
VOLUME 76, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 13 MAY 1996

erland

thyl-

the
r the

3838
Direct Observation of the Spin-Density-Wave Gap insTMTSF d2PF6
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We have measured the optical properties of the linear chain compound bis-(tetrame
tetraselenafulvalene)hexafluorophosphate,sTMTSFd2PF6, in the spin-density-wave state which develops
below TSDW ­ 12 K. In the direction perpendicular to the chains, we observe clear signatures of
spin-density-wave gap and model these features with a formalism similar to the one worked out fo
superconducting state but with case I coherence factors. [S0031-9007(96)00257-8]
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The electrodynamics of the superconducting and
charge-density-wave states have been thoroughly expl
and are well understood [1,2]. In both cases, the respo
reflects the single particle and collective mode excitatio
with the so-called coherence factors playing an impor
role. In the (s wave, BCS) superconducting state, the z
frequency mode is followed, forT ­ 0, by vanishing con-
ductivity up to the gap frequency and then the absorp
smoothly rises due to case II coherence effects [1].
finite temperatures a low frequency tail develops due
absorption by uncondensed electrons. These effects
been accounted for by a steady stream of papers an
commonly connected to the calculations first performed
Mattis and Bardeen [3]. The situation is somewhat diff
ent for the density-wave state in which case I cohere
factors lead to a sharp maximum in the conductivity at
gap. The conductivity spectrum of a charge-density-w
system was first calculated by Lee, Rice, and Anderson

In contrast to these ground states, the electrodynam
of the spin-density-wave state (SDW) is little explored a
understood [2,5] because optical evidence for the SDW
has not been found to date [6]. This is mainly for tw
reasons. First, experiments on linear chain compou
where the development of the SDW state leads to the
removal of the Fermi surface, have been performed al
the highly conducting axis where the reflectivity is hi
(and consequently changes induced by the formation
the ground state are difficult to detect); and second,
normal state properties are fundamentally different fr
those of a simple metal [7,8]. Analysis of early optic
measurements [9,10] in the direction parallel to the cha
explained a peak around200 cm21 as evidence of a ga
structure. However, this feature exists well aboveTSDW

with little change at the SDW transition temperature
self, and consequently cannot be the single particle
associated with the SDW ground state [7]. Experime
conducted with the field polarization perpendicular to
chains [10,11] show that below some characteristic
quency the reflectivity drops as the temperature is lowe
throughTSDW . This occurs at various frequencies depe
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ing on the experimental technique used, and, while in g
eral there is no sharp onset, gap values ranging from
to 100 cm21 were asserted. Recently, transmission m
surements through a gridlike structure ofsTMTSFd2PF6

crystals gave indications for a SDW gap around32 cm21

perpendicular to the chains [12]. We believe that this u
satisfactory variety of results is due to the investigation
small crystals and mosaics, which often led to a reflec
ity significantly smaller than that observed by us (in som
cases exceeding our low frequency values by one o
of magnitude). Surface scattering and interference effe
due to the aligned needles in the mosaic configuration
lead to spurious results and important alternation of
specular condition.

In order to address the issues mentioned we h
conducted optical experiments on the Bechgaard
sTMTSFd2PF6 in a wide spectral range. The modera
conductivity perpendicular to the chain direction mak
the exploration of the electrodynamics of the SDW sta
more accessible. For the first time we were able
directly detect and completely analyze the SDW gap.

All the experiments were performed on large sing
crystals (4 3 2 mm2). The wide crystals were slowly
grown during a period of 6 months by keeping the s
lution at low temperature (0 ±C). The optical reflectiv-
ity was measured in both polarizations parallel (Eka) and
perpendicular (Ekb0) to the chain direction using five dif-
ferent spectrometers which cover an extremely wide sp
tral range from 8 to105 cm21 [13]. We have performed a
Kramers-Kronig (KK) analysis in order to obtain the com
ponents of the optical conductivity.

In Fig. 1 we display the optical reflectivityR of
sTMTSFd2PF6 measured in both polarizations, perpend
ular and parallel to the chains at temperatures above
below the SDW transition atTSDW ­ 12 K over a wide
spectral range. Perpendicular to the chains [Fig. 1(a)]
find a well-developed plasma edge and a low frequen
behavior, which above the transition can be qualitativ
described as the response of a Drude metal. Th
remains a discrepancy between the optical and dc d
© 1996 The American Physical Society
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FIG. 1. The optical reflectivity ofsTMTSFd2PF6 measured
at various temperatures with polarization (a) perpendicu
and (b) parallel to the chain direction. The lines we
obtained by standard optical techniques, the solid symb
represent data taken by the submillimeter spectrometer,
the open symbols are results of microwave and millime
wave measurements from Donovanet al. [8]. The dotted
lines indicate the extrapolations used for the Kramers-Kro
analysis. At 835 cm21 a phonon mode of the PF6

2 anion
is seen.

which requires further investigation. Parallel to the cha
[Fig. 1(b)] the behavior is somewhat more complicat
and will be discussed elsewhere [7]. What is important
this discussion of the electrodynamics of the SDW stat
that optical measurements conducted parallel to the ch
give no clear-cut evidence for the single particle gap
for a SDW state. The situation is fundamentally differe
for the polarization perpendicular to the chains (Ekb0). As
seen more clearly in Fig. 2(a), as the temperature is
duced below 15 K the reflectivity significantly decreas
at frequencies below70 cm21, which is seen as evidenc
that a well-defined single particle gap develops. At t
low frequency end of our measured spectral range, we
a sharp upturn in reflectivity resulting from the contrib
tion of free, or uncondensed carriers which are therm
excited across the single particle gap; this effect beco
less pronounced at low temperatures. Indications of
feature were seen in Ref. [10]. Because of the abse
of low-temperature dc results and data in the microwa
r
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FIG. 2. (a) The low frequency optical reflectivity o
sTMTSFd2PF6 measured perpendicular to the chains (Ekb0).
The SDW gap opens as the temperature is lowered be
15 K. The solid lines are optical reflectivity data, the symb
indicate the results of the submillimeter wave measureme
the dashed line represents the extrapolation for the Kram
Kronig analysis. (b) The frequency dependent reflectiv
calculated for case I and case II coherence factors for
different temperatures:T ­ 0 (solid lines) andt ­ TyTc ­ 0.6
(dashed lines). For the absolute value of the reflectivity
constant conductivity in the normal statesn ­ 10 sV cmd21

was assumed.

range we cannot rule out the development of a fin
frequency mode at very low frequencies; however, t
does not influence the following analysis. The KK tran
formation of the reflectivity spectra was done assum
a simple metallic behavior at low frequencies, hen
we have used the Hagen-Rubens extrapolation [14
zero frequency below our lowest measured frequency
8 cm21. Figure 3(a) displays the optical conductivity o
sTMTSFd2PF6 for the perpendicular direction at variou
temperatures. We clearly identify a sharp feature pea
at 70 cm21, which moves to slightly lower frequencie
and decreases in intensity as the temperature increas
to 15 K. The existence of this feature also slightly abo
the SDW transition temperature of 12 K can most like
be ascribed to fluctuation effects which will be discuss
below.

Coherence factors play an important role in the elec
dynamics of the various broken symmetry ground stat
3839
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of metals. For the BCS superconducting state, case II coherence factors are associated with the transitions
by the electromagnetic wave. This leads to a smooth rise of the conductivity for frequenciesv $ 2Dyh̄ and to a
reflectivity below the gap which is100% at zero temperature. For density wave states, case I coherence factors
in the electrodynamic response, leading to a fundamentally different behavior for frequencies around the single
gap [2]. Both cases are described by the expression [1,3]

s1sv, T d
sn

­
2

h̄v

Z `

D

ffsE d 2 fsE 1 h̄vdg sE 2 6 D2 1 h̄vE d
sE 2 2 D2d1y2fsE 1 h̄vd2 2 D2g1y2 dE

2
1

h̄v

Z 2D

D2 h̄v

f1 2 2fsE 1 h̄vdg sE 2 6 D2 1 h̄vE d
sE 2 2 D2d1y2 fsE 1 h̄vd2 2 D2g1y2

dE . (1)
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Here 2DsT d describes the temperature dependent
gle particle gap, andfsE , T d ­ f1 1 exphE ykBT jg21 the
Fermi-Dirac distribution. The positive sign in Eq. (1)
appropriate for case II, the negative sign is appropr
for case I coherence factors. In Fig. 3(b) the optical c
ductivity calculated for both case I and case II cohere
factors is displayed. At zero temperatures1 ­ 0 below
the single particle gap, and we obtain a smooth rise
s1svd for the superconducting case and a character
square root singularity at the gap frequency for the c
of the SDW ground state. At finite temperatures, the c
tribution of the thermally excited electrons leads to a lo

FIG. 3. (a) The optical conductivity ofsTMTSFd2PF6 per-
pendicular to the chain direction (Ekb0) as obtained by the
Kramers-Kronig transformation of the reflectivity data. (b) T
frequency dependent conductivity calculated by Eq. (1) for c
I and case II coherence factors for two different temperatu
T ­ 0 (solid lines) andt ­ TyTc ­ 0.6 (dashed lines).
3840
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frequency tail, with progressively increasing spect
weight with increasing temperature. The imaginary p
of the conductivitys2sv, Td can be either calculated i
a similar way [1] or obtained by a KK transformatio
of s1sv, Td. While parallel to the chains the system
in the clean limit [8], for the perpendicular direction
is in the dirty limit [7]. From both components of th
conductivity, the frequency dependent reflectivity w
calculated and is displayed in Fig. 2(b). For the sake
simplicity, we assumed for both cases that the norm
state conductivitysn ­ 10 sV cmd21 is independent of
frequency in the range of interest. Experimentally this
not the case forsTMTSFd2PF6, as Fig. 3 clearly demon
strates. A temperature and frequency dependent no
state conductivity can be included in the evaluation
at this point we are interested more in overall qualitat
features than in a detailed comparison between the
and experiment. In the analysis, we also neglect
contribution coming from the low frequency collectiv
SDW mode. The reason for this is that experiments alo
the chain direction give clear evidence for a collectiv
pinned phason mode [8] but in the perpendicular direct
no indications for this mode are available to date. F
both the superconducting and the SDW case, sh
changes in the reflectivity occur at the gap frequen
Well above the gap, the reflectivity is not sensitive
the development of the broken symmetry ground st
At zero temperature, the reflectivity below the gap
100% for the superconducting case, while for the SD
ground state the reflectivity decreases and approach
constant value asv ! 0. Spectral weight argument
play an important role for the superconducting st
[1] and they are also important for the SDW grou
state. As the collective mode is probably absent
insignificant in the direction perpendicular to the cha
(and therefore does not contribute to the spectral weig
all the spectral weight of the Drude response found ab
TSDW is removed from the gap region and located in t
single particle response at70 cm21 as the temperature i
lowered below the transition.

All the signatures calculated for case I coherence f
tors are observed by experiment; thus we conclude tha
electrodynamics of the SDW ground state is qualitativ
understood, for the case where the collective mode co
bution is negligible. The form of the conductivity near th
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gap suggests a single well-defined SDW gap, whether
suggests also good nesting remains to be seen [15].
eral features of our findings are also of importance w
regard to recent experiments and thoughts about the na
of the effect of correlations and reduced dimensiona
in these materials. The magnitude of the gap2Dyhc ­
70 cm21 is significantly larger than what the weak co
pling theory predicts. In this limit we expect, on the ba
of the measured transition temperatureTSDW ­ 12 K, a
value of 2Dyhc ­ 3.53kBTcyhc ­ 30 cm21. Our large
gap value also is in contrast to the conclusion reached
the basis of dc resistivity measurements [5]. The rea
for this, we believe, is that the dc resistivity is heavily i
fluenced by a small number of states in the gap, lead
to a serious underestimation of the magnitude of the g
The large gap found here may be understood in te
of low-dimensional fluctuation effects [16] and then the
are expected to be important below the mean field tr
sition temperature which we estimate as approxima
TMF ­ 20 K. Evidence for such fluctuation effects, how
ever, has not been found by muon spin relaxation m
surements [17]. Recent magnetoresistance measurem
[15] show dramatic effects well above the SDW transiti
and they may well be the consequence of one-dimensi
fluctuation effects. Our experiments also point to the
velopment of a pseudogap and consequently to the im
tance of fluctuation effects somewhat above the transit
as the gap feature remains evident even at tempera
aboveTSDW ­ 12 K. The Ginzburg criterion leads to
the following expression of the fluctuation region abo
the transition:DT ­ TSDW sjajbjcDCd22, wherejx are
the coherence lengths in the different crystallographic
rections andDC is the magnitude of the specific he
anomaly. Estimations based on thermodynamic meas
ments [18] giveDT ­ 1 K. Consequently, the onset o
the pseudogap at temperatures approximately 2 K ab
TSDW may well be due the three-dimensional fluctuati
effects associated with the short coherence length.
though we have analyzed our experiments in terms o
spin-density-wave ground state, the Hubbard model le
to the same features which we observe [19].
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