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The electrodynamic response of the organic linear chain Bechgaard salts (T)XTS&r PR; and CIQ)
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 | coherence factors, as well as an approach based on the two-dimensional
Hubbard model[S0163-182809)05235-3

[. INTRODUCTION single particle and collective mode excitations, with the so-
called coherence factors playing an important role. In the
For decades the physical properties of quasi-onefBardeen-Cooper-SchrieffédBCS)] s-wave superconducting
dimensional1D) conducting systems have attracted a lot ofstate afT =0, the zero frequency mode is followed, at finite
interest, both with respect to their normal and to their brokerfrequency, by vanishing conductivity up to the gap frequency
symmetry ground states. The quasi-1D electronic structur€A) and then the absorption smoothly rises due to case Il
leads to Fermi surface instabilities and therefore to phaseoherence effectsAt finite temperatures a smooth rise of
transitions, reflecting the formation of electron-electron orthe absorption develops due to absorption by uncondensed
electron-hole pairs, with the ground stateTat 0 being a  electrons. These effects have been accounted for by a steady
coherent superposition of the respective pair states. stream of papers and are commonly connected to the calcu-
Solutions of models for the 1D electron g&ee, for ex- lations first performed by Mattis and Bardeen within the
ample, theg-ology approach? show that a superconducting, dirty limit (i.e., 2A<TI", T' being the scattering relaxation
or a charge- or spin-density-wa€DW, SDW), ground  rate of the BCS framework. The situation is somewhat dif-
state can be reached, depending on the strength of tHerent for the density-wave states, in which case | coherence
electron-electron or electron-phonon interaction. For the sufactors lead to a sharp maximum in the conductivity at the
perconducting ground state, gauge symmetry is brokergap frequency:®> The conductivity spectrum of charge-
while the density-wave states break translational symmetryjensity-wave systems was first calculated by Lee, Rice, and
and in the SDW case the spin-rotation symmetry is also broAndersorr.
ken. For “real” quasi-1D materials, characterized by a non- In contrast to the CDW and superconducting ground
negligible interchain coupling, a mean-field treatment mightstates, the electrodynamics of the SDW state is relatively
be applied, which then leads to a finite transition temperaturgoorly understood® Despite a large number of optical
Tue.! Because of fluctuation effects the observed criticalexperiments; '8 evidence for the SDW gap has not been
temperature for the phase transition is usually smaller thanlearly established. On the one hand, experimental results
TuE- obtained along the highly conducting &i&’ of the linear
The various broken symmetry ground states have severahain Bechgaard salts (TMTSE (X=PF, AsF;, and
common characteristics and their electrodynamic responséslO,), generally display a very high reflectivity and conse-
have been thoroughly explored, particularly with respect toquently changes induced by the formation of the ground state
the excitation spectra of the superconducting and chargeare difficult to detectparticularly in the so-called clean limit
density-wave state’s® In both cases, the response reflects thewhere 22>T" and changes are smalMoreover, the normal
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state properties along the chains are fundamentally differergive a slow growth rate and, over a period of four to six
from those of a simple metal:**?*°Sometimes the analysis months, produce single crystals up to<2.5x 1 mmd, %20

of early optical measuremenfs™in the direction parallel to  These large, high-quality faces in thd’ plane allowed us
the chains explained a peak around 200 tms evidence of to perform reliable optical reflectivity measurements of these
a SDW-gap structure. However, this feature exists wellpaterials, both parallelHla) and perpendicularlb) to
aboveTgpy Wwith little change at the SDW transition tem- the highly conducting chain axis, down to low frequencies.
perature itself, and therefore it cannot be the single particlehe use of such large crystals led to significant enhancement
gap associated with the SDW ground st&t#On the other  of the accuracy obtained for the optical reflectivity with re-
hand, the experimental results obtained with the electric fieldpect to previous investigations obtained by aligning mul-
polarization perpendicular to the chain® show that below tiple needlelike crystals into mosaics. We should remark that
some characteristic frequency the reflectivity drops as théhe directionsa and b’ define the face of the sample, on
temperature is lowered throughypy. This occurs at differ-  which the optical experiments were conducted, and therefore
ent frequencies depending on the experimental techniquge axis characterized by the largest optical anisotropy. The
used, and while in general there is no sharp onset, gap valugs direction is perpendicular ta but slightly different from
ranging from 30 to 100 cfit were asserted. Recently, trans- the b direction of the triclinic crystal structure. This differ-
mission measurements through a gridlike structure Oknce should not affect our overall conclusions.

(TMTSF),PFs and (TMTSF),CIO, crystals gave indications ~ The high quality of our large single crystals has been
for a SDW gap perpendicular to the chains around 32 and 1donfirmed by dc transport measuremeritdhe resistivity
cm™, respectively® We believe that this unsatisfactory va- ,(T) measured along the chain displays a typical metallic
riety of results is due to the investigation of small crystalsphehavior at higher temperatures, a sharp phase transition
and mosaiCS, often resulting in a reﬂeCtiVity Signiﬁcantly around 10 K’ and a therma”y activated behavior of the re-
smaller than the one which we have obseriadsome cases  s;stivity below this temperature. The gap, using the expres-
exceeding our low frequency values of the absorptivity bysjgon o(T)= 0o exp(—Egaf2ksT) is Ega=2A,=35K and

one order of magnitudeln fact, the strong anisotropy of the e refer to this value as the transport gap. It has been estab-
electronic structure usually leads to long needlelike crystalSished that the ground state in both materials is a spin-
with typical transverse dimensions of less than 0.5 mm. I'Mensity-wave, the onset of which is dtgpy=12K for
order to perform high quality optical measurements it is NeCITMTSF),PFs and 6 K for(TMTSF),CIO,.2%** The insulat-
essary to have large crystal faces, achieved in early pioneeﬁ-‘g behavior results from the opening of a gap in the single
ing work with mose_tics. Surface scattering and interference)artide excitation spectrum at the Fermi level due to
effects due to misalignment of the crystals, gaps between thgectron-electron interactions. The most recent dc-transport
crystals, and diffraction effects from the composite sample agag|ts onTMTSP),PF; (Ref. 23 also confirm the huge an-
aligned needles in the mosaic configuration can induce SPYsotropy by orders of magnitude along the three crystallo-
rious results and important alteration of the specular Co”digraphic directions. In fact, the conductivify.e., 1p(T)],

tion, even if the needles are coated with gold for the referyagides a metallic behavior fdisow<T<100K in all direc-

ence measurement. o tions, has an anisotropy of approximately 1:500:B) at
We have embarked on a thorough and systematic investisyq .t 20 K going from the axis to theb’ and a axes

gation of the excitation spectrum.of large single crystals Ofrespectivelyz.z'”Electron-spin-resonance results also suggest
the Bechgaard salts (TMTSEJ, with X=PFsand CIQ. It anisotropic metallic behavior along all three directidhs.

was initially supposed that the large scattering rate and the The glectrodynamic response of these Bechgaard salts
eventual realization of the dirty limit scenario perpendicularyer an extremely broad energy interval (7286 1) has

to the chain direction should make an exploration of thepeen optained by combining the results from different spec-
electrodynamics of the SDW state with respect to the gaggmeters in the submillimeter, f4FIR) and mid(MIR) in-

e>§citation problem more accessible. Therefore, th!s PapPefared, optical, and ultravioletUV) spectral ranges. A de-
will be focused only on the electrodynamics perpendicular tqgjjed presentation of the experimental techniques is given in

the chain direction, where we achieved a direct detection angef 20. Here, we just recall a few essential technical aspects.
complete analysis of the SDW gap. Parts of the results werg, e optical range from 15 to $@m ! polarized reflec-
presented befoféand we also refer to Refs. 19 and 20 for @ iance measurements were performed employing four spec-
comprehensive discussion of the on-chéie., parallel di-  yometers with overlapping frequency ranges. In the submil-
rection electrodynamic response. In Sec. Il we briefly nater spectral rang&—20 cni %), we have used a coherent

present the sample growth techniques along with the experkqrce spectromefér’ based on backward wave oscillators,

mental methods and results. Our findings and their theoretiﬁigh power, tuneable, monochromatic light sources with a

cal implications are discussed in Sec. Ill, while in Sec. IV wep 554 bandwidtR® This spectrometer was originally de-

conclude by addressing a few open issues and Consequencgs,eq for transmission measurements and we have reconfig-
of our re_sults with respect to the general understanding of thgeq it for reflection measurements on highly conducting
physics in these quasi-1D organic systems. bulk samples.

At all frequencies up to and including the mid-infrared,
Il EXPERIMENT AND RESULTS we placedl the samples in an optical cryostat and measured
the reflectivity as a function of temperature between 2 and
The large single crystals used in this study were grown by800 K. For the TMTSF),CIO, compound, we took particular
an electrochemical growth technigtfeat reduced tempera- care concerning the cooling procedure. In fact, the SDW
ture (0°C) and at low current densities. These conditionsstate is achieved when the sample is quenched through the
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FIG. 1. Reflectivity spectra perpendicular to the chaikghl) E ---- 2.4 K, not quenched
for (TMTSF),PF; (note the logarithmic energy scalét 835 cmi ! — 2.4 K, quenched
a phonon mode of the RFanion is seen. The points refer to the 0.9 : : : :
. . ] 20 40 60 80 100
submm results, while the part of the curves below 20 tiis the
result of the interpolatiorisee text of the submm data points with Frequency (em'l)

the FIR spectra.

FIG. 2. Ratio between the FIR reflectivity perpendicular to the
anion ordering phase transition at 242XOtherwise, a very ~chains alf <15 and 10 K, and’ =15 and 10 K for the (TMTSRX
slow cooling through the 24 K transitiofwith cooling rate ~ (X=PFs and CIQ) compounds, respectively. The SDW gap opens
of 0.1-0.3 K/min between 4 and 30)Heads to a metallic at low temperature. FQiTMTSF),CIO,, the 2.4 K measurement is
state which undergoes a superconducting phase transition $fown for the quenched and non-quenctretaxed state. The part
1.2 K22 We will present experimental data for both cases. of the curves below 20 cnit is the .result of the interpolatiofsee

The complete set of optical properties is then obtainedeXt) between the submm data points and the FIR spectra.
through Kramers-Kronig KK) transformation of theR(w)
spectra measured over the wide spectral rafng®For this  as a function of temperature for tiEMTSF),PF; compound
purpose, we have interpolated the sub-mm points at 7, 1Qyith polarization perpendicular to the chain. Both sets of
12, and 20 cm! with the spectra obtained over a continuum data(in the submm range and from FIR Yoare shown. Be-
of frequencies above 15 crh The interpolation was low 20 cri?l, the curves smoothly going through the submm
achieved either by smoothly connecting the data points byoints and merging in the FIR spectra are the results of the
hand or by modelling the optical response within the moreabove mentioned interpolation procedures. Equivalent results
sophisticated, phenomenological Lorentz-Drude classicdhave been obtained f¢fMTSF),ClO,. At 300 K, the reflec-
dispersion theory° Both ways give equivalent results. The tivity is characterized by an overdamped behawice., T
implications of the low-frequency interpolations are particu->w,, w, being the plasma frequeniyhile at low tempera-
larly relevant in view of the discussion about the anisotropicture we find a well-developed plasma edge at approximately
electrodynamic response between thandb’ axes, which 0.1 eV. Moreover, a sharp phonon absorption can be seen at
will be done elsewher& Because the KK integral extends 835 cm*. Optical investigations from FIR up to UV were
from zero to infinity, it is necessary to make suitable highalso performed onTMTSF),AsF;, which displays similar
and low frequency extrapolations to the measured reflectivitgpectra. Since for this latter compound there is no data below
data. We have chosen to use the power[|&{w)~1/w*] at  FIR, we will limit our discussion on(TMTSF),PF; and
high frequencies and the Hagen-Rub€H®) extrapolation (TMTSF),CIO, only.
for 0—0 at T>Tgpw. For T<Tgpw, the reflectivity was The main topic of this paper is the SDW gap, leaving the
extrapolated to 100% fow—0. The extrapolations fot interpretation of the rather anomalous and comples.,
—0 have no practical influence on the KK results in thenon-Drude-like low frequency excitation spectrum at
spectral range of interest, where the SDW gap opens. Nev>Tgp,, for a future publicatiori* In this respect and in order
ertheless, it is notorious that there is an apparent discrepancy only highlight the SDW gap feature, we present in Fig. 2
particularly for(TMTSF),PF;, between the dc conductivity  the ratio betweellR(w) at temperatures below 15 and 10 K,
and the HR extrapolation &t>Tgpy [See Fig. 8) of Ref. and R(w) at 15 and 10 K for (TMTSF,PFR, and
21]. This might be indicative of a non-Drude behavior at low (TMTSF),CIO,, respectively. The chosen reference tempera-
frequencies® FromR(w) and the corresponding phagéw)  tures of 15 and 10 K are above the correspondiggyy, for
it is then possible to calculate the components of the comthe two compounds.
plex optical conductivityr(w) = o1 (w) +i op(w). > When the temperature is reduced the reflectivity signifi-

Figure 1 displays the measured optical reflectiifw) cantly decreases at frequencies below 70—100%(figs. 1
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and 2, which is seen as evidence that a well-defined single
particle (SDW) gap develops. In this context, the results for (a)
the (TMTSF),CIO, compound are particularly compelling.

In fact, the FIR absorption signalling the possible opening of
a gap only developed in the quenched state, while the slowly
cooled spectra do not display any significant temperature de-
pendence down to 2.4 KFig. 2(b)]. At the low frequency
end of our measured spectral range for both the
(TMTSP),PF; and(TMTSF),ClO, compound, we see an up-

61 (T<15 K)/oy (15 K)
[ N]

S
turn in reflectivity even afT<Tspw, possibly associated : (TMTSF),PF,, B/’
with the uncondensed carriers. This effect becomes less pro- 0 . .
nounced at low temperaturése., for T—0), where the up- 4 : : :
turn is shifted to lower frequencies. Indications of these FIR | (b) ---- 2.4 K, not quenched

features were partially seen in early optical investigations of A 24K, quenched

these saltd:*3-15The high quality of our large single crys-
tals combined with the very broad energy spectral range cov-
ered by our experimentsever attained up to datallows us

to considerably improve the available experimental data and
to present a compelling set of results.

It is worthwhile to recall thaR(w) parallel and perpen-
dicular to the chain are very different. This is particularly
manifested by the anisotropy in the plasma edge, which par- 0
allel to the chains is at about 1 eV, one order of magnitude
larger than perpendicular to the chaifég. 1).2°-2!Further-
more, the temperature dependenceRgfv) parallel to the
chains €Ella) is also quite peculie\JrE."ZO'32What is important FIG. 3. Ratio of the real part of the FIR optical conductivity
for the following discussion of the electrodynamics of thePerpendicular to the chains below and aboVep, for the
SDW state is that optical measurements conducted parallel {d MTSF)2X (X=PF;, and CIQ) compounds, as obtained from KK
the chains give no clear-cut evidence for a single particle gaHansformatlon_ of t_he reflectivity spectra. The data are shown in the
of the SDW staté®? In other words, at the SDW phase S2Me Way as in Fig. 2.
transition, the spectra fd€lla display the development of a
collective excitation in the microwave range but do not show{TMTSF),PF; and (TMTSF),CIO, compound and moves to
any significant temperature dependence in the FIR spectr&lightly lower frequencies and decreases in intensity as the
range. temperature increases {TMTSF),PF;. As already antici-

With respect to our results, we shall mention another infated by Fig. 2a), this feature seems to persist at tempera-
teresting work® where the magnetic field induced SDW tures slightly above spy (particularly for the(TMTSF),PFs
subphases in the Bechgaard salts were studied with FIRompoundl. In the case of th€TMTSF),ClO, compound, the
spectroscopy. There seems also to be evidence for a SDWptical conductivity displays the opening of the gap only in
gap, besides the indication of a large electron lattice couplinghe quenched state, while it remains temperature independent
manifested by the strong phonon renormalization in thérom 10 K down to 2.4 K for the relaxe¢slowly cooled
SDW state. The gap values of Ref. 18 are, however, lowestate[Fig. 3(b)]. Unfortunately, our cryostat does not allow
than 70 cm?, extracted from our spectra. It is still unclear us to follow the temperature dependence of the gap feature
the reason for such a difference. Nevertheless, it should beetween 3 ath 5 K in (TMTSF),CIO,.
observed that, even though the transmitted power in Ref. 18 The rather important temperature dependence at the onset
depends mainly on the conductivity along the axis, inci-  of the SDW phase transition fdEllb’ contrasts with the
dent light was not polarized and contributiofssich as, e.g., already mentioned situation f@&ila, where theo;(w) spec-
phonon modes or midgap statdsrom other directiongi.e.,  tra display the pinned collective mode excitation appearing
projections of absorptions from other polarizatipean af- at 0.3 cm?® for T<Tgpw and a rather broad FIR mode at
fect the spectra in Ref. 18. Our data, obtained with polarizedbout 200 cm* ¢ This latter feature foElla persists up to
light, allow us a more firm determination of the various ex-very high temperature abovigyp,y and was interpreted as the
citations characterizing the different polarizatitrystallo-  optical manifestation of a charg®lott) correlation gap, as
graphig directions. Further possibilities for the apparent dis-predicted by models associated with a Tomonaga-Luttinger
agreement in the gap values evaluated from differentiquid approacH®2°
experiments will be discussed latesee Conclusions

The KK transformation was subsequently applied in order
to obtain o(w). Using the same layout as in Fig. 2, Fig. 3
displays the corresponding ratio of the real payfw) of the Figures 2 and 3 clearly show, for the two investigated
FIR optical conductivity of (TMTSPH,PR; and compounds, a strong temperature dependence of the FIR op-
(TMTSF),CIO, along the perpendicular direction. We tical properties, the onset of which is coincident with the
clearly identify a gaplike feature developing at about 70SDW phase transition 8tgpyy. In this respect, the results on
cm ! for T<Tgpw, which is rather sharp in the (TMTSF),CIO, obtained with different cooling rategFig.

o (T<10 K)o, (10 K)
N

_________________________

(TMTSF),C10,, E/fb

0 50 100 150 200
Frequency (cm™)

Ill. DISCUSSION
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2(b)] undoubtedly support the interpretation that the FIR ab-
sorption developing below gpyy is indeed associated with
the SDW phase transition. Consequently, we ascribe this ab-
sorption to excitation across the SDW gap.

For the formation of the SDW gap, the spectral weight
argumentdi.e., [;°dwo;(w),w, being a cutoff frequendy
play an important role. We have checked, first of all, that the
total spectral weight ¢y— =) is conserved at all tempera-
tures. Moreover, we will assume in the following discussion
that the low frequency; () [i.e., below~50 cmi * where a
possible non-Drude behavior can emerge abbyg,, (Ref.

31)], although it is intrinsic, does not affect our discussion of
the gap feature. In the normal phase, andBtb’, a signifi-
cant amount of spectral weight, obtained by integrating o
o1(w) between 0 andy~200cn t at T>Tgpy, is located 0.0 . . . . . Lo |
in the spectral range where the mean field theory would pre- 6 2 4 6
dict the SDW gap to béi.e., at A =3.5XgTspy). Further-

more, contrary to the measurements parallel to the

chaind’1®? there is no experimental data nor theoretical FIG. 4. Temperature dependence of the SDW order parameter
anticipation for a contribution of the collective mode in the as evaluated from optical, NMR, andSR experiments, compared

direction perpendicular to the chainst Tepy. Since the © the prediction of the BCS theotRefs. 3, 34-3p
collective excitation would appear at low frequencies, its ab-
sence implies a shift of the spectral weight to higher frequenthe detection of the SDW gap fdilla.
cies. As the temperature is lowered bel®wypsy all the spec- From the optical spectra perpendicular to the chains one
tral weight below approximately 50 cm[see, e.g., Fig.@  can extract the temperature dependence of the SDWdgap
in Ref. 21] is removed from the gap region and transferred tofined by the frequency where;(w) has a maximum, see
the single particle excitations at approximately 70 ¢rtFig.  Fig. 3@ in Ref. 21 which corresponds to the amplitude of
3). This implies that the gap opens over the entire Fermthe SDW order parameter. Figure 4 displays the temperature
surface. Recent’Se NMR studies belo 4 K at high mag- dependence of the SDW gap normalized by the gaj at
netic fields are also consistent with a simple model of the<Tgpy for the (TMTSF),PR; compound, compared with
temperature dependence of the spin lattice relaxation ratealues from other experimenfs® and with the prediction
(T7Y) in a fully gapped and low-dimensional conductdr. of the mean-field BCS theoryFor the(TMTSF),CIO, com-
Nevertheless, these latest NMR results also suggest an ipound the lowT sp~6 K and our experimental limitations
complete SDW transition &gpyy, leaving residual carriers do not allow for a precise determination af(T). Even
at the Fermi level, and a subsequent consummation of théoughA(T) roughly follows the BCS trend, there are im-
transition at 4 K23 Our optical data cannot clearly discrimi- portant differences. First of all, the SDW gap extracted from
nate between ungapped charges and thermally activated orié optical results is different from zero already at tempera-
across the SDW gap. Some of the low frequency spectrdures which are larger by almost 2 #farger than the tem-
weight, seen just belowlsp,y in the gap spectral range, perature inaccuracy of0.5 K) thanTgpy. Second, the or-
might be associated with the residual ungapped Fermi suder parameter displays a sharper onset Tap, than
face, envisaged by the NMR data. Optical experiments apredicted by BCS, as particularly evidenced by iR and
even lower temperatures and frequencies could help in fureptical results. This latter feature, reminiscent of a first order
ther pinning down this issue. phase transitiod**®*" may be ascribed to the low dimen-
On the contrary, for measurements with the light polariza-sionality of the system and can be reconciled with strong
tion along the chain directionHla)o(w) at T=Tgpy is  fluctuations of the order parameter Bt Tgpy.*® As the
characterized by a very narrow zero-frequency mode with &emperature decreases, the system crosses over from one to
width " of approximately 0.15 cmt. This mode, which con- three dimension and long-range static magnetic order ap-
tains a small fraction of the total spectral weighgan be pears. Since a fluctuating order parameter exists above the
described by a renormalized Drude behaifiovith an aver-  transition temperature, the static magnetic order parameter
age width(i.e., scattering rat&) considerably smaller than frozen atTspy may have a finite valu?® Nevertheless,
the expected mean field SDW gap df the order of 20 transport**® and NMR dat®*’ give little indication for
cm . Moreover, the on-chain excitation spectrum is domi-fluctuation effects. Moreover, theSR experiment§ pointed
nated in the FIR spectral range by the mode at about 200ut that the temperature dependence of the magnetization
cm™ ! at all temperatures, collecting the great majority of theM(T) is distinctly different from the temperature depen-
total spectral weight and being ascribed to the Mott correladence of the order parameter identified as the frequency shift
tion gap'®?° It might be speculated that the SDW gap for v,(T) of the zero field muon spin precession, as shown in
Ella develops in the low frequency tail of the Mott-gap fea- Fig. 4. While v,(T) saturates at low temperatures below
ture and cannot be clearly seen, meaning that the SDW gagboutTspw/2, M(T) displays, on the contrary, a remarkable
falls right into the Mott gap. Alternatively, one could argue temperature dependence. Within the mean-field BCS theory
that a so-called clean limit scenaripe., '<2A) prevents both the gap and the magnetization should be essentially
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dependent ultrasonic attenuation also indicate the presence of
a coherence peak right beloWwpy,. This can be well de-

~

o
;
—
=}

- 3 scribed by the BCS formalism with case Il coherence factor
< 8 (for a superconductor the case | prediction would be appro-
g 0.9 095 priate for the ultrasonic attenuatipi? Therefore, there are

8 ; several experimental indications that within a BCS frame-
& 0.8 0.8 work the coherence factors are indeed exchanged between a

superconductor and a SDW state, as expected.

However, the application of the Mattis-Bardeen formula
with case | coherence factors to the SDW state can only
provide a qualitative picture of the contribution from
particle-hole excitations across the gap. The BCS formula for
o1(w), strictly speaking, is only known for the dirty limit: a
limit which is not achieved with our dd ho¢ condition
0 I'/2A=0.1[Figs. 5a) and 8b)]. In this respect, our calcula-
tion is a forced application of the BCS theory. However, a
similar calculation in a dirty limit conditioni.e., where
oq(w) in the normal state is frequency independent in the
spectral range of interdsgives similar and qualitatively
equivalent result8!

Therefore, we want to expand the analysis of our data by
elaborating a mean-field approach which aims directly at the
SDW phase transition in strongly anisotropic compounds,
temperature independent beldTisy,/2, if determined by following a suggestion by Maki®* It is worth noting that
single-particle excitations. The variation ®1(T) at low the mean-fieldi.e., BCS-likg SDW scenario was found to
temperatures is determined by collective spin-waves rathdirovide a useful framework for understanding the electronic
than by single-particle excitatiod&However, when discuss- Properties of the half-filled insulating state of the Hubbard
ing the experimental results, one should take into account th&0del, as shown by Bulut al. with quantum Monte Carlo
different nature of the charge and spin excitations, as probegalculathns“. Virosztek and Maki studied the magnetotrans-
by different experimentge.g., o(w) or p(T), and ESR or port of_fleld-mduced spin-density waves within the two-
Knight shift, respectivel}: dlme.n.5|onal Hubbard mod&t. The cqmplex magnetocon-

In our first reporf’ we attempted to reconcile our experi- ductivity paraliel o'(w) and perpendiculae (w) to the
mental data ofiTMTSF),PF; with the BCS theory, assuming Chain direction was derived in mean-field theory in the clean
that any contribution from the collective SDW mode is neg-“m'tv taking into account the pinning of the collective phase
ligible and that the normal state conductivity is independenf0de in the chain direction an‘ the anisotropy in the hop-
of frequency in the range of intereédirty limit). At first ~ Ping matrix elements, /t;<<0.1. In our case of a conven-
glance, there is a rather good agreement between the expefienal SDW in zero external magnetic field the complex con-
mental findings and the Mattis-Bardeen calculation of theductivity perpendicular to the chain direction redtis
BCS electrodynamic respon$égking into account the case |
coherence factof$ (case | and Il coherence factors are ex- o () ne? , 1 [1—fo(w+il)] (1)

(9
o

-
n

-
(=]
T
Ny
o

< n

_
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“off0 Ajanonpuon

Conductivity ¢ /o
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1 0 1
Frequency iw/2A . Frequency hw/2A

FIG. 5. Reflectivity and real part of the optical conductivity at
T<Tgpw calculated with the Mattis Bardeen approach with case |
BCS coherence factoriga) and (b)] and compared with the 2D
Hubbard mode[(c) and(d)] (Refs. 4,4). Both quantities are nor-
malized by the respective normal stéte., T>Tgpy) values.

changed in going from the superconductor to the SDW T m %ie-T

staté). While the first assumption might be accepted, the

second one is 00 rough, sineg(w) at T>Tepy is very ~ and

much frequency dependent for both compounds in the range 5

where the SDW gap absorption appears. Thus, we further . [, A®  tanh(E/2kgT)
developed our model so that the normal-state conductivity o(2)= A \/ﬁ E°—(z/2)? '
below the gap featurfe.g., see also Fig.(8) in Ref. 21 is )
described by arad hocphenomenological Drude behavior

with T'/2A=0.1 and imposing the conservation of the spec-Note, » is an energy £=1), anda=(t, b'/t,2a) depends
tral weight as observed.e., what is lost by the gap opening on the anisotropy, wherg andt, are the transfer integrals,
piles up at the gap feature so that the total spectral weight ignda andb’ the intermolecular distances along thandb’
constank A situation wherd'/2A <1 would be more appro- direction, respectivelyn andm are the charge carriers con-
priate for a clean limit scenario. In Figs(éh and §b) we  centration and mass, which cancel out in the réfig. 3. I'
display the frequency dependences of the normalized refleghenomenologically accounts for impurity scattering and
tivity and conductivity as calculated using the BCS formal-quasiparticle damping. Equatiori$) and (2) represent the
ism with the case | coherence factor. A&t=0 a peak in inclusion of the effect of scattering in the collisionless
o1(w) and a remarkable suppressionRffw) at 2A can be  resulf® by the substitutionn— w+iI". From the optical re-
recognized. The resulting gaplike feature is qualitatively dif-sponse at temperatures above and belag, we estimate
ferent from the electrodynamic response of superconductor$,/2A~0.08 (i.e., an effective clean limit scenayidn Figs.

as predicted by the BCS approach with case Il coherencg(c) and 5d) we present the calculated reflectivity and the
factors®?! Recent experimental results on the temperatureeal parto; () of the optical conductivity perpendicular to

z=w+il.
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the chain ail < Tgpy, normalized by the corresponding quan- take into account an incomplete suppression of spectral

tities at T>Tgpy. The prefactore in Eq. (1) has been ad- yveig_ht in the gap region due to fluctuations. Th_e amplitude
g Fig. 5(d) can be further reduced by assuming a broad

justed such that the reflectivity shows the plasma edge at t
J y b J 'l)ackgroundlike contribution to the conductivity, induced by

measured frequency visible in Fig. 1. For the temperatur . X . h
dependence of the gab(T) we used the measured ampli- m_any-pa_lrtl_cle effects n.o.t included in our mean-field theory.
: - §|nce this involves additional fit parameters, we present here

(see Fig. 4 results for the simplest model only.

The calculated conductivity (w) at T<Tgpy consists _ IV. SUMMARY AND OUTLOOK
of two parts: a low frequency part from electron-hole pairs
which are not condensede., thermally excited across the =~ We have explored the electrodynamics of the SDW
gap, and a quasi-particle contribution from broken particle-ground state perpendicular to the chain direction, where the
hole pairs atw=2A. The theory predicts no contribution collective mode contribution is negligible. The form of the
from the collective mode in the SDW state. While the theo-optical conductivity in the spectral range, where the SDW
retical low frequency behavidii.e., w<2A) is directly as- gap appears, suggests a single well-defined gaplike absorp-
cribed to the response of thermally activated carriers, oution at T<Tgpy. Whether this also suggests a good nesting
measurements indicate that the situation is not that simple, agmains to be seefi?’
we discuss elsewherféMoreover, the phase of the complex ~ Several features of our findings are also of importance
SDW order parameter propagates in the direction of thavith regard to recent experiments and thoughts about the
SDW-ordering wave vector, which points approximately in nature of the effect of correlations and reduced dimensional-
chain direction. Thus, the contribution of this “phason” to ity in these materials. The magnitude of the gap 2
the current perpendicular to the chains is supposed to be 70cm ' is somewhat larger than predicted by the weak
negligibly smaif'**and does not appear in E€1), leaving  coupling theory, and it is the same for both compounds de-
all available spectral weight to the excitations across the gagspite the factor of 2 difference ifigpyy. Also, the tranport
The collective contribution of the phason mode in the chairgap 2A, seems to be a little dependent drpy. In the
direction is routinely attributed to the gapped Fermi seaweak-coupling limit we expect, on the basis of the measured
dragged along in the direction of the electric field. In an opertransition temperatur& gpyy, a value of 2A=3.5XgT5pw
Fermi surface situation applicable to quasi-one-dimensionas15cm* for (TMTSF),CIO,, and 30 cm?! for
systems this shift cannot result in a net current in the perpen-TMTSF),PF;. Our large gap values are also in contrast to
dicular direction due to the Brillouin zone periodicity. the conclusion reached on the basis of dc resistivity measure-

We note here that a recent calculafioof the effect of ments and acoustic experimefit§. The reason for this, we
impurity forward scattering and backscattering on the conbelieve, is related to the consequences of the dispersion of
ductivity of density waves using many-body techniques doeshe energy bands in the broken symmetry states of highly
confirm the qualitative features of the result given by Eqgs.anisotropic metals. Such dispersion becomes important with
(1) and (2). The low frequency peak centeredat=0 does increasing deviations from perfect nesting, and was shown
indeed freeze out exponentially as the temperature is lowby Mihaly et al, using straightforward band theory with
ered. However, the frequency dependence of this peak at logimple assumptions, to lead to differences between the gaps
temperatures is not Drude-like. In the frequency rafige as sampled by transport and optical measurenfértsurns
<w<A the conductivity falls off aso 2 It remains to be out that, because of the band dispersion, the trans{et-
seen whether a focused measurement can confirm the validhal) gap can be significantly smaller than the optical one.
ity of this unconventional power law in density waves. Such a thermal gap is the difference between the lower edge

The qualitative agreement of our calculated reflectivityof the upper band and the upper edge of the lower band and,
and optical conductivitysee Fig. ¥c) and 5d), respectively ~ contrary to the optical excitation, the momentum conserva-
with the measured ones shown in Fig)2and 3a) is quite  tion is relaxed”® Within an anisotropic nearest neighbor
satisfactory(such as e.g., the broad gap feature with a retight-binding model a ratio between the thermal and optical
markable low-frequency tail, as well as the low frequencygap of about 0.5 can be predicted for the quarter filled band
part associated with the thermally excited particl&uch a  (TMTSF),PR; compound which is in good agreement with
calculation further confirms the trends already achieved byhe experimental data. Figure 6 schematically represents the
our first reasoning, which pointed out the importance of co-density of states relevant for the Bechgaard salts in the SDW
herence factors in the application of BCS theory. Accordingground state. A first gapZ, is mainly due to indirectthere-
to our present discussion this is to be expected for the offfore momentum nonconservipgransitions, which can be
chain direction, where the collective “phason” mode is not probed by inelastic scattering processes such as the dc trans-
visible. As pointed out above, our model is based on quitgport. A second higher gapA%; follows from direct(mo-
rough assumptions and is not intended to reproduce all denentum conservingand therefore optically active transi-
tails of our experimental results. Nevertheless, the suggestdbns.
approach within the two-dimensional Hubbard model treat- Alternatively, one could argue that the large gap found
ment of Virosztek and Maki provides an understanding forhere may be due to low-dimensional fluctuation efféets.
the similarity with results within the BCS framework, as well These are expected to be important below the mean field
as an improved resemblance to the experimental data. Thetensition temperatureT) which we estimate to be ap-
is, however, a significant disagreement in the absolute valuproximately between 20 and 30 K. Our experiments indicate
of the calculated conductivityFig. 5(d)] compared to the the development of a pseudogap, as the gap feature persists
experimental ong¢Fig. 3@]. This can be improved, if we even at temperatures aboVep,, [see, e.9.(TMTSF),PF; in
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fects either in the susceptibility or in electron-spin-resonance
and muon spin relaxation experimeAts®
Finally, we address the issue about the shape of the SDW
gap feature. The broad low frequency tail of the SDW gap
2opt absorption was already pointed out. A similar behavior was
| , also observed in CDW systems and was ascribed to thermal
lattice fluctuations? This latter scenario might be less prob-
able for a SDW condensate, where a priori the lattice should
| 22 g be very weakly or not at all involved in the SDW phase
| | transition. However, the coupling to the lattice and its rel-
evance to the SDW phase transition are still matter of debate
and are not completely solved, as shown by recent ultrasonic
investigations® While the SDW gap peak itself is reminis-
cent of the effects due to the coherence factors, its remark-
e able broadening@larger than the characteristic thermal broad-
ening of the order ofkgT) might have different origins:
FIG. 6. Schematic density of statd80S) in the SDW ground e}nisotropy of the gap, finipc_e lifetime og_:zquasiparticle excita-
state after Ref. 48. The transport and optical SDW gap are markedons, and magneti¢impurities effects™ All these effects
by A, andA gp. are known to induce changes in the density of states and
consequently in its manifestation through the optical gap fea-

Figs. 38 and 4. Recent magnetoresistance measurerf&nts ture. This is indeed very well documented in varioqs type of
also show dramatic effects well above the SDW transitiorsuPerconductorée.g., cuprates and fullereneéd The issues
and they may well be the consequence of one-dimension@ddressed above together with the role played by the low
fluctuations. The Ginzburg criterion leads to the following dimensionality (i.e., crystallographic anisotropy particu-
expression for the fluctuation region above the transition!@rly Wwith respect to the electrodynamics in the low fre-
AT=Tepw(éxEntAC) "2, where & are the coherence duency spectral range below the SDW gap, remain open and
lengths in the different crystallographic directions and is @l for further experimental and theoretical work.

the magnitude of the specific heat anomaly. Estimations
based on thermodynamic measurem®hgive AT=1K.
Consequently, the onset of the pseudogap at temperatures
approximatel 2 K above Tgpy [at least for the The authors are very grateful to J."Mar for technical
(TMTSF),PF; compound, see also Fig(e88 and 4 may well  assistance and to P. Wachter for his generous support in
be due to the three-dimensional fluctuation effects associatgatoviding infrastructure related to these experiments. One of
with the short coherence length, even thoudhis too small  us(L.D.) wishes to thank the financial support of the Swiss
with respect toTye (~20-30 K) inferred from the experi- National Foundation for Scientific Research. This work was
mental data. Nevertheless, there is not so far any indicatioalso partially supported by the Hungarian National Research
for a pseudogap feature or even evidence for fluctuation efFund under Grant No. OTKA T020030.
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