monochromatic light sources with
broad bandwidth.28 This spectrometer was originally de
signed for transmission measurements and we have reco
ured it for reflection measurements on highly conduct
bulk samples.

At all frequencies up to and including the mid-infrare
we placed the samples in an optical cryostat and meas
the reflectivity as a function of temperature between 2 a
300 K. For the~TMTSF!2ClO4 compound, we took particula
care concerning the cooling procedure. In fact, the SD
state is achieved when the sample is quenched through
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PRB 60 8021SPIN-DENSITY-WAVE GAP IN THE BECHGAARD . . .
anion ordering phase transition at 24 K.29 Otherwise, a very
slow cooling through the 24 K transition~with cooling rate
of 0.1–0.3 K/min between 4 and 30 K! leads to a metallic
state which undergoes a superconducting phase transitio
1.2 K.29 We will present experimental data for both cases

The complete set of optical properties is then obtain
through Kramers-Kronig~KK ! transformation of theR(v)
spectra measured over the wide spectral range.19,20 For this
purpose, we have interpolated the sub-mm points at 7,
12, and 20 cm21 with the spectra obtained over a continuu
of frequencies above 15 cm21. The interpolation was
achieved either by smoothly connecting the data points
hand or by modelling the optical response within the m
sophisticated, phenomenological Lorentz-Drude class
dispersion theory.30 Both ways give equivalent results. Th
implications of the low-frequency interpolations are partic
larly relevant in view of the discussion about the anisotro
electrodynamic response between thea and b8 axes, which
will be done elsewhere.31 Because the KK integral extend
from zero to infinity, it is necessary to make suitable hi
and low frequency extrapolations to the measured reflecti
data. We have chosen to use the power law@R(v);1/v4# at
high frequencies and the Hagen-Rubens~HR! extrapolation
for v→0 at T.TSDW. For T,TSDW, the reflectivity was
extrapolated to 100% forv→0. The extrapolations forv
→0 have no practical influence on the KK results in t
spectral range of interest, where the SDW gap opens. N
ertheless, it is notorious that there is an apparent discrepa
particularly for~TMTSF!2PF6, between the dc conductivity23

and the HR extrapolation atT.TSDW @see Fig. 3~a! of Ref.
21#. This might be indicative of a non-Drude behavior at lo
frequencies.31 FromR(v) and the corresponding phasef~v!
it is then possible to calculate the components of the co
plex optical conductivitys(v)5s1(v)1 is2(v).19,20

Figure 1 displays the measured optical reflectivityR(v)

FIG. 1. Reflectivity spectra perpendicular to the chains (Eib)
for ~TMTSF!2PF6 ~note the logarithmic energy scale!. At 835 cm21

a phonon mode of the PF6
2 anion is seen. The points refer to th

submm results, while the part of the curves below 20 cm21 is the
result of the interpolation~see text! of the submm data points with
the FIR spectra.
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as a function of temperature for the~TMTSF!2PF6 compound
with polarization perpendicular to the chain. Both sets
data~in the submm range and from FIR on! are shown. Be-
low 20 cm21, the curves smoothly going through the subm
points and merging in the FIR spectra are the results of
above mentioned interpolation procedures. Equivalent res
have been obtained for~TMTSF!2ClO4. At 300 K, the reflec-
tivity is characterized by an overdamped behavior~i.e., G
@vp , vp being the plasma frequency! while at low tempera-
ture we find a well-developed plasma edge at approxima
0.1 eV. Moreover, a sharp phonon absorption can be see
835 cm21. Optical investigations from FIR up to UV wer
also performed on~TMTSF!2AsF6, which displays similar
spectra. Since for this latter compound there is no data be
FIR, we will limit our discussion on~TMTSF!2PF6 and
~TMTSF!2ClO4 only.

The main topic of this paper is the SDW gap, leaving t
interpretation of the rather anomalous and complex~i.e.,
non-Drude-like! low frequency excitation spectrum atT
.TSDW for a future publication.31 In this respect and in orde
to only highlight the SDW gap feature, we present in Fig
the ratio betweenR(v) at temperatures below 15 and 10 K
and R(v) at 15 and 10 K for ~TMTSF!2PF6 and
~TMTSF!2ClO4, respectively. The chosen reference tempe
tures of 15 and 10 K are above the correspondingTSDW for
the two compounds.

When the temperature is reduced the reflectivity sign
cantly decreases at frequencies below 70–100 cm21 ~Figs. 1

FIG. 2. Ratio between the FIR reflectivity perpendicular to t
chains atT,15 and 10 K, andT515 and 10 K for the (TMTSF)2X
~X5PF6 and ClO4! compounds, respectively. The SDW gap ope
at low temperature. For~TMTSF!2ClO4, the 2.4 K measurement i
shown for the quenched and non-quenched~relaxed! state. The part
of the curves below 20 cm21 is the result of the interpolation~see
text! between the submm data points and the FIR spectra.
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8022 PRB 60V. VESCOLI et al.
and 2!, which is seen as evidence that a well-defined sin
particle ~SDW! gap develops. In this context, the results f
the ~TMTSF!2ClO4 compound are particularly compelling
In fact, the FIR absorption signalling the possible opening
a gap only developed in the quenched state, while the slo
cooled spectra do not display any significant temperature
pendence down to 2.4 K@Fig. 2~b!#. At the low frequency
end of our measured spectral range for both
~TMTSF!2PF6 and~TMTSF!2ClO4 compound, we see an up
turn in reflectivity even atT,TSDW, possibly associated
with the uncondensed carriers. This effect becomes less
nounced at low temperatures~i.e., for T→0!, where the up-
turn is shifted to lower frequencies. Indications of these F
features were partially seen in early optical investigations
these salts.11,13–15The high quality of our large single crys
tals combined with the very broad energy spectral range c
ered by our experiments~never attained up to date! allows us
to considerably improve the available experimental data
to present a compelling set of results.

It is worthwhile to recall thatR(v) parallel and perpen
dicular to the chain are very different. This is particular
manifested by the anisotropy in the plasma edge, which
allel to the chains is at about 1 eV, one order of magnitu
larger than perpendicular to the chains~Fig. 1!.19–21Further-
more, the temperature dependence ofR(v) parallel to the
chains (Eia) is also quite peculiar.19,20,32What is important
for the following discussion of the electrodynamics of t
SDW state is that optical measurements conducted parall
the chains give no clear-cut evidence for a single particle
of the SDW state.19,20 In other words, at the SDW phas
transition, the spectra forEia display the development of
collective excitation in the microwave range but do not sh
any significant temperature dependence in the FIR spe
range.

With respect to our results, we shall mention another
teresting work,18 where the magnetic field induced SDW
subphases in the Bechgaard salts were studied with
spectroscopy. There seems also to be evidence for a S
gap, besides the indication of a large electron lattice coup
manifested by the strong phonon renormalization in
SDW state. The gap values of Ref. 18 are, however, lo
than 70 cm21, extracted from our spectra. It is still uncle
the reason for such a difference. Nevertheless, it should
observed that, even though the transmitted power in Ref
depends mainly on the conductivity along theb8 axis, inci-
dent light was not polarized and contributions~such as, e.g.
phonon modes or midgap states31! from other directions~i.e.,
projections of absorptions from other polarizations! can af-
fect the spectra in Ref. 18. Our data, obtained with polari
light, allow us a more firm determination of the various e
citations characterizing the different polarization~crystallo-
graphic! directions. Further possibilities for the apparent d
agreement in the gap values evaluated from differ
experiments will be discussed later~see Conclusions!.

The KK transformation was subsequently applied in or
to obtains~v!. Using the same layout as in Fig. 2, Fig.
displays the corresponding ratio of the real parts1(v) of the
FIR optical conductivity of ~TMTSF!2PF6 and
~TMTSF!2ClO4 along the perpendicular direction. W
clearly identify a gaplike feature developing at about
cm21 for T,TSDW, which is rather sharp in the
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~TMTSF!2PF6 and ~TMTSF!2ClO4 compound and moves to
slightly lower frequencies and decreases in intensity as
temperature increases in~TMTSF!2PF6. As already antici-
pated by Fig. 2~a!, this feature seems to persist at tempe
tures slightly aboveTSDW ~particularly for the~TMTSF!2PF6
compound!. In the case of the~TMTSF!2ClO4 compound, the
optical conductivity displays the opening of the gap only
the quenched state, while it remains temperature indepen
from 10 K down to 2.4 K for the relaxed~slowly cooled!
state@Fig. 3~b!#. Unfortunately, our cryostat does not allo
us to follow the temperature dependence of the gap fea
between 3 and 5 K in ~TMTSF!2ClO4.

The rather important temperature dependence at the o
of the SDW phase transition forEib8 contrasts with the
already mentioned situation forEia, where thes1(v) spec-
tra display the pinned collective mode excitation appear
at 0.3 cm21 for T,TSDW and a rather broad FIR mode a
about 200 cm21.16,17This latter feature forEia persists up to
very high temperature aboveTSDW and was interpreted as th
optical manifestation of a charge~Mott! correlation gap, as
predicted by models associated with a Tomonaga-Luttin
liquid approach.19,20

III. DISCUSSION

Figures 2 and 3 clearly show, for the two investigat
compounds, a strong temperature dependence of the FIR
tical properties, the onset of which is coincident with t
SDW phase transition atTSDW. In this respect, the results o
~TMTSF!2ClO4 obtained with different cooling rates@Fig.

FIG. 3. Ratio of the real part of the FIR optical conductivi
perpendicular to the chains below and aboveTSDW for the
(TMTSF)2X ~X5PF6, and ClO4! compounds, as obtained from KK
transformation of the reflectivity spectra. The data are shown in
same way as in Fig. 2.
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2~b!# undoubtedly support the interpretation that the FIR
sorption developing belowTSDW is indeed associated wit
the SDW phase transition. Consequently, we ascribe this
sorption to excitation across the SDW gap.

For the formation of the SDW gap, the spectral weig
arguments@i.e., *0

v0dvs1(v),v0 being a cutoff frequency#
play an important role. We have checked, first of all, that
total spectral weight (v0→`) is conserved at all tempera
tures. Moreover, we will assume in the following discussi
that the low frequencys1(v) @i.e., below;50 cm21 where a
possible non-Drude behavior can emerge aboveTSDW ~Ref.
31!#, although it is intrinsic, does not affect our discussion
the gap feature. In the normal phase, and forEib8, a signifi-
cant amount of spectral weight, obtained by integrat
s1(v) between 0 andv0;200 cm21 at T.TSDW, is located
in the spectral range where the mean field theory would p
dict the SDW gap to be~i.e., at 2D53.52kBTSDW!. Further-
more, contrary to the measurements parallel to
chains17,19,20 there is no experimental data nor theoretic
anticipation for a contribution of the collective mode in th
direction perpendicular to the chains atT,TSDW. Since the
collective excitation would appear at low frequencies, its
sence implies a shift of the spectral weight to higher frequ
cies. As the temperature is lowered belowTSDW all the spec-
tral weight below approximately 50 cm21 @see, e.g., Fig. 3~a!
in Ref. 21# is removed from the gap region and transferred
the single particle excitations at approximately 70 cm21 ~Fig.
3!. This implies that the gap opens over the entire Fe
surface. Recent77Se NMR studies below 4 K at high mag-
netic fields are also consistent with a simple model of
temperature dependence of the spin lattice relaxation
(T1

21) in a fully gapped and low-dimensional conductor33

Nevertheless, these latest NMR results also suggest a
complete SDW transition atTSDW, leaving residual carriers
at the Fermi level, and a subsequent consummation of
transition at 4 K.33 Our optical data cannot clearly discrim
nate between ungapped charges and thermally activated
across the SDW gap. Some of the low frequency spec
weight, seen just belowTSDW in the gap spectral range
might be associated with the residual ungapped Fermi
face, envisaged by the NMR data. Optical experiments
even lower temperatures and frequencies could help in
ther pinning down this issue.

On the contrary, for measurements with the light polari
tion along the chain direction (Eia)s1(v) at T>TSDW is
characterized by a very narrow zero-frequency mode wit
width G of approximately 0.15 cm21. This mode, which con-
tains a small fraction of the total spectral weight,31 can be
described by a renormalized Drude behavior30 with an aver-
age width~i.e., scattering rateG! considerably smaller than
the expected mean field SDW gap 2D of the order of 20
cm21. Moreover, the on-chain excitation spectrum is dom
nated in the FIR spectral range by the mode at about
cm21 at all temperatures, collecting the great majority of t
total spectral weight and being ascribed to the Mott corre
tion gap.19,20 It might be speculated that the SDW gap f
Eia develops in the low frequency tail of the Mott-gap fe
ture and cannot be clearly seen, meaning that the SDW
falls right into the Mott gap. Alternatively, one could argu
that a so-called clean limit scenario~i.e., G,2D! prevents
-
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the detection of the SDW gap forEia.
From the optical spectra perpendicular to the chains

can extract the temperature dependence of the SDW gap@de-
fined by the frequency wheres1(v) has a maximum, see
Fig. 3~a! in Ref. 21# which corresponds to the amplitude o
the SDW order parameter. Figure 4 displays the tempera
dependence of the SDW gap normalized by the gap aT
!TSDW for the ~TMTSF!2PF6 compound, compared with
values from other experiments34–36 and with the prediction
of the mean-field BCS theory.3 For the~TMTSF!2ClO4 com-
pound the lowTSDW;6 K and our experimental limitations
do not allow for a precise determination ofD(T). Even
thoughD(T) roughly follows the BCS trend, there are im
portant differences. First of all, the SDW gap extracted fro
the optical results is different from zero already at tempe
tures which are larger by almost 2 K~larger than the tem-
perature inaccuracy of60.5 K! thanTSDW. Second, the or-
der parameter displays a sharper onset atTSDW than
predicted by BCS, as particularly evidenced by themSR and
optical results. This latter feature, reminiscent of a first or
phase transition,34,36,37 may be ascribed to the low dimen
sionality of the system and can be reconciled with stro
fluctuations of the order parameter atT.TSDW.38 As the
temperature decreases, the system crosses over from o
three dimension and long-range static magnetic order
pears. Since a fluctuating order parameter exists above
transition temperature, the static magnetic order param
frozen at TSDW may have a finite value.36 Nevertheless,
transport22,23 and NMR data35,37 give little indication for
fluctuation effects. Moreover, themSR experiments36 pointed
out that the temperature dependence of the magnetiza
M (T) is distinctly different from the temperature depe
dence of the order parameter identified as the frequency
nm(T) of the zero field muon spin precession, as shown
Fig. 4. While nm(T) saturates at low temperatures belo
aboutTSDW/2, M (T) displays, on the contrary, a remarkab
temperature dependence. Within the mean-field BCS the
both the gap and the magnetization should be essent

FIG. 4. Temperature dependence of the SDW order param
as evaluated from optical, NMR, andm SR experiments, compare
to the prediction of the BCS theory~Refs. 3, 34–36!.
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temperature independent belowTSDW/2, if determined by
single-particle excitations. The variation ofM (T) at low
temperatures is determined by collective spin-waves ra
than by single-particle excitations.36 However, when discuss
ing the experimental results, one should take into accoun
different nature of the charge and spin excitations, as pro
by different experiments@e.g., s~v! or r(T), and ESR or
Knight shift, respectively#.

In our first report,21 we attempted to reconcile our exper
mental data on~TMTSF!2PF6 with the BCS theory, assumin
that any contribution from the collective SDW mode is ne
ligible and that the normal state conductivity is independ
of frequency in the range of interest~dirty limit !. At first
glance, there is a rather good agreement between the ex
mental findings and the Mattis-Bardeen calculation of
BCS electrodynamic response,4 taking into account the case
coherence factors21 ~case I and II coherence factors are e
changed in going from the superconductor to the SD
state1!. While the first assumption might be accepted,
second one is too rough, sinces1(v) at T.TSDW is very
much frequency dependent for both compounds in the ra
where the SDW gap absorption appears. Thus, we fur
developed our model so that the normal-state conducti
below the gap feature@e.g., see also Fig. 3~a! in Ref. 21# is
described by anad hoc phenomenological Drude behavio
with G/2D50.1 and imposing the conservation of the spe
tral weight as observed~i.e., what is lost by the gap openin
piles up at the gap feature so that the total spectral weigh
constant!. A situation whereG/2D,1 would be more appro
priate for a clean limit scenario. In Figs. 5~a! and 5~b! we
display the frequency dependences of the normalized re
tivity and conductivity as calculated using the BCS form
ism with the case I coherence factor. AtT50 a peak in
s1(v) and a remarkable suppression ofR(v) at 2D can be
recognized. The resulting gaplike feature is qualitatively d
ferent from the electrodynamic response of superconduc
as predicted by the BCS approach with case II cohere
factors.3,21 Recent experimental results on the temperat

FIG. 5. Reflectivity and real part of the optical conductivity
T,TSDW calculated with the Mattis Bardeen approach with cas
BCS coherence factors@~a! and ~b!# and compared with the 2D
Hubbard model@~c! and ~d!# ~Refs. 4,41!. Both quantities are nor-
malized by the respective normal state~i.e., T.TSDW! values.
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dependent ultrasonic attenuation also indicate the presen
a coherence peak right belowTSDW. This can be well de-
scribed by the BCS formalism with case II coherence fac
~for a superconductor the case I prediction would be app
priate for the ultrasonic attenuation!.39 Therefore, there are
several experimental indications that within a BCS fram
work the coherence factors are indeed exchanged betwe
superconductor and a SDW state, as expected.

However, the application of the Mattis-Bardeen formu
with case I coherence factors to the SDW state can o
provide a qualitative picture of the contribution from
particle-hole excitations across the gap. The BCS formula
s1(v), strictly speaking, is only known for the dirty limit: a
limit which is not achieved with our ‘‘ad hoc’’ condition
G/2D50.1 @Figs. 5~a! and 5~b!#. In this respect, our calcula
tion is a forced application of the BCS theory. However
similar calculation in a dirty limit condition@i.e., where
s1(v) in the normal state is frequency independent in
spectral range of interest# gives similar and qualitatively
equivalent results.21

Therefore, we want to expand the analysis of our data
elaborating a mean-field approach which aims directly at
SDW phase transition in strongly anisotropic compoun
following a suggestion by Maki.40,41 It is worth noting that
the mean-field~i.e., BCS-like! SDW scenario was found to
provide a useful framework for understanding the electro
properties of the half-filled insulating state of the Hubba
model, as shown by Bulutet al. with quantum Monte Carlo
calculations.42 Virosztek and Maki studied the magnetotran
port of field-induced spin-density waves within the tw
dimensional Hubbard model.41 The complex magnetocon
ductivity parallel s i(v) and perpendiculars'(v) to the
chain direction was derived in mean-field theory in the cle
limit, taking into account the pinning of the collective pha
mode in the chain direction and the anisotropy in the h
ping matrix elementst' /t i,0.1.41 In our case of a conven
tional SDW in zero external magnetic field the complex co
ductivity perpendicular to the chain direction reads43

s'~v!52
ne2

m
a2

1

iv2G
@12 f 0~v1 iG!# ~1!

and

f 0~z!5E
D

`

dE
D2

AE22D2

tanh~E/2kBT!

E22~z/2!2 , z5v1 iG.

~2!

Note, v is an energy (\51), anda5(t'b8/t i2a) depends
on the anisotropy, wheret i and t' are the transfer integrals
anda andb8 the intermolecular distances along thea andb8
direction, respectively.n andm are the charge carriers con
centration and mass, which cancel out in the ratio~Fig. 3!. G
phenomenologically accounts for impurity scattering a
quasiparticle damping. Equations~1! and ~2! represent the
inclusion of the effect of scattering in the collisionle
result41 by the substitutionv→v1 iG. From the optical re-
sponse at temperatures above and belowTSDW we estimate
G/2D;0.08 ~i.e., an effective clean limit scenario!. In Figs.
5~c! and 5~d! we present the calculated reflectivity and t
real parts1

'(v) of the optical conductivity perpendicular t
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the chain atT,TSDW normalized by the corresponding qua
tities at T.TSDW. The prefactora in Eq. ~1! has been ad-
justed such that the reflectivity shows the plasma edge a
measured frequency visible in Fig. 1. For the temperat
dependence of the gapD(T) we used the measured amp
tude of the SDW order parameter from various experime
~see Fig. 4!.

The calculated conductivitys1
'(v) at T,TSDW consists

of two parts: a low frequency part from electron-hole pa
which are not condensed~i.e., thermally excited across th
gap!, and a quasi-particle contribution from broken partic
hole pairs atv>2D. The theory predicts no contributio
from the collective mode in the SDW state. While the the
retical low frequency behavior~i.e., v!2D! is directly as-
cribed to the response of thermally activated carriers,
measurements indicate that the situation is not that simple
we discuss elsewhere.31 Moreover, the phase of the comple
SDW order parameter propagates in the direction of
SDW-ordering wave vector, which points approximately
chain direction. Thus, the contribution of this ‘‘phason’’
the current perpendicular to the chains is supposed to
negligibly small41,44 and does not appear in Eq.~1!, leaving
all available spectral weight to the excitations across the g
The collective contribution of the phason mode in the ch
direction is routinely attributed to the gapped Fermi s
dragged along in the direction of the electric field. In an op
Fermi surface situation applicable to quasi-one-dimensio
systems this shift cannot result in a net current in the perp
dicular direction due to the Brillouin zone periodicity.

We note here that a recent calculation45 of the effect of
impurity forward scattering and backscattering on the c
ductivity of density waves using many-body techniques d
confirm the qualitative features of the result given by E
~1! and ~2!. The low frequency peak centered atv50 does
indeed freeze out exponentially as the temperature is l
ered. However, the frequency dependence of this peak at
temperatures is not Drude-like. In the frequency rangeT
!v!D the conductivity falls off asv21/2. It remains to be
seen whether a focused measurement can confirm the v
ity of this unconventional power law in density waves.

The qualitative agreement of our calculated reflectiv
and optical conductivity@see Fig. 5~c! and 5~d!, respectively#
with the measured ones shown in Figs. 2~a! and 3~a! is quite
satisfactory~such as e.g., the broad gap feature with a
markable low-frequency tail, as well as the low frequen
part associated with the thermally excited particles!. Such a
calculation further confirms the trends already achieved
our first reasoning, which pointed out the importance of
herence factors in the application of BCS theory. Accord
to our present discussion this is to be expected for the
chain direction, where the collective ‘‘phason’’ mode is n
visible. As pointed out above, our model is based on qu
rough assumptions and is not intended to reproduce all
tails of our experimental results. Nevertheless, the sugge
approach within the two-dimensional Hubbard model tre
ment of Virosztek and Maki provides an understanding
the similarity with results within the BCS framework, as we
as an improved resemblance to the experimental data. T
is, however, a significant disagreement in the absolute v
of the calculated conductivity@Fig. 5~d!# compared to the
experimental one@Fig. 3~a!#. This can be improved, if we
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take into account an incomplete suppression of spec
weight in the gap region due to fluctuations. The amplitu
in Fig. 5~d! can be further reduced by assuming a bro
backgroundlike contribution to the conductivity, induced
many-particle effects not included in our mean-field theo
Since this involves additional fit parameters, we present h
results for the simplest model only.

IV. SUMMARY AND OUTLOOK

We have explored the electrodynamics of the SD
ground state perpendicular to the chain direction, where
collective mode contribution is negligible. The form of th
optical conductivity in the spectral range, where the SD
gap appears, suggests a single well-defined gaplike abs
tion at T,TSDW. Whether this also suggests a good nest
remains to be seen.46,47

Several features of our findings are also of importan
with regard to recent experiments and thoughts about
nature of the effect of correlations and reduced dimensio
ity in these materials. The magnitude of the gap 2D
570 cm21 is somewhat larger than predicted by the we
coupling theory, and it is the same for both compounds
spite the factor of 2 difference inTSDW. Also, the tranport
gap 2Dr seems to be a little dependent onTSDW. In the
weak-coupling limit we expect, on the basis of the measu
transition temperatureTSDW, a value of 2D53.52kBTSDW
515 cm21 for ~TMTSF!2ClO4, and 30 cm21 for
~TMTSF!2PF6. Our large gap values are also in contrast
the conclusion reached on the basis of dc resistivity meas
ments and acoustic experiments.6,39 The reason for this, we
believe, is related to the consequences of the dispersio
the energy bands in the broken symmetry states of hig
anisotropic metals. Such dispersion becomes important w
increasing deviations from perfect nesting, and was sho
by Mihaly et al., using straightforward band theory wit
simple assumptions, to lead to differences between the g
as sampled by transport and optical measurements.48 It turns
out that, because of the band dispersion, the transport~ther-
mal! gap can be significantly smaller than the optical on
Such a thermal gap is the difference between the lower e
of the upper band and the upper edge of the lower band
contrary to the optical excitation, the momentum conser
tion is relaxed.48 Within an anisotropic nearest neighbo
tight-binding model a ratio between the thermal and opti
gap of about 0.5 can be predicted for the quarter filled ba
~TMTSF!2PF6 compound,48 which is in good agreement with
the experimental data. Figure 6 schematically represents
density of states relevant for the Bechgaard salts in the S
ground state. A first gap 2Dr is mainly due to indirect~there-
fore momentum nonconserving! transitions, which can be
probed by inelastic scattering processes such as the dc t
port. A second higher gap 2Dopt follows from direct ~mo-
mentum conserving! and therefore optically active trans
tions.

Alternatively, one could argue that the large gap fou
here may be due to low-dimensional fluctuation effects49

These are expected to be important below the mean fi
transition temperature (TMF) which we estimate to be ap
proximately between 20 and 30 K. Our experiments indic
the development of a pseudogap, as the gap feature pe
even at temperatures aboveTSDW @see, e.g.,~TMTSF!2PF6 in
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Figs. 3~a! and 4#. Recent magnetoresistance measuremen46

also show dramatic effects well above the SDW transit
and they may well be the consequence of one-dimensi
fluctuations. The Ginzburg criterion leads to the followin
expression for the fluctuation region above the transiti
DT5TSDW(jajbjcDC)22, where jx are the coherence
lengths in the different crystallographic directions andDC is
the magnitude of the specific heat anomaly. Estimati
based on thermodynamic measurements50 give DT51 K.
Consequently, the onset of the pseudogap at tempera
approximately 2 K above TSDW @at least for the
~TMTSF!2PF6 compound, see also Fig. 3~a! and 4# may well
be due to the three-dimensional fluctuation effects associ
with the short coherence length, even thoughDT is too small
with respect toTMF ~;20–30 K! inferred from the experi-
mental data. Nevertheless, there is not so far any indica
for a pseudogap feature or even evidence for fluctuation

FIG. 6. Schematic density of states~DOS! in the SDW ground
state after Ref. 48. The transport and optical SDW gap are ma
by Dr andDopt .
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fects either in the susceptibility or in electron-spin-resona
and muon spin relaxation experiments.25,36

Finally, we address the issue about the shape of the S
gap feature. The broad low frequency tail of the SDW g
absorption was already pointed out. A similar behavior w
also observed in CDW systems and was ascribed to the
lattice fluctuations.51 This latter scenario might be less pro
able for a SDW condensate, where a priori the lattice sho
be very weakly or not at all involved in the SDW pha
transition. However, the coupling to the lattice and its r
evance to the SDW phase transition are still matter of deb
and are not completely solved, as shown by recent ultras
investigations.39 While the SDW gap peak itself is reminis
cent of the effects due to the coherence factors, its rem
able broadening~larger than the characteristic thermal broa
ening of the order ofkBT! might have different origins:
anisotropy of the gap, finite lifetime of quasiparticle excit
tions, and magnetic~impurities! effects.52 All these effects
are known to induce changes in the density of states
consequently in its manifestation through the optical gap f
ture. This is indeed very well documented in various type
superconductors~e.g., cuprates and fullerenes!.52 The issues
addressed above together with the role played by the
dimensionality ~i.e., crystallographic anisotropy!, particu-
larly with respect to the electrodynamics in the low fr
quency spectral range below the SDW gap, remain open
call for further experimental and theoretical work.
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