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Electromodulated infrared transmission spectra of blue bronze
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Abstract. The infrared transmission of the quasi-one dimensional charge-density-wave (CDW) conductor
blue bronze (K0.3MoO3) is affected by polarization of the CDW, and therefore by application of a voltage
near or above the threshold for CDW depinning. In this paper, we compare the spectra associated with the
relative change in transmission (∆τ/τ ) taken for different temperatures and oscillating voltages. We find
that the phonon spectrum is affected by CDW polarization; the linewidths or frequencies of most phonons
change by ≈ 0.01 cm−1. However, no new intragap states that can be associated with current injection
are observed; i.e. the spectra associated with polarization of the CDW in the crystal bulk is identical to
that associated with CDW current injection near the contacts. Our results indicate that, for light polarized
perpendicular to the conducting chains, the density (n), cross-section (σ), and bandwidth (Γ ) of intragap
states are related by: n σ/Γ < 10−10 (Å cm−1)−1. For expected values of the cross-section and bandwidth,
this implies that the intragap states can be optically excited for a time less than 0.3 µs.

PACS. 71.45.Lr Charge-density-wave systems – 78.20.Jq Electrooptical effects – 72.15.Nj Collective modes
(e.g., in one-dimensional conductors)

1 Introduction

Quasi-one-dimensional conductors with sliding charge-
density waves (CDW’s) exhibit some of the most unusual
phenomena of any solids, many of which result from the
ease with which the CDW is deformed. In zero field, the
CDW deforms to accommodate impurities. Small applied
voltages cause the CDW to strain from this configura-
tion, giving rise to very large (> 108) dielectric constants.
When the voltage exceeds a threshold VT, the CDW slides
through the crystal, carrying current [1].

A long-standing question has concerned the mecha-
nism of current conversion at the contacts when the CDW
is sliding. Current conversion requires removing (adding)
wavefronts at the positive (negative) current contact.
These phase-slip processes can be viewed as the growth of
CDW “dislocation loops”, surrounding chains in which the
phase has changed by 2π (corresponding to two electrons),
and are believed to be driven by longitudinal strains in the
CDW [2–6]. Recently, these strains have been “imaged”
using multicontact transport measurements [7,8], X-ray
diffraction [9], and a novel electrooptic technique [10,11],
the subject of this paper.

The actual formation of the dislocation loops, however,
is poorly understood. It is thought that when an electron
enters a CDW chain, it forms a “π-soliton” state with en-
ergy near the center of the CDW gap. These are expected
to quickly (≈ 1 ps) pair into 2π-solitons, with energy levels
near the edge of the gap [12]. It is not known how quickly
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these coalesce into dislocation lines and whether their en-
ergies remain well-defined near the gap edge, or whether
they oscillate through the gap [13].

We recently observed that the infrared transmission
(τ) of K0.3MoO3 (“blue bronze”), a quasi-one-dimensional
metal which undergoes a phase transition into a semicon-
ducting CDW state at Tc = 180 K [14], is affected by
the application of an electric field [15]. For ≈ 5 µm thick
samples, τ increases (decreases) by ≈ 1% near its positive
(negative) contacts, respectively. This electrooptic effect
occurs for voltages V > VP, the voltage at which one first
observes CDW polarization, and we associated the change
in transmission with the CDW strain [15]. (VP is less than
VT, the threshold for sliding, as discussed below.)

For T < 100 K, the relative change in transmission,
∆τ/τ , is activated [15], suggesting that it is due to changes
in the density of thermally excited quasiparticles, nqp,
screening the CDW strain. Furthermore, the spectra of
∆τ and τ are similar [15,16]; since ∆τ/τ is approximately
proportional to the change in absorptivity (see below),
this implies that a broadband absorption process is in-
volved in this electrooptic effect, in contrast to effects
observed at critical points in the bandstructures of con-
ventional semiconductors [17]. In blue bronze, the mobile
quasiparticles are negative [18]. Since the applied field will
cause the negative CDW to compress at the positive cur-
rent contact, the negative quasiparticles will accumulate
at the negative contact, which will increase their intraband
absorption there, consistent with the sign we observe.
Assuming that intraband absorption is the only process
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Fig. 1. Spatial dependence of ∆τ/τ (adapted from Ref. [11])
as measured with bipolar square waves at ±3.7VT and ±VT,
and with a unipolar square wave, +3VT. The lines through
the points show the ∆τ/τ variations associated with bulk po-
larization of the CDW, and the vertical arrows (for ±3.7VT

and +3VT) indicate representative contact contributions. The
inset shows the experimental set-up.

affected by the field, we estimated that the change in nqp

at the contacts, expected to be proportional to the gradi-
ent of the CDW phase (∂φ/∂x) [6], was close to 100% for
V ≈ VT [15].

We measured the spatial distribution of ∆τ/τ by mov-
ing the sample behind a narrow (30 µm) slit, as shown in
the inset to Figure 1 [10,11]. A square wave voltage was
applied to the sample, allowing measurement of ∆τ with
a lock-in amplifier. Representative ∆τ/τ “images”, taken
with symmetric bipolar square waves (±V ), for which the
measured signal is proportional to the difference in trans-
mission when the voltage is positive and negative, and
with a unipolar square wave, for which the signal is pro-
portional to the difference in transmission between posi-
tive applied voltage and zero, are shown in Figure 1 [11].

For bipolar voltages > VT, the spatial distribution of
∆τ/τ is remarkably similar to that of ∂φ/∂x determined
for another CDW conductor, NbSe3, by X-ray diffrac-
tion [9] and transport measurements [7,8], further justify-
ing the approximation ∆τ/τ ∝ ∂φ/∂x; this similarity is
especially surprising because NbSe3 remains semimetal-
lic, with a large density of quasiparticles, in its CDW
state [19]. In the bulk of the sample, ∆τ/τ varies linearly
with position, and is zero near the center of the sample.
However, the change in transmission exceeds the extrap-
olated bulk value near (≈ 100 µm) the current contacts;
this extra contact strain, represented by vertical arrows
in the figure, is associated with the extra strains ∂φ/∂x
needed to drive phase-slip and current conversion [7,8,10].

It has been suggested, based on consideration of the
strain profiles observed in NbSe3, that the bulk deforma-
tion occurs only if the quasiparticle and collective currents
fail to equilibrate, e.g. due to the finite contact separation
or pinning of dislocations [6,9]. However, our blue bronze
samples differ in an important way from the NbSe3 sam-

ples: for our samples, considerable bulk deformations are
observed even for voltages at which there is no steady
CDW current, i.e. for VP < |V | ≤ VT. This difference is
presumably because the CDW is more strongly pinned at
the contacts than in the bulk in our samples. As men-
tioned above, VP is the lowest voltage for which changes
in the bulk polarization, observed through the “overshoot
effect” [15,20], are observed. Figure 1 shows the spatial
variation of ∆τ/τ measured for the bipolar square wave
V = ±VT; there is a large linear variation throughout
the sample, reflecting the bulk polarization, but no extra
contact deformation (i.e. no current conversion) [10]. The
bulk deformation is pinned in place if the applied field is
removed (rather than reversed); this is the “remanent po-
larization” effect [20]. For example, Figure 1 also shows
data taken with a unipolar square wave (V = +3VT) [11].
Because the bulk deformation does not change, it does
not give rise to an oscillating signal, so only the signal
from the contact deformation is measured with the lock-in
amplifier.

In subsequent work, we measured portions of the elec-
tromodulated transmission spectrum using a broadband
source and grating monochromator [16]. We found that
the spectrum of ∆τ is in fact not identical to that of τ , and
that phonon absorption lines were affected by the CDW
deformation. In the spectral region investigated, the volt-
age dependent changes in τ were similar to changes in
transmission observed when changing temperature. How-
ever, that investigation was limited by the low spectral
intensity of the light. In particular, we could not investi-
gate the electromodulated spectrum where the absorption
is strong (i.e. near the centers of strong phonon lines and
along the edge of the CDW gap), and we could not mea-
sure spectra associated with the spatially confined contact
deformations at all.

In this paper, we report on new measurements of the
electromodulated transmission spectra, made using tun-
able lead salt diode lasers [21]. The major motivation for
this study was to search for new intragap excitations that
could be associated with soliton states needed for current
conversion near the contacts [12]. To identify these, we
compared the electromodulated spectrum associated with
the contact strain with that coming from the bulk polar-
ization. While no new excitations were observed in the
contact spectrum, we did observe that phonons were af-
fected by the CDW polarization in unanticipated ways.
We studied the temperature dependence of the spectra to
try to understand these CDW-phonon interactions. Brief
reports of some of these results were published in refer-
ences [22,23].

2 Experimental details

Samples were prepared by using sticky tape to cleave as-
grown crystals to thicknesses ranging from 3 to 10 µm.
After cleaving, crystals were typically 1 mm long (in the
high conductivity direction) and 0.5 mm wide. Samples
were then etched in dilute NH4OH. Copper films were
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evaporated on the ends of the crystals for current con-
tacts, and the samples were mounted with silver paint on
substrates. Because these thin samples are extremely frag-
ile, only one end of the sample was attached directly (i.e.
heat sunk) to the substrate with the silver paint; the other
end was attached with a thin silver wire. The substrates
were glued to the cold finger of an optical cryostat, and
two-probe measurements were used to monitor the sam-
ple’s I-V characteristics [1,14].

Two different types of substrates were used. For two
of the samples discussed below, we used thin KRS5 disks
onto which opaque films were evaporated. The sample was
mounted with its fixed contact adjacent to a slit in the
film. For sample A, the slit width was 160 µm, while for
sample C it was 400 µm. KRS5 substrates have the advan-
tage of being transparent in the mid-IR, but they have the
disadvantage that their thermal expansivity differs consid-
erably from that of blue bronze, increasing the probability
of the sample breaking when changing temperature. Sam-
ple B was instead mounted on a silicon substrate, which
better matches the thermal expansivity of blue bronze.
The “slit” was made by etching a 250 µm hole in the sili-
con, which was coated with an opaque film.

We used four tunable diode lasers [21], cooled with
a closed-cycle helium refrigerator, as light sources. The
four lasers cover the range 400-1300 cm−1 with typical
powers 1/4 mW. The light was focused onto the slit in the
substrate with a 6:1 off-axis ellipsoidal mirror, and then
refocused onto a Ge(Zn) photodetector. Since the samples
will transmit light primarily polarized perpendicular to
the conducting chains, the incident light was polarized in
this direction to reduce sample heating, which was always
less than 0.01 K. To increase the signal, the lasers were
not mode selected. The number of modes excited, and
therefore the bandwidth of the signal, varied with laser
tuning (i.e. temperature), but typically there were a few
modes spread over < 14 cm−1 (see Fig. 2 below).

Measurements were made by exciting the sample with
a square-wave voltage, and two lock-in amplifiers were
used to simultaneously measure the detector signals at the
square-wave (f) and chopping (F ) frequencies. The ratio
of these signals, V (f)/V (F ) = ∆τ/τ . For unipolar square-
waves, the frequency (f = 320 Hz) was much greater than
the thermal relaxation rate, so that Joule heating caused
a negligible signal. When the sample was removed from
the substrate, the spectral intensity of light transmitted
through the slit was measured to determine τ(ν). (It was
important to use a similar aperture for the normalization,
because the spatial distribution of the focused light varied
with laser frequency.)

Since ∆τ/τ varies strongly with position in the sam-
ple, as shown in Figure 1, it will also be affected by the
transverse mode structure of the laser light. Typically, the
lasers were focused to a spot of average diameter ≈ 1 mm,
but spatial variations with a length scale ≈ 0.2 mm oc-
curred within this spot. These variations changed gradu-
ally with laser tuning, so they could affect ∆τ/τ values
measured at very different frequencies (e.g. > 100 cm−1)
or with different lasers, especially for sample C, which

had the largest aperture. Furthermore, because of vibra-
tions from the laser’s refrigerator, the spatial structure
in the focused light created “noise” roughly proportional
to the electromodulated signal. Therefore, as compared
to our previous measurements with a broadband source,
the present studies have much greater sensitivity to weak
signals but increased overall noise.

Assuming near normal incidence and neglecting mul-
tiple internal reflections, the transmission is given by
τ ≈ (1 − R)2 exp(−αd), where d is the thickness, α the
absorptivity, and R the reflectivity [16], so that ∆τ/τ ≈
−d∆α − 2∆R/(1 − R). (For our samples, αd ≈ 1 at
energies where the absorption is weak [16].) Sample depen-
dence of ∆τ/τ spectra may therefore also be due to differ-
ent sample thicknesses. However, simulations show that α
and R are affected similarly by changes in the strength,
frequency, or width of absorption lines, and so will cause
similar line shape changes in the ∆τ/τ spectrum.

3 Comparison of bulk and contact
electromodulated spectra

Figure 2 shows ∆τ/τ spectra for sample A at T = 81 K
taken with each of the 4 lasers. Also shown for reference is
the optical density of the sample, − ln(τ) and error bars
representing the typical spectral resolution (reflecting the
multimode operation of the lasers) and scatter in ∆τ/τ .
The optical density spectrum is similar to that of the
transverse conductivity (determined from the reflectivity),
with prominent phonon absorption lines (labeled A-J in
Figs. 2a, b, c) at the same energies [24–26]. Figure 2d
shows the absorption edge associated with the CDW en-
ergy gap.

Electromodulated spectra were measured using both a
bipolar square-wave voltage (V = ±VT) and a unipolar
square-wave voltage (V = 3.2VT). As discussed above,
the former is only sensitive to the bulk deformation,
while the latter is only sensitive to the contact deforma-
tion. The contact signal is multiplied by N = 2.45 to
facilitate comparison of the two spectra. As mentioned
above, current conversion is expected to involve long-lived
2π-soliton states, with energy levels in the gap, within
≈ kTc = 125 cm−1 of the band edge [12]. Therefore, we
hoped to see indications of excitation of these states in the
contact electromodulated spectrum at energies near 2∆.
Note that, for this sample, the aperture (160 mm) is close
in size to the width of the contact region.

Unfortunately, the value for the gap in blue bronze is
uncertain. 2∆ has been estimated at 800 cm−1 from trans-
port [18] and magnetic [27] properties, 1050 cm−1 from
tunneling spectroscopy [28], and 1 400 cm−1 from a fit of
the infrared spectrum [29]. In view of this uncertainty, we
compare the contact and bulk electromodulated spectra
over the entire spectral range available to us.

As seen in Figure 2, the two spectra are identical. (The
difference in the spectra near 1 000 cm−1 in Figure 2d
is probably due to an alignment error. It was not ob-
served for an earlier sample [23]. Unfortunately, sample
A broke before we could recheck this spectral region.) Ex-
cept near absorption peaks, where the signal is very small,
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Fig. 2. The optical density and electromodulated transmission spectra of sample A at T = 82 K. Note that the scales are
different for each panel (a-d), each taken with a different laser. For ∆τ/τ , the solid symbols show the spectra taken with bipolar
square wave voltages, ±VT, and the open symbols show the spectra (multiplied by N ≈ 2.45) taken with unipolar square wave
voltages, +3.2VT. The letters A-J indicate phonon lines discussed in the text. Representative error bars indicating the spectral
resolution and noise are shown. The scale factor τ0 ≈ 1.

δ(∆τ/τ) ≡ |∆τ/τ (contact) −(1/N) ∆τ/τ (bulk) | <
4 × 10−5. We assume δ(∆τ/τ) ≈ dδ(∆α) ≈ dnσγ/Γ ,
where n, σ, and Γ are the average density, cross-section,
and spectral bandwidth of the soliton states, and γ is the
bandwidth of the laser, which varied due to its multimode
operation. Taking d = 3.5 µm and γ ≈ 10 cm−1, we find
nσ/Γ < 10−10 (Å cm−1)−1.

It is expected that Γ ≈ kTc [12] and σ = ξ‖/ξ⊥ ≈
100 Å2 [30], where ξ‖ and ξ⊥ are the CDW amplitude co-

herence lengths parallel and perpendicular to the conduct-
ing chains. If so, n < 1014 cm−3; i.e. there is an optically
excitable intragap state on less than 1% of the chains in
the contact region.

On the other hand, we expect 2π solitons to be injected
at the current contact at a rate dn/dt = JCDW/(2eL),
where L is the width of the contact region (≈ aperture
width) and JCDW (= 1.6 A/cm2) is the CDW current
density [1,14]. If the solitons have a lifetime t0, then



B.M. Emerling et al.: Electromodulated infrared transmission spectra of blue bronze 299

n ≈ 5 × 1020 t0 cm−3 s−1 in the contact region, and
σt0/Γ < 2× 10−7 Å2 s/cm−1.

Applying both the value of dn/dt and the “expected”
soliton values of σ and Γ , we find that t0 < 0.3 µs. This
should be compared with the “narrow band noise” period
λ/v ≈ 30 µs [1,31] (where λ and v are the wavelength and
sliding velocity of the CDW), which is the characteristic
time with which dislocation lines move across the sam-
ple. Hence our results suggest that intragap excitations,
created by current injection, can be optically excited for
less than 1% of their total “lifetime” in the crystal. How-
ever, a few points should be noted. i) Our estimate of
the optical cross-section [30] is really appropriate for light
polarized parallel to the chains, whereas the light was po-
larized transversely in our experiments. ii) Our estimate of
the cross-section is also appropriate for isolated solitons,
and not necessarily for extended defects. iii) In one model
of midgap excitations, their energies oscillate throughout
the gap, with frequency v/λ [13]. iv) While our spectral
range covers most estimates of the gap, it does not reach
the value (1 400 cm−1) estimated from fitting the IR con-
ductivity to a fluctuation model [29].

In fact, we were hoping that the electrooptic effect
could also be used to determine the gap. Because of large
one-dimensional fluctuations, 2∆ should be identified as a
cross-over energy rather than a sharp absorption edge [32].
For photon energies below the gap, the increase in trans-
mission at the positive contact is associated with a de-
crease in electron density, and so a decrease in intraband
absorption. There should be a corresponding increase in
interband absorption for energies greater than the gap.
(Opposite sign changes occur at the negative contact.)
Hence we expected to observe a change in sign of the elec-
tromodulated signal at an energy near the gap edge; in
fact, we had previously observed a weak inverted signal
for ν > 1 500 cm−1 using a broadband light source [22].
However, Figure 2d shows that this inversion has not yet
occurred at 1 300 cm−1, the maximum frequency of our
lasers. Nonetheless, the steep decrease in ∆τ/τ for ener-
gies above 1 000 cm−1, saturating in the plateau above
1 150 cm−1, suggests that the latter energy might be close
to 2∆.

4 Changes in phonon spectra caused by CDW
polarization

As shown in Figure 2, the bulk and contact electromod-
ulated spectra are identical up to a scale factor. Simi-
larly, spectra taken at different voltages are also identi-
cal. Therefore, at a given temperature, the spectrum does
not depend on CDW velocity (i.e. ∂φ/∂t [1]), and all
features have approximately the same (≈ linear) depen-
dence on the CDW polarization (∂φ/∂x): ∆τ/τ(x, V, ν) ≈
S(ν)∂φ/∂x (x, V ).

In the spectral region 450-670 cm−1, the electromod-
ulated spectrum is similar to the one we reported ear-
lier, measured with a broadband light source [16]. In that
study, we showed that the changes in transmission caused

by an electric field were similar to those caused by a
change in temperature (with voltage effectively cooling
and warming the positive and negative contacts, respec-
tively) and suggested that the electromodulated changes
arise primarily through the change in nqp accompanying
CDW polarization. However, because of the strong ab-
sorption, we could not determine ∆τ/τ near the phonon
peaks at 520 and 650 cm−1. In the present study, we can
resolve how the individual phonons are affected by the
CDW polarization. Three types of changes in∆τ/τ are ob-
served: “M-shaped” anomalies characteristic of a change
in linewidth, (inverted) “N-shaped” anomalies character-
istic of a change in frequency, and (inverted) “V-shaped”
anomalies characteristic of a change in oscillator strength.

Phonon G has the clearest linewidth anomaly, al-
though phonons B and D also appear to be of this type.
Recall that, as measured with the lock-in amplifier, ∆τ/τ
is the relative change in transmission between when the
contact is positive and when it is negative. The fact that
∆τ/τ decreases in the center of the absorption line indi-
cates that the linewidth decreases (increases) at the posi-
tive (negative) contact. Such changes are readily under-
stood in terms of the changes in quasiparticle density;
since nqp decreases at the positive contact, phonon damp-
ing by quasiparticle scattering also decreases, and the
phonon line sharpens. Comparing the ∆τ/τ (≈ −d∆α)
and optical density (≈ dα) spectra, we find that the width
of phonon G changes by ≈ 0.03 cm−1 for the bulk polar-
ization at VT. (We previously found a similar field depen-
dent change in linewidth for a Raman mode at 480 cm−1,
corresponding to effective changes in temperature at the
contacts of ≈ ±1 K [16].) The changes in linewidths of
phonons B and D are a few times smaller than this.

Phonon A appears to be the only one with an oscilla-
tor strength change. With bulk polarization, its amplitude
changes by ≈ 0.07%, decreasing at the positive contact
and increasing at the negative. At present, we have no ex-
planation for these changes. While phonons can gain con-
siderable oscillator strength from the presence of a CDW
by forming a “phase-phonon” [26,33,34], these are gen-
erally polarized parallel to the conducting chain and the
420 cm−1 mode has not been observed to change signifi-
cantly upon cooling through Tc [26].

Phonons C, E, H, I, and J have predominantly fre-
quency shift anomalies, although asymmetries in their
lineshapes (e.g. for J) are presumably because their
linewidths and/or oscillator strengths change as well. (No
electromodulated change in phonon F is detected, possibly
because its changes are overwhelmed by those in E.) Com-
parison of the ∆τ/τ and optical density spectra indicate
that, for bulk polarization, the frequency shifts vary from
≈ 5 × 10−3 cm−1 (for I) to 3 × 10−2 cm−1 (for E). (For
C, the electromodulated signal has the appearance of two
superimposed inverted “N’s”, one much sharper than the
other, suggesting that there are two modes at this energy,
consistent with its σ1 lineshape [26].)

In all cases, the “inverted-N” shape of the anoma-
lies indicates that the frequencies decrease (increase)
at the positive (negative) contact. This is the opposite
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Fig. 3. (a) Thermal modulated transmission, dτ/τ ≡ [τ (T−4K)−τ (T+4K)]/τ (T ), and electromodulated transmission (∆τ/τ )
spectra of sample B at T = 102 K. (b) Enlargement of the spectral region near phonons H, I, and J [22].

of what would be expected from quasiparticle damping,
and so these changes in transmission cannot be similar
to temperature dependent changes. Figure 3 compares the
bipolar spectrum (between 800 and 1 200 cm−1) of ∆τ/τ
for sample B at T = 102 K with the relative change in
transmission with change in temperature, dτ/τ ≡ [τ(T −
4K)− τ(T + 4K)]/τ(T ). (The bipolar spectrum was mea-
sured with V = ±3VT, so in principle includes effects of
both contact and bulk polarization, but the contact con-
tribution in this sample was very small [22].) In contrast to
the inverted “N-shaped” anomalies observed in the ∆τ/τ
spectra for phonons H, I, and J, the anomalies in the dτ/τ
spectra are “M-shaped”, as expected for thermal broaden-
ing. Also note that the absorption edge is much sharper in
the thermal modulated spectrum than in the electromod-
ulated spectrum. In fact, dτ/τ changes sign at 1 100 cm−1.
A cross-over in the temperature dependence of σ1 at this
energy was also found by Degiorgi, et al. [29], and associ-
ated with the broadening of the CDW gap due to thermal
and quantum fluctuations. The large size of the thermally
modulated signal as compared to the electromodulated
signal is due to the relatively strong temperature depen-
dence of the absorption edge near 100 K [29].

We previously suggested [22,23] that the frequency
shifts of the phonons in the electromodulated spectra may
be due to resonant mixing of the phonons with states in
the gap due to these fluctuations [32]. In this case, the
phonon anomalies should only be weakly temperature de-
pendent, reflecting the weak temperature dependence of
the “disorder” creating these intragap states [29]; most
of the disorder is a consequence of quasi-one dimensional
quantum fluctuations. Alternatively, the phonons may be
interacting with virtual electron-hole excitations across
the CDW gap, decreasing the phonon energies (assuming
ν < 2∆). When the quasiparticle density decreases at the

positive contact, it will increase the strength of this mix-
ing, further decreasing the phonon energy, as observed.
In this case, the frequency shifts should be approximately
activated, although the temperature dependence of the
Fermi energy may weaken this temperature dependence
somewhat.

The electromodulated spectra (580 to 1 115 cm−1)
measured for sample C at a few temperatures are shown in
Figure 4. Spectra were taken with bipolar, V = ±VT(T ),
modulation, and so correspond to the bulk polarization.
It is seen that the frequency shifts of modes E, H, I, and J,
proportional to their peak-peak ∆τ/τ variations, decrease
considerably with decreasing temperature, although not as
strongly as the overall∆τ/τ signal. In fact, as shown in the
inset, the frequency shifts have activation energy ≈ 150 K,
approximately half that of the dc conductivity. (Note that
the conductivity activation energy is smaller than its value
above 100 K [14].) It may be that the phonon frequency
shifts arise from more than one mechanism, with different
temperature dependences, but, as emphasized above, all
are approximately proportional to the CDW strain.

In summary, we have examined electromodulated in-
frared transmission spectra of blue bronze in detail. The
spectra associated with charge injection at current con-
tacts is identical to that associated with bulk polariza-
tion of the CDW, and there is no indication of new
intragap states associated with the injection. Phonon
lines are affected in different ways by CDW polarization.
Some phonons broaden, as would be expected due to the
changes in quasiparticle density that accompany polar-
ization. However other phonons exhibit changes in oscil-
lator strength or frequency, which are more difficult to
understand.
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Fig. 4. Electromodulated transmission spectra of sample C at
3 temperatures: (a) 580–860 cm−1; (b) 860–1 115 cm−1. E, G,
H, I, J denote phonon lines discussed in the text. The curves
are guides to the eye. Inset: Temperature dependence of the
crystal’s dc resistance (R) and the peak to peak modulation
in ∆τ/τ for phonons E, H, I, and J. The reference lines have
slopes of 300 K and 150 K, as indicated.
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