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Conductivity measurements are reported in the organic linear-chain compound (TMTSF)sPFs,
in both the metallic and spin-density-wave states. The components of the complex conductivity
were established by measurements in the radio-frequency, micro- and millimeter wave, and infrared
spectral ranges. At temperatures above the spin-density-wave transition, a Drude-like metallic
behavior was found together with a temperature-independent feature at higher frequencies. An
observed Drude scattering rate of 3 cm was found, placing the material well into the clean limit.
In the spin-density-wave state, the low 6eld dc resistivity shows an activated behavior similar to a
standard semiconductor with a gap value 2b, /k& =45 K. The ac response shows a strong frequency
dependence, and most importantly, we observe two subgap modes: a very broad one in the radio
frequency range, due to internal deformations of the spin density wave, and a narrow mode near
0.1 cm, which we interpret as the response of the q=0 phason. Furthermore, as expected for a
material in the clean limit, we do not see evidence for a single particle gap in the infrared spectral
range. In this paper, we will compare our experimental results with the various models of spin-
density-wave dynamics and comment on the current status of the understanding of the dynamical
response of spin density waves.

I. INTRODUCTION

The electrodynamics of materials exhibiting various
broken symmetry ground states, such as superconduc-
tors or charge density waves (CDW's), is by now thor-
oughly explored and the main features of the frequency-
dependent conductivity o(u) = oq(u) + io2(w), where

oq(u) and or2(u) represent the real and imaginary parts
of the response, are well understood.

While the collective mode is centered at zero frequency
with a vanishing spectral width for a superconductor at
T = 0 K, the interaction between the CDW and lat-
tice imperfections shifts the oscillator strength to Bnite
f'requencies, with the center (pinning) frequency usually
well below the single particle gap frequency 2A/h. For
a superconductor, both collective mode and single par-
ticle excitations are possible and the relative strength of
each depends on the ratio (o/E, where (o is the coherence
length and E is the mean free path. On the other hand,
for CDW's the collective mode spectral weight depends
on mb/m', where m* is the dynamical mass associated
with the CDW and m~ the band mass. The remaining
spectral weight, 1—mb/m, is associated with single par-
ticle transitions across the gap and due to the prominent
role played by the phonons, mb/m' « 1, and most of
the spectral weight resides with the single particle ex-
citations. Generally the two modes are well separated
and each can be observed by measuring the conductiv-
ity oq(u) over a broad spectral range. With transition

temperatures on the order of 100 K, mean 6eld theory
gives 2A/h of the order of 100—1000 cm ~, in the infrared
range of frequencies, while the pinned mode resonance
usually occurs in the millimeter wave spectral range in
nominally pure specimens.

Much less is known about the dynamics of the spin-
density-wave (SDW) ground state which develops at low
temperatures in several organic linear-chain compounds.
The prime example is bis-(tetramethyltetraselanafulva-
lene)-hexaflourophosphate, (TMTSF)2PFs, which un-

dergoes a metal-insulator transition at TSD~——12.0 K.
The state below TSD~ is weakly magnetic as evidenced
by static magnetic susceptibility and antiferromagnetic
resonance measurements. 4 s In addition, NMR (Refs. 7
and 8) and lsSR (Ref. 9) measurements clearly estab-
lish that the ground state is represented by a periodic
modulation of the electronic spin density

S(r) = Sq cos(Q . r + P),

where Sq and P are the amplitude and phase of the collec-
tive mode and Q is the nesting vector. The SDW period
is incommensurate with the underlying lattice, ' ' in
agreement with nesting due to the two dimensional band
structure. ~~

Although it is a magnetically ordered ground state,
it has been shown theoretically that an externally ap-
plied electric field couples directly to the SDW. The re-
sulting ac or dc currents correspond to either an oscilla-
tory or translational motion of the collective mode. The
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SDW couples to magnetic impurities and recent calcula-
tions also suggest a significant coupling to nonmagnetic
impurities. These results imply that the collective mode
response should occur at Gnite frequencies, as seen
previously in several CDW compounds. However, in con-
trast to the CDW ground state, the SDW state is formed
as a consequence of electron-electron interactions, and
the effective mass of the condensate, m*, is expected to
be the same as mg. ' ' ' This prediction has impor-
tant consequences for the various contributions (collec-
tive mode and single particle) to the total spectral weight
and will be discussed at some length later.

Early experimentszi on (TMTSF)zPFs in the SDW
state indicated a nonlinear response in small applied dc
fields while measurements at 9 GHz (Refs. 22—25) in-
dicated a substantial enhancement of the low frequency
conductivity in the spectral range well below the sin-
gle particle gap. It was argued that both the nonlinear
and frequency-dependent transport reflected the contri-
bution of the SDW. However, microcracks which devel-
oped in the samples upon cooling prevented the obser-
vation of the expected sharp onset for nonlinear con-
duction. Improvements in the contact techniques, to-
gether with the use of carefully controlled cooling rates,
allowed for the first unambiguous measurement of the
threshold field E~ for SDW conduction. These mea-
surements were quickly followed by a wide variety of ex-
periments providing further information about the SDW.
Current oscillations, Shapiro steps, memory effects, and
Geld hysteresis have all been observed and recent
NMR measurements ' clearly show the narrowing of
the proton linewidth above Ez, due to the motion of the
SDW.

Further studies on the frequency dependence of the
conductivity have shown the presence of a low lying
mode which is centered near 3 GHz with a strength
which is more than two orders of magnitude smaller
than expected from simple arguments based on spectral
weight conservation. The large reduction of the spectral
weight of this mode has been independently confirmed
by measurements of the dielectric constant in the radio-
frequency range. 4

Several models or explanations have been proposed to
account for the strongly reduced spectral weight in the
SDW state. These models naturally fall into the follow-

ing three categories: The observed resonance is not the
SDW phason, the SDW mass is significantly larger than
the band mass, or the number of relevant excitations
of the SDW is small. Here we will brieHy summarize
some of these ideas and their implications. It has been
suggested that the observed mode may be due to the
internal deformationsss (q g 0) of the SDW. In this case,
the pinned mode resonance, which should be at frequen-
cies well above the spectral range where the modes due to
internal deformations occur, would most likely be above
the gap, i.e., Ruo & 2A. It was also proposed that im-
purities in the sample may lead to a mixing of the q = 0
magnon and phason modes. Such a system would dis-

play a low lying resonance due to a magnon excitation at
the antiferromagnetic resonance frequency. On the other
hand, an enhanced efFective mass, due to a finite cou-

pling to the phonons, would strongly reduce the spectral
weight of the SDW. However, this can be ruled out,
as the accompanying lattice distortion has not been found
in the SDW state. Another possible explanation is
that, as in a superconductor, long range Coulomb forces
shift the spectral weight away from the pinning frequency
uo up to the plasma frequency ~z. In a translationally
invariant system, such a model, based on the so-called
Anderson-Higgs mechanism, would apply only to the
longitudinal mode (q ~~ E) leaving the transverse mode

(q J E), as sampled with optical measurements, unaf-
fected. However, the transverse and longitudinal modes
may be mixed due to anisotropy efFects and interactions
with the randomly situated impurities. Finally, bound
states, due to either impurities or commensurability
effects, could give rise to a distribution of subgap res-
onances. Such resonances would be expected to have a
large spectral weight and therefore (due to the conser-
vation of the total spectral weight) these states would
strongly reduce the strength of the SDW phason.

In this paper we report on experimental results of the
frequency-dependent conductivity o (~). Experimental
results from a variety of different techniques were com-
bined in order to evaluate the electrodynamic response
of (TMTSF)zPFs over a broad spectral range, from dc
up to optical frequencies. We also present a simple anal-
ysis of the experimental findings, in terms of a Drude
response (T ) Tsniv) and a harmonic oscillator response
(T ( Tsiiw). Finally, we compare our results with sev-
eral different models and find both a qualitative and
quantitative agreement within an extended Fukuyama-
Lee-Rice model. Parts of our results have been previously
reported.

II. EXPERIMENTAL TECHNIQUES AND
RESULTS

Several different techniques have been employed in or-
der to explore the electrodynamics of both the normal
and the SDW states of (TMTSF)zPFs. The low fre-

quency spectral range was investigated using standard ac
techniques, resonant cavities were employed in the micro-
and millimeter wave spectral range, and optical methods
were used in the infrared spectral range. The data ob-
tained with each technique were combined to determine
the o (ur) over a broad spectral range. Before discussing
the experimental results we will describe each of the ex-
perimental techniques.

All the measurements reported here were made on
crystals of (TMTSF) zPFs prepared by the standard elec-
trochemical growth method. The dc resistivity of a typ-
ical sample is shown together with its logarithmic deriva-
tive in Fig. 1. A metal-insulator transition is clearly vis-

ible near Tsz)~ ——12.0 K, with the sharpness of the log-
arithmic derivative, as shown in the inset of Fig. 1, in-

dicative of the high crystal quality. An activated behav-
ior (oi ——croe ~"~ ) is observed below Tsnw, with an
activation energy 2A/king=46 K, in excellent agreement
with the predictions of a weak-coupling mean field theory
(2A = 3.5kiiT, ).
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In the frequency range from 10 to 10 Hz, the dis-

charging current density following an electric Geld step
was measured. After the step, in an open circuit config-
uration, the discharging of the sample produced a time
decay of the sample voltage, which was amplifled and
displayed on a digital oscilloscope. Since the Ohmic part
of the sample resistance is frequency independent below
1 MHz, the measured voltage divided by the dc resistance
of the sample gives the discharge current j(t) of the po-
larized SDW. One can determine both components of the
complex SDW conductivity using

10-' I I

O.S 0.4 O.6 O.e
i/r (K-I)

1.0

FIG. 1. The dc resistivity vs inverse temperature for a typ-
ical sample of (TMTSF)qPF6. From the slope of the curve
one obtains a gap 2b, /kn 46 K. The logarithmic derivative
is shown in the inset.

A. Experiments in the radio-frequency spectral
range

Reload

Zsow (co)

uv

FIG. 2. The equivalent circuit which was used to analyze
the data from the discharging experiments. The sample, in-
side the dashed box, was modeled as a parallel connection of
an Ohmic resistor, representing the normal electron contri-
bution, and an unknown frequency-dependent impedance for
the SDW contribution.

In the frequency range below 1 MHz, two different
techniques were used to extract o'(ur). In both cases,
measurements were made in a four probe conGguration
with 5 pm Au wires attached with Ag paint to a con-
ducting Ag pad evaporated on the surface of the sample.
Each pad wrapped completely around the sample and
both ends were covered with evaporated Ag to maximize
the homogeneity of the current injection. A schematic
of the experimental setup used in the audio-frequency
range is shown in Fig. 2. A large serial load resistance
(BI g )) R, I,I,) was used to ensure that the exper-
iments were carried out in a current controlled conGg-
uration. Furthermore, to guarantee the applicability of
linear response theory, care was taken that the electric
Geld was always well below the threshold Geld for nonlin-

&sDw(~) = i~ e ' dt,
j(t)

p p

where Ep is the size of the applied electric Geld during
the pulse. s The frequency limitation with this technique
is determined by the rise time of the voltage ampliGer,
which in our measurements was 1 ps.

Above 1 kHz, the ac impedance was measured with
a lock-in ampliGer. A direct measurement of both the
magnitude and phase of the sample voltage to an applied
ac current directly gave 0(IJ). These measurements also
provided a cross-check on some of the results from the
real time experiments and within the region of frequency
overlap; both techniques gave identical results.

To investigate o (w) in the radio-frequency range, above
4 MHz, an HP 8754A network analyzer was used. In this
technique, an unknown impedance is determined by mea-
suring the complex reflectance i &om a shunted transmis-
sion line. For a line impedance Zl;„, of 50 0 and a sample
impedance of Z, the complex reflectance is given by

Erea

Ein

Zline

Z + Zline

where E;n and E„g are the incident and reflected electric
fields at the boundary, respectively. The transmission
line was shunted by mounting the sample with Ag paste
to 10 pm Au wires which were in turn attached to the
open end of a coaxial cable. The rf signal from the net-
work analyzer was split and directed into both a reference
and sample arm by an HP 8502A reflection test set. The
signal reflected from the sample arm was mixed with the
signal from the reference arm at the network analyzer.
Both the magnitude and the phase of the resulting signal
were recorded with a digital oscilloscope. The linearity
of the response was checked by varying the power output
with a calibrated step attenuator (0 to —70 dB) while si-
multaneously monitoring both the magnitude and phase
of the signal. For all incident power levels, the reflected
power varied linearly with the incident power while the
phase remained constant. A finite path difference be-
tween the reference and sample arms was intentionally
introduced to produce a periodic variation of the phase
as the frequency was swept between 4 and 1300 MHz,
thus providing a calibration of the source frequency.

The sample was cooled while monitoring the two probe
dc resistance and no signs of sample cracking were ob-
served. Furthermore, by subtracting a temperature in-
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Z = Zsample + +contacts

where the value of B, „t,t was determined from
the temperature-dependent dc resistance measurement.
Z, pl, was modeled as a Parallel connection of a
frequency-dependent resistor B, ~~, (cu) and capacitor
C- &~.(~),

~sample

1
, + i(uC, p), ((u).

sample ()

Using the measured sample length / and cross sectional
area A, the real and imaginary parts of the conductivity
were calculated using

1 l
Oy 4J

+sample(~) & (6)

dependent contact resistance of 1.3 0, excellent quan-
titative agreement was found with the four probe mea-
surements (see Fig. 1) over the entire temperature range
(2—300 K).

In order to calibrate the reflectance of the network an-
alyzer, both a shorted and open-ended sample arm were
first measured (r= —1 and 1 respectively). The normal-
ized sample reflectance at each &equency was determined
by comparing to the calibrated points. The frequency de-
pendence of the measured magnitude and phase of the
normalized sample reflectance exhibited an oscillatory
behavior with a well-defined period of nearly 106 MHz.
These oscillations, which also appeared in the calibration
data, are due to standing waves within the sample arm,
with a period corresponding to twice the optical length
of the arm. A correction procedure was used which fit
the oscillations with a frequency-independent reflectance
of nearly 10'%%uo. The resultant signal displayed the slow
variation of the frequency-dependent reflectance due to
the sample.

The measured reflectance r" determined the impedance
of both the sample and the contact. Assuming a simple,
purely resistive, serial connection

The experimental setup und measurement technique are
discussed in detail in Ref. 50. The micro- or millimeter
wave power was supplied by either a broadband Impatt
source or Gunn oscillator and guided with rectangular
waveguide to an input coupling hole on the top plate of
the cavity. A crystal detector mounted atop a second
waveguide measured the power transmitted through the
cavity. Both the source and detector were matched to the
transmission line with ferrite isolators to avoid standing
waves. A broadband mixer, attached to the reference arm
of a 10 dB directional coupler, was connected to an HIP
model No. 578 microwave-frequency counter. An in-line
modulator chopped the microwave signal, allowing for
lock-in detection techniques. Finally, a Mylar window
atop each stainless steel waveguide was used to ensure
a vacuum tight environment. A small amount of He ex-
change gas was used to provide a weak thermal link to the
He bath. A complete temperature sweep from 1.5 K to
300 K was possible and at each desired temperature, both
the width I' and frequency fo of the cavity resonance were
measured. A Lorentz fit to the resonance line shape was
made by sweeping the frequency through the resonance,
with the resulting fit giving both I' and fo How. ever,
with typical Q's on the order of 10, a frequency sweep
of at least several hundred kHz was required to fit the
base line. Such a large frequency sweep made it difficult
to accurately determine the resonant frequency.

In order to obtain a precise measurement of both I'
and fo, we have developed a feedback technique which
locks the source to the resonance frequency. (This tech-
nique cannot be easily employed for cavities in the reflec-
tion mode, and therefore at 7, 9, and 12 GHz we used a
method similar to that described above. ) In this, the so-
called amplitude technique, the source frequency is swept
over a very narrow range about fo, which is constantly
tracked by feeding the derivative of the signal back to the
source as a frequency correction. This allows a precise
tracking of the resonance frequency as the temperature
varies. Furthermore, the transmission signal is modu-
lated and measured with a second lock-in amplifier. For
a Lorentzian response,

I,
o2((u) = urC, p). (ur) —. P( fo) I' = const,

The final results in the low temperature SDW state are
consistent both with the calibrations made and also with
reflectance of the sample in the normal state, where it
can be simply regarded as a constant known Ohmic re-
sistance.

B. Experiments in the micro- and millimeter wave
spectral range

In order to measure cr(w) in the micro- and milliine-
ter wave range, we employed a cavity perturbation tech-
nique using resonant cavities which span nearly two or-
ders of magnitude in frequency. Cylindrical cavities in
the TEoii mode which resonate at fo=7, 9, 12, 35, 60,
100, and 150 GHz were used, together with a split ring
resonator at 3 GHz similar to that described in Ref. 49.

where P(fo) is the amplitude of the transmitted signal
at fp and the constant only depends on the total power
emitted by the source. As the microwave power is inde-
pendent of the cavity temperature, the constant is tem-
perature independent and can be evaluated at room tem-
perature, where both the amplitude and the width can
be carefully measured Thus, by. measuring P(fo) and fo
versus temperature, we are able to determine the tem-
perature dependence of both the width and the resonant
frequency.

In all cases, the sample conductivity o. is related to the
change in the cavity parameters, b,l' and 4f, caused by
the introduction of the sample into the cavity. Exper-
iments were conducted by first measuring the tempera-
ture dependence of I' and fo of the empty cavity followed

by a subsequent measurement of the same parameters
with the sample inside the cavity. Using the method
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described above, we reduced the measurement error to
h(AI'/2fo) = 3 x 10 and h(Af/fo) = 3 x 10 7 at room
temperature, with a further factor of 2 improvement at
low temperature.

For specimens where the skin d.epth b = g2/pouo'i is
smaller than the sample dimensions (a condition obeyed
by most of the samples we investigated), the parame-
ter which determines the change of the resonance char-
acteristics upon insertion into the cavity is the surface

impedance

i/2

Z, =R, +iX, =
/

Eai —F02)
(9)

where R, and X, are the surface resistance and sur-
face reactance, respectively and po is the permeability
of f'ree space. In this, the so-called skin-effect (or sur-
face impedance) regime, R, is proportional to the excess
loss and, consequently, to the change in width AI'/2fo
caused by the sample while X, is proportional to the &e-
quency shift b,f/fo from an identically shaped perfect
conductor, or

&f f. —fo
fo fo Zo

(io)

ar 1 t'1 1 l (R,
2fo 2 (Q, Qo) Zo

'

where the constant C includes the perfect conductor shift
together with an unreproducible frequency shift which
occurs when the cavity is opened in order to insert the
sample, ( is a geometrical constant which depends on the
dimensions of both the cavity and the specimen under
investigation, s and ZD is the impedance of free space
(377 0).

Two different conBgurations were employed to measure
the ac response along the highly conducting direction of
the crystals. In one configuration, the sample was placed
on the bottom of the cavity near the half-radius point,
at the maximum magnetic Beld H „and oriented such
that the Beld was perpendicular to the highly conduct-
ing axis. The eddy currents, due to H „are mainly
along the highly conducting direction, with current flow
perpendicular to the chains only near the ends of the
specimen. Due to the long, needle-shaped crystals (the
highly conducting axis is parallel to the long axis), the
contributions due to currents at the ends are expected
to be small, and consequently both R, and X, should
primarily be determined by the conductivity along the
chain direction. Alternatively, the specimen was placed
on a dielectric post in such a way that the maximum elec-
tric Beld E, was parallel to the highly conducting axis.
In this configuration O.i (~) along the chain direction was
measured along with only a very small contribution ex-
pected from depolarization currents at the ends of the
specimens. We were not able to evaluate the effects asso-
ciated with the ends of the specimens. However, similar
results were obtained for both configurations (the current
distributions in the two cases are not the same), strongly
suggesting that R, and X, were determined by the con-

ductivity along the chain direction. Furthermore, similar
results were obtained for specimens with different length
to cross section ratios, again indicating that depolariza-
tion and/or end effects did not play a signijcant role.

The resonator constant ( which appears in Eqs. (10)
and (11) has been calculated for an ellipsoidal sam-

ple placed at either the maximum electric or magnetic
Beld ' and a very strong dependence on the sample
depolarization factor was found. This strong dependence
on the sample geometry makes it difBcult to precisely de-
termine ( on irregularly shaped samples and therefore we

normally determined the resonator constant using the fol-
lowing procedure. In the metallic state, well above TsDw,
if the single particle relaxation rate 1/(2m r) significantly
exceeds the measurement frequency, the experiments are
performed in the so-called Hagen-Rubens limit uv && l.
In this limit 0.

& &) 0.2 and crq ep, . Consequently, &om
Eq. (9)

1/2

(20dc)

Using a~, as an input parameter, (' can be evaluated &om
Eq. (11) and subsequently C can also be determined us-

ing Eq. (10). All of these parameters are temperature
independent, neglecting corrections due to thermal ex-
pansion, and therefore do not change at the phase tran-
sition. Nevertheless, the uncertainty concerning the eval-
uation of C has led us to alternative ways of evaluating or
modeling the frequency dependent response, as discussed
below in Sec. III. It should also be pointed out that at
7, 9, and 12 GHz, the cavity size is sufficiently large to
allow the sample to be rotated in and out of the cavity
on a Teflon platform. In this way, the offset associated
with the end plate removal can be avoided, but the re-
producibility of the rotation then directly determines the
sensitivity of Af 2.

At low temperatures, where the conductivity is small,
the skin depth b can become comparable to or larger
than the minimum sample dimensions. In contrast to
the skin-efFect regime, the excess loss due to the sample
is no longer proportional to R, . In this, the so-called
depolarization regime, a completely different analysis is
required in order to extract 0 from the measured param-
eters. This analysis is discussed in detail in Ref. 52. Here
we will only discuss results taken at temperatures where
the surface impedance formalism is still valid.

A typical experimental result obtained at 60 GHz is
displayed in Fig. 3, where both R, and X, are shown
together with gpourp~, /2. In a metal with sr~ ( 1,
R, = X, oc /ps, [see Eq. (12)j and both R, and /ps,
should exhibit the same temperature dependence. Such
behavior has been observed above TsD~ as shown in
Fig. 3. The transition to the SD%' state is also visible in
Fig. 3, and it is clear that below TSD~, R, and X, are
no longer equal, indicating a frequency-dependent con-
ductivity. In this case, the measured values of Z, (T) can
be inserted into Eq. (9) to evaluate o(T) below TsDw. '

However, at most &equencies, source fluctuations, sam-
ple thermal expansion, and small relative effects make
it exceptionally dificult to accurately measure X,. This



3368 S. DONOVAN et al. 49

0
C$

I
II
Jl
II

M

(TMTSF)zPFs

f = 60GHz

10

10

0
10

10
U3

10
Pd.

Ella
Hka

(TMTSF)zPFs

f =60GHz
~-

0
0 50 100 150 200 250

Temperature (K)
FIG. 3. Temperature dependence of R, and X, in

(TMTSF)zPFs at 60 GHz. Z, ' is the 60 GHz surface
impedance obtained using Eq. (12).

10-~-
':a)

10 ~:-

~ ~ ~ ~ ~ ~ ~

(TMTSF)pPFB:
E ]la

Q

~10 3

~p+I

~ 10-4
N

~ye)
N
CP

OC 10-5

10-6

0
Pa
7 0Hz
9 0Hz
18 0Hz

10 i ~ ~ ~ ~ ~ ~ ~ I ~ ~ ~ ~ ~

:b) Hia
10-~:-g:v rvtII

0~10 3:- V ~-0
o

~ 1O-4:- h
~
N - —

Pg
o Q QHz

gg & I0Hz10-:- ~ 60
100 0Hz

~
. 0 1500Hz1O-~ I a ~ t a ~ ~ l ~ s I ~ ~ a ~

1 10 i00
Temperature (K)

FIG. 4. Temperature dependence of the microwave resistiv-
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measurements made in both the electric (a) and magnetic (b)
Geld antinodes.

leaves only one measured parameter, R„and thus pre-
cludes a direct evaluation of 0& and crz using Eq. (9).

We display the measured surface resistance at various
frequencies in Figs. 4(a) and 4(b), where we have plot-
ted 2R, /Italo~ in order to compare with the dc resistiv-
ity. Data, such as displayed in the Ggures, have been

10-' I ~ I I I I I I I I I I I

10 100
Temperature (K)

FIG. 5. A comparison of the microwave resistivity
2R, /yo~ of a single crystal measured in both the electric and
magnetic 6eld antinodes.
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FIG. 6. The 9 GHz microwave resistivity of (TMTSF)zPFs
as measured by several di8erent groups. Earlier results from
Walsh et al (Ref. 22), Janos.sy et aL (Ref. 23), Bu.ravov et
al. (Ref. 24), and Javadl et al. (Ref. 26) are compared with
the present results.

obtained in several specimens and were generally repro-
ducible during both cooling and warming. Furthermore,
at the same frequency nearly identical results were ob-
tained in both the electric and magnetic field antinodes,
as shown in Fig. 5, strongly indicating that the mea-
surements in both configurations probe the conductivity
along the same crystal direction. The agreement between
both microwave measurements and the a-axis dc resistiv-
ity in the metallic state indicates that it is the a-axis con-
ductivity which is probed by the microwaves. We believe
the results presented in Figs. 4(a) and 4(b) represent the
intrinsic behavior of R, along the highly conducting axis
in (TMTSF)2PFs.

Our experimental results obtained at 9 0Hz are dis-

played in Fig. 6 together with our earlier results ' and
those obtained by other groups. Although there is
some discrepancy at low temperatures (most likely due to
the strong dependence of the pinned mode on the resid-
ual impurity concentration), all the measured data unam-
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biguously show a strongly frequency-dependent response
in the microwave wave spectral range.

C. Optical experiments

RefIectance measurements on mosaics of
(TMTSF)2PFs have been performed from the far in-
frared (FIR) (20—600 cm ~) up to the midinfrared (MIR)
(500—5500 cm ~) spectral range using a Bruker IFS 113v
fast scan Fourier transform interferometer. A Hg arc light
source was used in the FIR in conjunction with either a
He4 2 K or a Hei 2 K cooled Infrared Laboratory Si bolo-
metric detector. Several measurements were made using
different Mylar beam splitters (thickness 125, 50, 12, and
6 pm, respectively) and the relevant data with each beam
splitter were combined. In the MIR spectral range, a
Globar source and KBr beam splitter were used with an
MCTT~ K detector. The samples were placed in an Ox-
ford cryostat with polyethylene (FIR) and KRS 5 (MIR)
windows. In both spectral ranges, measurements of the
sample reHectivity B(~) were made at several tempera-
tures both above and below TsDw (i.e. , at 2, 5, 10, 20, 40,
and 300 K), with a freshly evaporated gold mirror used
as a reference. The experiments were made with light
polarized both parallel and perpendicular to the chain
direction. In the following, unless stated otherwise, we
will always refer to the parallel direction.

Due to the small crystal size, measurements had to
be performed on mosaics, which were obtained by align-
ing three to 6ve single crystals along the chain axis. We
built four difFerent mosaics from as many difFerent sample
batches. In order to facilitate the alignment procedure,
particular care was taken in choosing only those nee-
dles having a large, smooth, rectangularly shaped surface
(0.5—1 mm in width and 3—4 mm long). The samples were
then mounted on a 3 mm diameter Cu ring and fixed with
a small amount of five minute epoxy. Due to the fragility
of the samples, we cooled the mosaics slowly (with a typi-
cal cooling rate of about 0.3 K/min). With the exception
of the one mosaic which was destroyed upon cooling, no
visual damage to the samples was observable and all re-
sults were reproducible. In order to correct for any spuri-
ous scattering from the irregular surface of the mosaic, a
1500 A. layer of Ag was deposited on the mosaic after the
initial set of measurements and the entire measurement
procedure was repeated on the Ag coated mosaic.

The absorptivity, A(u) = 1 —B(w), in the FIR is
shown in the inset of Fig. 7(a) at 5 K. Besides a broad
dip near 100 cm, which was slightly enhanced in one
run, the overall absorptivity is rather structureless. As
seen in the inset, our FIR results agree quantitatively
(within 2% in reflectivity) with previous measurements
made using a bolometric technique. At higher frequen-
cies, we have made a simple interpolation of our data
to the measurements made previously from the MIR up
to the visible spectral range and the resulting absorp-
tivity is shown in Fig. 7(a). One of the most impor-
tant results of this investigation is the temperature in-
dependence of the refIectivity spectra in the FIR from
2 to 300 K, which is also in full agreement with several
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FIG. 7. (a) The sbsorptivity of (TMTSF)&PF6 at 20 K.
Both the surface impedance and optical results are shown on
the figure. The lines are fits to the measured data using both
a Drude and harmonic oscillator fit (parameters given in the
text). In the inset, the optical data is compared with s pre-
vious measurement on the same compound made by Eldridge
and Bates (Ref. 54). (b) The optical conductivity oq(ur) at
20 K, 40 K, and 300 K as evaluated from a Kramers-Kronig
transformation of the data in (a).

III. ANALYSIS AND DISCUSSION

We first discuss the procedures which are used to con-
vert the measured data into o (u), followed by an analysis
of the results in both the normal and SDW states. Sev-
eral difI'erent models are brieHy mentioned which describe
the frequency-dependent response in both the metallic
and SDW states and finally a comparison between the-
ory and experiment is made.

A. Data analysis

So far we have presented several difFerent types of mea-
sured data obtained with a large variety of techniques.
At low frequencies, up through the rf, two parameters
were experimentally accessible and hence both the real
and imaginary parts of the o were directly determined.

other previous investigations. ' The consequences of
this large temperature-independent feature will be dis-
cussed in detail later.
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pp 1 Zp
Z, (u)) =

&pX X (13)

where N = ~ is the complex refractive index, and ~ =
e + ia. /(cour) is the complex dielectric constant. The
reBectivity is given by

2

On the other hand, at higher frequencies only one ex-
perimental parameter was directly accessible [R, in the
micro- and millimeter spectral range and the reQectivity
R(u) in the optical spectral range]. In order to combine
the micro- and millimeter wave data together with the
optical results, we have adopted the foHowing procedure.
The surface impedance Z, (u) is given by

where the phase O(w) is obtained from

ln [R(~)] —ln [R(cu')]
7r

(19)

As the integral in Eq. {19)extends from zero to in-

anity, one must use suitable frequency extrapolations to
the measured data. We used a power law high frequency
extrapolation [R(w) Ix 1/ws] and a Hagen-Rubens ex-

trapolation [R(u) = 1 —/8ldep/a. s ] at low frequency.
In spite of the fact that Eq. (19) is nonlocal, changes in
the absorptivity turn out to have primarily a local inHu-

ence on the output, and we found that neither the low
nor high frequency extrapolations significantly affected
the KK results in the FIR, and vice versa.

R(u)) = 1 —N

1+N (14)

B. Sum rule
The relationship between R„X„and R(~) can be cal-
culated from Eqs. (13) and (14), giving

4R. ( 2R, R,'+X,')
Rut =1 — ' 1+ '+

o J
(15)

In the limit R„X, &( Zp, the higher order terms in
Eq. (15) can be neglected, yielding

f og(ur)du) =
p

Cp(d&7C
2 Xntote 2

2m.

The well-known optical sum rule

(20)

Thus, in this limit, the absorptivity is directly propor-
tional to only R, . As Zo is very large (compare with the
measured values of the surface impedance displayed in
Fig. 3), the limit is appropriate for most of the situations
we intended to examine.

In order to obtain o(u), a Kramers Kronig {KK)
transformation was performed on the reHectivity, as
determined by both optical and micro- and millimeter
wave techniques. The conductivity is given by

where ~„ is the plasma frequency, nt t the total electron
density, e the electronic charge, and m the electronic
mass, relates the measured spectral weight to the nq q/m,
ratio and is valid in all systems irrespective of particle in-
teractions or magnetic field and at any temperature. A
limiting form of Eq. (20) considers only electrons in a
particular band and in this case the integral is propor-
tional to the ratio n/ms, where n and mb are the electron
density and band mass, respectively. Furthermore, if ab-
sorption peaks within the band are well separated, an
n/m ratio can be loosely associated with each absorp-
tion peak. At any phase transition, the total spectral
weight is conserved,

4/R((u) [1 —R(~)] sin 0
&1 (d = 6p(d

[1 + R(w) —2/R(u) cos 0] f a., (u), above T,)d~ =
p

a.) (~, below T, )dku, (21)

[1 —R(~)] —4R(~) sin 0= Splat(d = 6p(d (»)[1+R(~) —2/R(~) cos 0]2

although the various contributions together with their
relative weight may change. For a transition to either a
superconducting or density wave ground state one finds

o,()d=) f ~;[)d+
collective mode single particle

a,'~ ((u) d(u, (22)

and both the collective mode [oz (ug)] and single parti-
cle excitations [o&~{w)] make contributions to the total
spectral weight.

C. Metallic state

2 T
0 (d = Cp4d

1 —2(d 7 mg 1 —2(d7

ground state. A simple Drude model gives

(23)

Above TSD~, the dc conductivity and other transport
properties of (TMTSF)2PFs clearly indicate a metallic

where the plasma frequency ur„= [ne /(ep~s)]
a dc conductivity og, ——ne r/m, g = 3.0x10 (0 cm) at
T=20 K, a carrier concentration of n = 1.4 x 10 cm
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(corresponding to a complete charge transfer), and a
band mass mg = 3m„as calculated &om magnetic
susceptibility, ' the simple Drude description leads to
a relaxation rate of 1/(2mr) =17.5 cm ~=520 GHz. This
description, however, may not be appropriate for sev-
eral reasons. First, it has been suggested that these
materials may not be described in terms of a simple
Drude model. The evidence for this view comes &om
optical measurements conducted on a variety of organic
linear-chain compounds. These measurements indicate
the formation of a narrow resonance centered at zero
&equency. In terms of a renormalized Drude response,
this would lead to a strongly increased relaxation time
r' [i.e., corresponding to a 1/(2mr') of about 0.3 cm
(Ref. 54)], and at the same time to a strongly enhanced
efFective mass m' or strongly reduced carrier density n'
The behavior, as implied from the optical studies, is not
understood, as the magnetic susceptibility does not
show strong deviations from a simple metallic behavior.
Another problem may arise from the small bandwidth in
these compounds; intraband transitions with a significant
oscillator strength may occur at relatively low &equen-
cies.

The absorptivity above TsDw is displayed in Fig. 7(a)
at 20 K. A fit to the data (dashed line) was made by
modeling the dielectric response in terms of a Drude con-
tribution plus two harmonic oscillators,

t((d)= ey((d) + i&2(Ld)

2 2 2(d (d

(d + Xld/r, td —td + Elder~
(24)

where ~„/2vr=2450 cm ~ and 1/(2nr)=3. 3 cm ~ are
the plasma frequency and damping of the free electrons
and ~;, p;, and ~~ are the &equency, damping, and
mode strength of the harmonic oscillators, respectively:
ur„q/2+=9333 cm, pq/2m = 1433.3 cm, urq/2m=
117 crn ~, and &u„2/2vr=5333 cm, p2/27r=200 cm
~2/2m= 117 cm, and e = 2 is the high frequency di-
electric constant contribution. The fits shown at 40 K,
and 300 K were made only by varying the Drude scatter-
ing rate 1/(2vrr) [1/(2n r) =3.3 cm at 20 K, 6.67 cm
at 40 K, and 333 cm ~ at 300 K]. The dc conductivity
found &om using these scattering rates is in full agree-
rnent with the increase measured in the dc resistivity be-
tween 300 K and 20 K.

The complete excitation spectrum obtained by a
straightforward KK analysis is shown in Fig. 7(b) at
20 K, 40 K, and 300 K. We observe that the zero fre-
quency limit of oq(~) is in good agreement with the val-
ues obtained &om the dc transport measurements. At
room temperature the conductivity is quite structure-
less. On the contrary, at 20 K, oq(u) shows a rapid
decrease above approximately 1 cm before merging
with the broad temperature-independent tail at higher
frequencies. However, at all temperatures, from the FIR
up to the optical energy spectral range, oq(ur) is domi-
nated by the broad temperature-independent feature cen-
tered near 100 cm . Furthermore, at all temperatures
the total spectral weight, determined by integrating un-

der the curve in Fig. 7(b), corresponds to the previously
observed plasma frequency of 0„/27r = 10 cm

The hump observed near 100 crn is quite similar to
a feature observed near 50 cm in (TMTSF)2AsFs.
This feature was previously explained as optical evidence
of the SDW gap and the occurrence of this absorption
at a frequency close to the gap 2A/h, determined from
dc transport measurements, strongly supported such an
interpretation. It was also found that this feature per-
sists above TsD~, indicating the presence of a pseudo-

gap as a consequence of fluctuation efFects. However,
previous investigations on mosaics have failed to show
such a sharp feature ' 3 and the broad and contin-
uous absorption in the 50—500 cm region was associ-
ated with a Holstein process (i.e. , a photon is absorbed,
with the simultaneous creation of an electron-hole pair
and a phonon) by other groups s's~'ss Our experimen-
tal findings show the temperature independence of this
feature up to 300 K, and this essentially rules out any re-
lationship with the single particle gap. At the moment,
the origin of this hump is not understood, but it may be
related to an intraband transition.

At both 35 and 60 GHz it is possible to directly mea-
sure Fr and the values obtained in this way at both 20 K
and 40 K are displayed in Fig. 7(b). These values are in
good agreement with the results obtained from the KK
analysis. The 20 K Drude scattering rate, 1/(2mr), that
we find (3.3 cm ) is almost two orders of magnitude
smaller than the value extracted &om a previous opti-
cal investigation [240 cm (Ref. 55)]. However, this is
not surprising due to the large feature which exists in
the FIR. A Drude plasma frequency of only 2500 cm
implies that only 6% of the total spectral weight resides
with the Drude contribution; the remaining 94% is asso-
ciated with the temperature-independent feature. Such
a small spectral weight implies an enhanced bandmass of
mb=20m, (n = 1.4 x 10 cm from simple counting ar-
guments). This value is somewhat higher than the value
obtained f'rom susceptibility measurements [mb 3m,
(Refs. 4—6)], but both measurements point to a mild
enhancement.

D. Spin-density wave state

Below TsDw, the resistivity of (TMTSF)2PFs displays
an activated behavior up through the audio- and radio-
frequency range of the spectrum (up to about 1 GHz). s4

However, such a strong temperature dependence is not
seen for data taken in the microwave range of frequen-
cies (7, 9, 12 GHz). In particular, one can see from
Figs. 4(a) and 4(b), that the quantity 2R2/ps~ is much
less affected by the transition to the SDW state in the
microwave range of frequencies (7, 9, and 12 GHz) than
in the millimeter wave spectral range (35, 60, 100, and
150 GHz). Such behavior is indicative of a strongly
&equency-dependent response. However, we must cau-
tion the reader that 2R2/pew is only proportional to the
resistivity in the limit o q )) o2, and this condition is not
fulfilled in the region near a narrow resonance.

For this reason, we followed the procedure as outlined
previously and display the measured absorptivity below
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the SDW transition in Fig. 8(a). The optical results were
found to be independent of temperature and unaffected
by the transition to the SD% state. For the sake of corn-
pleteness, we have also included the results obtained at 5

and 10 K in Fig. 8(b). The optical conductivity obtained
from the KK transform is displayed in Fig. 8(c). A res-
onance at temperatures below TSD~ is clearly evident
near 0.1 cm . This resonance was formerly identified
as the pinned mode resonance. The single particle gap
26/h= 30 cm, as established from the temperature de-

~(~)= ~.(~) + ~sDw(~)

n(T)e & xepf (T)(d (d

ms(1 —is)w) [(cuoz —(u2) —ice/w*]
' (25)

pendence of the dc conductivity, is also indicated on the
figure with an arrow. Previously, we have associated
the increase of o.z(u) around this frequency with the gap
in the SDW state, but the temperature independence of
this feature seems to rule this possibility out. In fact, the
absence of a gap structure in the optical conductivity is
not suI pl ising in light of thc fact that thcsc IIlatcI ials
are in the clean limit. This phenomenon is identical to
that found in many superconductors; in the clean limit,
oq(ur) is small in the spectral range around 2A, and con-
sequently the effect of the removal of this spectral weight
leads to only slight changes in the reHectivity.

A small increase in the frequency of this resonance can
be seen as the temperature is lowered and we attribute
this to the reduction in the number of normal carriers
available to screen the interaction with the impurities.
The temperature dependence of the spectral weight of
this resonance was evaluated by 6tting the observed con-
ductivity with a function of the form
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FIG. 8. (a) The frequency dependence of the absorptiv-
ity both above (T=20 K) and below Tsow (T=2 K) in

(TMTSF)2 PF6. The surface impedance measurements and
the optical results are shown (symbols) together with a sim-

ple harmonic oscillator fit (lines). (b) The absorptivity at
5 and 10 K. (c) The frequency-dependent conductivity both
above and below TsD~ as determined from a Kramers-Kronig
analysis of (a) and (b). The single particle gap 2A jh at
30 cm, obtained from dc measurements, is indicated with
an arrow. In the inset, the temperature dependence of the
normalized spectral weight (normalized to the spectral weight
of the Drude response at 20 K) of the various contributions
to o'z(&u) below Tsow is displayed. Also shown is the spectral
weight of the pinned mode at 2 K as determined from the
dielectric constant.

where the first term o,& is the Drude response of the
thermally excited electrons, the second o SD~ is the
Lorentzian term which describes the resonance, n(T) is
the number of uncondensed electrons (determined from
the temperature dependence of o.d, below the transi-
tion), and f'(T) is the fraction of the spectral weight
associated with the condensate. Here, we have followed
the convention previously used to successfully describe
the frequency-dependent response of a CDW, and
within this convention ~0 is the pinning frequency, and
m* and w* represent the effective mass and damping asso-
ciated with the condensate. A temperature-independent
7 has been used for T & TSD~. The spectral weight asso-
ciated with the two contributions in Eq. (25) is displayed
in the inset of Fig. 8(c) as a function of temperature. It is
clear from the 6gure that in contrast to the temperature-
dependent Drude contribution, f'(T) is only weakly tem-
perature dependent below TSD~, with a value near 10
This strong reduction of the spectral weight has been in-

dependently con6rmed at T = 2 K by a measurement
of the low frequency dielectric constant ei. It is appar-
ent from the inset of Fig. 8(c) that, at low temperatures,
most of the spectral weight previously associated with
the Drude response does not appear under the SDW ex-
citation. One might be tempted to associate it with the
gap, but we have no experimental evidence for doing so.
In fact, due to the large temperature-independent fea-
ture in the FIR, this "missing" spectral weight represents
only 6% of the total spectral weight (eo0„7r/2 where 0„is

104 cm ~). Several suggestions have been made as to the
origin of this missing spectral weight and we will discuss
these later.

The detailed form of the low lying resonance was ex-

plored by combining the optical data with experiments
in the radio-frequency spectral range. In the inset of
Pig. 9 we display o.sD~(ur) for (TMTSF)2PPs, together
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the response of the pinned SDW. All of the diferent exci-
tations of the condensate are clearly displayed in Fig. 9,
where we summarize our results on the electrodynamic
response of (TMTSF)2PFs at T=2 K.

Finally, a previous investigation has found evidence
of the so-called phase phonons in the optical response
of (TMTSF)zSbFs below TsDw. These infrared active
modes are due to the coupling of a CDW with intramolec-
ular phonons, and they appear as sharp excitations in

o~(ur). s7 In a SDW ground state they are unexpected
(since the dominant interaction is the electron-electron
and not the electron-phonon one like in the CDW ground
state). Nevertheless, it was believed that they might ap-
pear as a consequence of the second order CDW induced

by the SDW. If true, this would provide evidence for a
coupling to the lattice. However, our investigation does
not give any evidence for such phase phonons, in agree-
ment with bolometric measurements.

FIG. 9. The real part of the SDW conductivity a'sow(w)
at 2 K is displayed. The internal deformations, the
pinned mode, and the temperature-independent feature
are all clearly visible. Using the theory of a weakly
pinned Frohlich mode (Ref. 69), we fit the conductiv-

ity using the following parameters: wzo /2z'=3. 5 cm
f'=0.0083, pp/27r=0. 084 cm, u„/27r = 5.3 x 10 cm

/2vr=0. 20 cm, eq, a = 4.6 x 10, up/2z = 0.2 cm, and

eq (0)=1.1 x 10 . In the inset, we compare the SDW conductiv-
ity o'sow(cu) for (TMTSF)zPFs with the CDW conductivity
trcDw(u) found in KQ.3MoOs. The measured conductivity
is shown (symbols) together with the output of the Laplace
transform of the polarizability (lines). In each case, the mea-
surements shown were made well below the transition tem-
perature.

with ocDw(u) observed in Kp 3MoOs. In both cases
we find a broad structure at low frequencies together with
a well-defined resonance in the high frequency end of
the structure. In the CDW system the low frequency
behavior has been analyzed in detail and is now weH

understood ' to be due to the internal deformations of
the collective mode. Furthermore, the resonance which
appears at 100 0Hz for Ko 3Mo03 is usually referred to
as the pinned mode resonance at the frequency coo and it
is due to q = 0 oscillations of the condensate. Extensive
experiments on several materials with a CDW ground
state have clearly established that ~0 is determined by
pinning to the impurities, and that it represents the os-
cillations of the entire collective mode subject to an av-
erage restoring force whose spring constant is given by
K = m*cu&. Much less is known about the electrody-
namical response of the SDW materials. Experiments
on SDW samples with varying impurity concentrations
are currently underway in order to determine the depen-
dence of oq(~) on impurity concentration (although still
incomplete, these experiments indicate a behavior sim-
ilar to that seen in a variety of CDW compounds). The
striking similarity of the frequency-dependent response
of these two systems strongly suggests that the low fre-
quency mode in (TMTSF)zPFs is due to internal defor-
mations of the SDW and the mode around 0.1 cm is

d. Erequency-dependent re8ponae in the SDW state

gTsDw) (2 ) (2p
' (26)

where p = (I'q + I'z/2)/(27rTsDw) with I'I and I'2 the
forward scattering and backscattering rates, respectively,

TSDv the transition temperature in the absence of im-
purities, and 4 the digamma function. In the model
where Eq. (26) is derived, I'z & I'z and r = (2I'z)
Consequently, the SDW transition approaches zero as
rb. /5 approaches unity, and within the framework of the
approximations the dirty limit cannot be achieved. To
express this in a diferent way, in order to have Tso~
f "

p
" yt l t T, th odt'

rE/h )) 1 has to be obeyed. This is clearly the case
for the specimens investigated by us. As a brief esti-
mate from Eq. (26), we find that for TsDw/TsPDw ) 0.9
(a situation roughly corresponding to the experimental
resolution concerning the transition temperature of var-
ious specimens from the same batch) rA/h ) 20. For
(TMTSF)zPFs near the transition the relaxation time
evaluated from the dc conductivity o'g, = ne2r/ms =
3 x 104 (Ocm) ~ with n = 10z~ cm s and ms = 20m,
is given by 1/(2m') = 3.0 cm ~ and consequently with
2E/h = 30 cm, h/r « 2b„, placing the material well
into the clean limit, in agreement with the conclusion
reached above. For h/r « 2E, the relevant parame-
ters which determine the response are ufo and 2A, and
the situation for urp & 2b, /h is shown schematically in
Fig. 10. For ~ & 2b, /h, the pinned mode contribution
dominates the response, with a small residual contribu-
tion at ur ) 2A/h coming from single particle excita-
tions. This latter contribution vanishes in the extreme
clean limit, 1/r -+ 0. In the opposite limit ap )) 2A/h,

The dynamics of the SDW state are determined by
the relative magnitudes of the parameters 2A, w, and
~0. In contrast to superconductors, impurities give rise
to SDW pair breaking, and this leads to a suppression of
the transition temperature TSD~. This is given by
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FIG. 10. (a) Expected oi(u) both above and below the
SDW transition in the clean limit with hcuo «. 2A. SP refers
to the single particle response of electrons excited across the
gap. (b) The same plot but in the limit Leo &) 26.

single particle excitations appear at lower energy, with
the phason contribution dominant at higher frequencies.
The expected frequency-dependent response is displayed
in Fig. 10 for the two limits. Such a model neglects any
contributions from the internal modes and also assumes
that all the spectral weight associated with the Drude
rate in the metallic phase appears under either the pinned
mode or single particle excitations in the SDW state.
Within such a model, the dielectric constant, in the dc
(i.e. , ur -+ 0) limit, is given by

2A/h —30 cm, in Eq. (27) gives a nearly frequency-
independent value, in the limit u « uo, of ei(0) = 10 .

The measured value of ei(cu) is shown in Fig. 11, and
there are two important points to notice: First, the low

frequency value exceeds 10 (even larger than that found
in materials with a CDW ground state) and second, it
is strongly frequency dependent in the region below the
pinned mode. For the sake of completeness, we have in-
cluded the value obtained only by fitting the microwave
data, neglecting the internal modes, and it is shown in
the inset. In fact the measured dielectric constant can
be used to set an upper limit to the value of the spectral
weight associated with the pinned mode and the proce-
dure is as follows: Any contribution to eq from the pinned
mode must be frequency independent in the region well
below the pinned mode resonance, and therefore from
Fig. 11 it is clear that such a contribution cannot exceed
2 x 10 . Using this value in Eq. (27) together with the
measured values of uo and cu„at 2 K gives a value of
1.3 x 10 for f'(T = 2 K). This value is shown in the
inset of Fig. 8(c) and provides an independent confirma-
tion that the spectral weight is strongly reduced in the
pinned mode.

In order to quantitatively characterize the pinned
mode resonance and the frequency region below, where
the internal SDW deformations interact with screening
quasiparticles via random impurity pinning, we will ap-
ply the theory of Ref. 69 to the measured SDW conduc-
tivity, as displayed in Fig. 9. In an extended Fukuyama-
I.ee-Rice description of the phason dynamics, the SDW
conductivity osDw(u) can be approximated by Eq. (12)
in Ref. 69 in the limit u « 6/5 with weak anisotropic
pinning in three spatial dimensions. Within this descrip-
tion, there are several physical quantities which can be
estimated &om the present measurements.
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where the second term in Eq. (27) is the contribution of
the pinned collective mode, the last term in each equa-
tion is due to single particle excitations, and f'(T) is the
fraction of the spectral weight associated with the con-
densate.

The internal modes play an important role in the dy-
namics of the CDW, leading to a strongly enhanced
conductivity and dielectric constant at low &equency.
The same is true for the SDW, and neglecting the in-
ternal modes in Eq. (27) leads to a serious discrep-
ancy with the measured dielectric constant. Using the
values obtained in the microwave range at T = 2 K,
f' —10, uo/2m = 0.2 cm, u„/27r 2500 cm, and

~ Lock-In
Network Analyzer

04 s csssu1 10' 10' &0' 10'
Frequency (cm ')

10'

FIG. 11. The dielectric constant is shown at 2 K in

(TMTSF)2PFs. The response to a voltage pulse is shown to-
gether (solid circles and line) with results from both a lock-in
amplifier and a network analyzer. In the inset, the dielectric
constant corresponding to the fit of the measured micro- and
millimeter wave data is shown.
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We adopt the notion of a SDW with a strongly reduced
spectral weight f' B. elow we will comment on possible
reasons for such a reduction. In the present case, Fig. 8(c)
shows that f' = 10 . The frequency-dependent version
of Eq. (27) predicts for uro2 « 6f'4 « A&2, two &equen-
cies of longitudinal oscillations, namely, ~„and cupQ

uz(f'/eq ~) && uz, where eq ~ = h u„/6b, )) 1 is the
dielectric constant associated with the SDW gap. The
lower frequency mode, uz, Q, is the frequency of the lon-
gitudinal optical phason and it is not directly seen in the
electromagnetic response. However, ~gQ has a strong
influence ' on the response of the collective mode for
frequencies below ~0, in the region where a harmonic os-
cillator description fails.

This frequency region is characterized by a low fre-
quency relaxation mode seen in e2 around a frequency
(A)p Q and a power law shoulder between u~, g and uo
seen in oz. The frequency (A)pzk is proportional to
(though much smaller than) the dielectric relaxation fre-
quency of the quasiparticles, ur„=4+a's, /eq ~. The re-
laxation mode is manifested in Fig. 9 by the downturn of
cr q near 10 cm . The relaxation mode also marks a
broad transition region in eq(w) from the huge static di-
electric constant eq(0) to a plateau value e~=f'ur„/ufo.
Using the measured values of u„/2m=2500 cm ~ and
ufo/27r=0. 20 cm ~, one obtains an e~ of 1.3 x 10s at
T=2 K.

In Fig. 9, a Gt of the theory to the measured collec-
tive mode response was made using the following param-
eters: Longitudinal optical phason ur, o/2+=3. 5 cm
spectral weight factor f'=0.0083, bare phason damping
rate po/2m'=0. 084 cm ~, dielectric relaxation frequency
of quasiparticles ~„/2m = 5.3x 10 4 cm, Lee-Rice weak
pinning scale frequency ~ /27r=0. 20 cm, gap dielectric
constant eq ~ ——4.6 x 10, and a static dielectric constant
eq(0)=l. l x 10 . These values coincide, at least to the
order of magnitude, with those from the present experi-
ments. The measured data are thus consistent with the
view that the collective mode in (TMTSF)2PFs has a
strongly reduced spectral weight.

Presently, we can only speculate on the origin of the
missing spectral weight in the SDW state. According
to Eq. (22), there must be excitations associated with
the SDW response in addition to those found in the mi-
crowave region and below. The temperature indepen-
dence of this mode seems to rule out the Anderson-Higgs
mechanism, as it would lead to an exponential freeze-
out of the spectral weight of the pinned mode resonance
with decreasing temperature. One likely explanation is
that the missing spectral weight is associated with bound
states accompanying the SDW condensate. In contrast
to CDW's, it is expected that bound states due to impu-
rities can readily occur, and the reasoning is as follows:
In a CDW the periodically modulated charge density can
adjust to the electrostatic impurity potentials by adjust-
ing its local phase to minimize the total energy (elec-
trostatic + elastic) gain. On the other hand, the SDW
ground state can be viewed as tmo CDW''s, one for each
spin direction, with a CDW modulation on the sublat-
tices which divers by vr. As the pinning in a SDW is
also due to electrostatic forces, a full adjustment of the

phase cannot occur simultaneously for both spin sublat-
tices, leaving a net energy gain which is much larger than
that for a GDW. However, the electrostatic energy can
be lowered by removing electrons from the condensate to
form a bound state about the impurity. In addition, the
spectral weight of these bound states is expected to be
significantly larger than in CDW systems. The spatial ex-
tension of a bound state is given by the coherence length

(o ——""&,and with a Fermi velocity v~ = 107 cm/s, and

single particle gap b, /h=30 cm, (0 = 10s A. , which is
signi6cantly larger than the coherence length for typical
CDW systems. As the matrix element for the optical
transition of the bound state is proportional to its dipole
moment and hence to (o, a large coherence length leads
to a large optical spectral weight associated with that
transition.

An alternate model suggests that as these materials
are near to commensurability, soliton excitations could
occur below the gap. These excitations would also have
a large spectral weight. At the present, we do not have
clear spectroscopic evidence for states below the single
particle gap, but a detailed study of the submillimeter
range is currently underway. Furthermore, since the
missing spectral weight is much smaller (= 6%) than
that associated with the temperature-independent fea-
ture above the gap, we cannot experimentally determine
whether the missing weight is above or below the contin-
uum of single particle excitations.

IV. CONCLUSION

In conclusion, we have presented our measurements
made on the compound (TMTSF)2PFs in both the
metallic and SDW states. The normal state properties
are characterized by a simple Drude type behavior at low

frequency together with a large temperature-independent
feature in the FIR. At temperatures just above Tso~,
(TMTSF)2PFs is in the clean limit. Below the phase
transition, a strongly frequency-dependent conductivity
has been found. Both internal mode deformations and
oscillations of the condensate have been observed. The
spectral weight of the pinned mode resonance is strongly
reduced, implying either a large effective mass or small
number of relevant excitations. The reason for such a
small spectral weight is not understood at the present,
but the frequency-dependent conductivity can be fit quite
well within an extended Fukuyama-Lee-Rice model of
phason dynamics.
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