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Reflectivity measurements in the far-infrared region irrefutably show the consequence of the
Peierls instabi. lity in the blue bronze K03MOG3 system. At 5 K, a very strong polarization-
dependent phonon spectrum is observed: At photon energies below 8 meV, a giant, nearly un-

damped structure domInatcs thc whole spectrum polarized along thc 6 axis. Thc structure» rcachlng
rcflcctlvlty values of 97%» Is asslgncd to the osclllatlon of thc pinned Frohllch charge-density"wave
(CDW) (A ) mode. Optical constants are calculated by means of the Kramers-Kronig relation.
The results are compared to the predictions of mean-field theory (m co~,A, , T, ") and to the experi-
mental results on K2Pt(CN)qaro3 3820 (KCP). No softening of the A Inode or of the CD%
energy-loss spectrum was observed. A midgap absorption can be related to the presence of solitons
(dislocations in CD%' lattice) and will be discussed with the latest results on the non-Ohmic conduc-

tivity.

INTRODUCTION

Peierls argued that a one-dimensional (1D) metal is un-
stable with respect to a lattice distortion with a modula-
tion m /kt; and that there would be a new reciprocal-lattice
vector creating an energy gap at the Fermi level,
transforming the high-temperature metallic to a low-
temperature insulating state. Frohlich showed that the
Peierls periodic lattice distortion needs a rearrangement of
the electronic density of states which interacts with the
lattice to balance the lattice restoring forces; this rear-
rangement glvcs risc to an electronic charge-density wave
(CDW).

The most studied one-dimensional compounds m the
past few years are KzPt(CN)pro, 3H,O (KCP) and the
tetracyanoquinodimethanide (TCNQ) salts, which have
served as model systems for study of the Peierls instability
and the Frohlich collective mode. Recently two new
transition-metal trichalcogenides, NbSe3 (Refs. 4 and 5)
and TaS3, have become important ' in connection with
the dimensionality phenomena. A transition-metal oxide,
the so-called blue bronze Ko 3Mo03„ instead, is a very old
material (1964), but only in the last three years has it
been recognized to have 1D properties because of optical
measurements. The term bx'onze has been given to a
group of highly doped metal oxides which in many cases
have a metalhc luster.

Ko3Mo03 belongs to the class of ternary transition-
metal oxides M„T,Ob incorporating variable amounts x
of a third element M, where M is usually an alkali or
alkaline-earth metal, which donates its electron(s) to the
conduction band of the host metal. It has been proposed
previously that the band structure should be similar to the
one of Re03 (Refs. 9—11); thus in the blue bronze the con-
duction band is made up of a combination of antibonding
tzs orbitals from the host metal and oxygen p orbitals.
The blue bronze Ko 3Mo03 is well known for its metal-
semiconductor transition at T, =180 K, ' whereas the red

bronze Ko 33Mo03 (Refs. 13 and 14) is a highly anisotro-
pic semiconductor at. all temperatures.

The blue bronze crystal structure is face-centered
monoclimc with space group C2/m, where corner-
sharing Mo06 octahedra form infinite sheets, separated by
K ions. ' Single crystals of this material cleave parallel to
the monoclinic b axis and to the [102] direction. The
Mo06 layers are built by clusters of ten distorted
octahedra-sharing edges, being linked by corners in the
[010] and [102] directions. These clusters (K3Moio03o)
are arranged in columns along the b axis (metallic) and
steplike along the [102] directioii (semlconductorlike); tile
unit cell contains two clusters or 20 formula units.

Polarized optical-reflectivity measurements first re-
vealed that Ko 3MoG3 can be considered as a quasi 10
conductor and that the phase transltlon at 18O K can bc
understood to be of the Peierls type. Optical spectros-
copy is an ideal technique to investigate the macroscopic
consequences of the Peierls transition, such as a CDW.
Lee et al. ' ' and Rice and Strassler' have shown that
whenever the COW is pinned to lattice points or impurity
potentials, a strong peak in the ac conductivity is expected
instead of the Frohlich superconductivity for an incom-
mensurate CD%'. There axe two modes A+ which arise
from linear combinations of qo=+2kz phonons of the
CDW. The A+ mode depicts an amplitude oscillation of
the CD% and the 3 mode corresponds to an oscillation
of the CDW phase.

Raman scattering measurements have been found to be
sultablc to study thc A+ mode» the amplitude mode docs
Qot move thc CD% nodes and thus docs not lnducc a di-
pole moment as the CD%'-phase mode A does. If the
structure symmetry has an inversion centex' as is the case
for the blue bronze the A+ mode cannot be observed by
means of infrared spectroscopy. First in the Krogmann
salt KCP (Ref. 18) and recently in Ko3Mo03, '9 the
CDW-amplitude mode A+ was indeed found by means of
Raman scattering. The observation of diffuse x-ray
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scattering at an incommensurate wave vector at 110 K
and the nonlinear conductivity ' of the blue bronze have
supported the ideas of Ref. 9 and corroborate the results
of Ref. 19. The very strong electron-phonon coupling re-
sults in a giant Kohn anomaly of a,n acoustic longitudi-
nal phonon mode which condenses at temperatures below
the critical temperature T„giving-rise to the distorted
phase (crystallographic superstructure of period mlkF).

As in KCP (Ref. 23) the Kohn anomaly has also been
found in the blue bronze. The purpose of this paper is
the optical investigation of the CDW-phase mode A in
the blue bronze system. A discussion within the mean-
field-theory predictions' ' and a comparison with KCP
(Refs. 25—27) results are made.
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The optical refiectivity of a large single crystal of
Ko 3Mo03 has been measured in an extended photon-
energy range from 12 eV down to 1 meV using linearly
polarized light, in a temperature region between 5 and 300
K. In the far-infrared (FIR) part of the spectrum we have
used a Bruker Fourier spectrophotometer with triglicyne
sulfate detectors down to 25 cm ' and with a liquid-
helium-cooled germanium bolometer from 100 to 8 cm
As in Ref. 9 the incident light was polarized parallel to
the metallic b axis and perpendicular to the [102] direc-
tion.

The whole spectrum is shown in Fig. 1; one notes that
for p~~b the room-temperature spectrum is metal-like
with a plasma edge at about 1.3 eV and a reflection
shoulder at 0.2 eV. For temperatures below T, =180 K
the metal-like reflectivity turns into a semiconductorlike
spectrum shown for T=5 K in the same figure; the
shoulder at 0.2 eV has become a broad reflection max-
irnum and typical phonon lines appear for photon energies
below 0.12 eV. In the inset of Fig. 1 the low-temperature
FIR reflectivity is presented in an expanded energy scale
to give clear evidence of the phonon spectrum.
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FIG. 2. Temperature dependence of the reflectivity observed
in the FIR for light polarized parallel to the conducting axis; the
structure is assigned to the pinned Frohlich mode.

Since the consequences of the higher-energy reflectivity
spectrum have been discussed before, we now concentrate
only on the FIR region of the spectrum and mainly on
photon energies below 8 meV and for T & T, . In this re-
gion a very high reflectivity peak which reaches a value of
97% stands out from the other maxima (the dashed part
of the 5-K curve is the co —+0 extrapolation). The purpose
of this paper is to study the correlation of this giant peak
and the 1D properties of the blue bronze, particularly the
pinned Frohlich mode (CDW-phase mode).

The temperature dependence of this unusual maximum
is shown in Fig. 2. A very weak change (4%) occurs be-
tween 5 and 180 K in the plateau region corresponding to
the transverse frequency region (coTo) of the 3 mode.
In contrast, the region of the reflectivity dip, correspond-
ing to the longitudinal region (coLo) of the A mode
shows a very drastic temperature dependence (30%). The
damping of this longitudinal oscillation increases dramati-
cally as the temperature reaches the critical temperature
T, of 180 K.

The reflectivity behavior above T, is presented in a
more expanded reflectivity scale in the inset of Fig. 2.
Some samples also show a weak maximum at 200 K in
the same energy region which disappears at room tem-
perature. With the help of the dc conductivity of the
material below T, we can, according to the Hagens-
Rubens relation, extrapolate the reflectivity to 100%%uo as
co~0.
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FIG. 1. Polarized reflectivity of Ko 3Mo03 at 5 and 300 K;
note the very strong structure in the FIR and the two possible
co~0 extrapolations.

KRAMERS-KRONIG TRANSFORMATION

The spectra have been analyzed by means of the
Kramers-Kronig relation with suitable standard extrapo-
lations for co—+ oo, and will be discussed in terms of the
dielectric functions. In Figs. 3 and 4 the real part e~ and
the imaginary part eq of the dielectric function e is shown
as determined from the analysis of the 5-K reflectivity
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FIG. 3. Real (eI) and imaginary (e2) parts of the dielectric
function of Ko 3Mo03 in the CD%'-phase —mode resonance re-
gion at 5 K. The t%'o curves correspond to two possible extlapo-
lations of the refIectivity for a)~0.
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FICJ. 4. DlelectIM functions I the phonon region. The
CD& plasma-frequency abscissa inteI'section is shown; the
structure at about 0.2 eV is due to transitions across the Peierls
gap. For clarity, in the phonon region only the more important
features of e~ are reported (the structure at 0.07 eV is to be not-
ed).

spectrum for p~~b. The strong structure present in the
dielectric functions for energies below 8 meV (Fig. 3) is
due to the giant reflectivity peak in the FIR: cz shows a

strong peak at 1.8 meV (coTo) which reaches values of
about 7000. Consequently c'I has a very large dispersion
ln thc saIDc region. It lntcl sects thc abscissa with
dpi�/dco

& 0, yielding col.o at 7.4 meV.
The dc values of ci are very sensitive to the co~0 extra-

polation of the reflectivity. The static ei values lie be-
tween 2000 and 3000 (Fig. 3). The two sets of curves
bracket the possible range of extrapolations (cf. Fig. 1).
The derivation of the transversal frequency coTo of this gi-
ant structure depends somewhat on the extrapolation of
co—+0. Our measurements show for all samples that
dR/dco is positive at 5 K in the energy region between 10
and 15 cm ', and extrapolations for co~0 have been
made as shown in Fig. 1. The resulting energy Pic@TO is
then 1.8 meV. If we extrapolate the reflectivity curve for
Irico~15 cm ' with a zero slope (dR/dco=O) towards
co=0, we can reduce the transversal frequency at most by
a factor of 6 (ticoTO 0.3 IllcV), Rlld, collscqllcntly, slllcc

colo is independent from the extrapolation, the oscillator
strength will be enhanced. An extrapolation for fico & 15
cm ' with dR/dco &0 and R =100% at co=0 produces
two structures: the first with fuuTO ——0 meV and cz~ao
(Drude behavior), and the second at ficoTO ——1.2 meV.
Such an extrapolation is, however, incompatible with the
semiconducting character of the blue bronze at very low
temperatures. It is also possible that other structures in
the reflectivity are present for fico between 0 and 1 meV in
thc megahertz of glgahcftz rcglon. Such structures will
not influence the results in the FIR region at all: In fact
in the optical-conductivity spectrum such structures will
appcaf as small 11ncs with zcfo width coITlpafed with thc
optical conductivity coming from the giant structure in
the FIR. However, this possible absorption in the
megahertz or gigahertz region would enhance the static
dielectric constant by several orders of magnitude. In Fig.
4 the dielectric constants are depicted for higher energies
111 Rli expanded scRlc (foi clarity cz ls llot I'cpl'csclltcd ill
the phonon region). In this figurc we clearly recognize the
abscissa intersections of ci', the first intersection at 7.4
meV as well as the last one at 1.35 eV, both with
d

el�/(dco)

& 0, are important for our discussion.
In Fig. 2 we have seen that the giant reflectivity peak

fol T( T~ is, fol solllc sRBlplcs, still picscllt 111 R reduced
form at 200 K. The dispersion of such a maximum is
shown in Fig. 5. eI in the resonance region is very strong-
ly reduced compared to the 5-K curve (from 5500 at 5 K
down to 250 at 200 K) while c2 diverges as co~0. Even
though 200 K is above the critical temperature T, we
recognize m the el curve strong deviations from ideal me-
tallic plopcrtlcs. At 300 K thc pronounced El structufc
dlsappcRI's Rnd Elacqulrcs vcly 1RI'gc Ilcg'atlvc values fol-
lowing the Drude theory for free electrons.

The complicated structures of the dielectric functions
are more simplified in terms of the real part o i of the op-
tical conductivity as shown in Fig. 6. There are three
strong peaks in the o.l spectrum. at 5 K; one located at
about 1.8 meV, the second centered at 0.07 eV, and the
third at 0.2 eV. %'e assign the structure with a very high
oscillator strength in the FIR region to a pinned Frohlich
2k' phase mode 2; the structure at 0.2 eV is assigned to
electronic transitions across the Peierls gap 26 (the struc-
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FIG. 8. Energy-loss spectrum of Ko iMo03 at 5 K. The first
structure is due to the CD%' plasma frequency and the last to
transitions across the Pciclls gap.

co~ =4tre N!(m ~a,~, ), where X is the electron concentra-
tion with effective masses m* which participate in the
collective longitudinal oscillation. coTo in formula (1) is
proportional to the restoring force of the CDW due to the
Pinning Potcnt1al.

The CDW plasma frequency is visualized in Fig. 4 and
accentuated in Fig. 8 where the energy-loss spectrum
[Im(1/e)] of the blue bronze is reported. We recognize in
Fig. 8 two principal structures: the first at 7A meV corre-
sponding to the CDW longitudinal-optical frequency, and
the second, a very large structure coming from the Drude
part of the electronic transition across the Peierls gap.
The noise structure between the two peaks is due to
longitudinal-phonon frequencies.

At room temperature the coupled plasma frequency co~

was found at 1.35 eV. To calculate the uncoupled plasma
frequency re ——co&(e,p, )' we have applied a Drude fit to
the room-temperature e2 curve, obtaining co&

——2.7 eV.
From this one obtains the effective carrier concentra-
tion N~ =¹n,/m* =5.4X 10 ' cm, which yields
(1)m, /m* charges per K ion and therefore m* =m, .9

In Fig. 9 is given the number of electrons X,ff per unit
cell connected with the electronic absorption. The curve
exhibits an initial saturation plateau at about 1.3 CV. The
line is obtained by decoupling the reflectivity curve from
thc trans1t1ons at 3.7 cV bctwccn thc &,p~ valcncc bancl to
empty m. ~ and cr~ bands (cf. Ref. 9). The saturation value
for N, rr is about 6 electrons per unit cell. Above we have
seen that a unit cell contains 20 formula units
(K6Mo20060) and that the K ions donate all their electrons
to the conduction band of the host metal. This result
means that the conduction band in Ko 3Mo03 is a nearly-
free-electron band disturbed at the Fermi energy by the
Peierls instability. This feature has also been found in
KCP; Zeller and Bruesch' argued that "free electrons"
are equal to "constant electron density. " A nearly-

Koq MOO~

FIG. 9. Effective number of electrons per unit cell connected
with the electron absorption at 300 K.

constant electron density in one dimension in the KCP
system is easy to achieve by a hybridization of the Pt d,
orbitals with an s orbital overlapping the neighboring Pt
hybridized orbitals in a o bond. This result will therefore
be a consequence of the one dimensionality of the system.

This kind of argumentation is not so evident for the
blue bronze. First of all, in Ko3MoO3 the conduction
band is built up by Mo d„„orbitals overlapping the 0 p
orbitals in a n"bond (a. ntibonding), and second, in the
[102] direction inside of a cluster the kind of overlapping
and bond is exactly the same as in the metallic direction.
A more fundamental argument is to consider the features
of a 1D material. A 1D electron band has an "infinite"
density of states at the band boundaries. The effective
mass at the zone center is normally equal to or less than
the free-electron mass. Because of the giant density of
states most of the conduction electrons are located at the
bottom of the band and consequently they will have a
small effective mass. The integrated mass from k =0 to
k =kF will be around 1m, because of the high electron
population at the zone center.

Turning back to the CDW plasma frequency and as-
suming that at 5 K all conduction electrons are condensed
in the CDW, it turns out that mcDw 910m„ tak——tng 6
electrons per unit cell and an estimated e,~, of about 150
in the plasma-frequency formula. It is very hard to
decouple some excitations in the FIR region because of
the small energy range at disposition for any fit. e,„,was
obtained using thc Lyddane-Sachs- Teller relationship:

CD%
St8t P

GOTO

where from Fig. 3, 2000~@,t,«3000. The temperature
effect on this longitudinal mode is illustrated in an
cncI'gy-loss plot. FlguI'c 10 shows a highly damped struc-
tuI'c whicIl becomes nearly ovcrdaQlpcd 1n tile neighbor-
hood of the critical temperature (the second peak is due to
a longitudinal oscillation of a normal phonon and is
shown here for comparison). A similar behavior was also
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observed on the Raman active A+ mode where the damp-
ing parameter nearly diverges at T, = 180 K.

The peak in Fig. 10 practically does not soften; the fre-
quency shift is less than 4% in a temperature region be-
tween 5 and 180 K. Assuming a weak temperature depen-
dence of e,~, and m~ we can roughly estimate a decrease
of the CDW condensed electrons of about 10% in this
temperature region; this change is very weak in compar-
ison with the expectations of a BCS theory. The
anomalous damping effect of Fig. 10 is then mostly attri-
buted to a change in the average pinning potential due to
1D fluctuations which reduce the CDW coherence length
as the temperature increases or to nonlinear couplings be-
tween phase (4) and amplitude (a) modes (for example,
such a phason decay 4—+a+4'), rather than to CDW
scattering on not-condensed electrons.

To fit the CDW response in the critical-temperature re-
gion we must take into account fluctuations since they are
just as important below T, as they are above T, . In the
fluctuation regime a particle or quasiparticle can perform
an oscillation as well as a diffuse motion, and a generali-
zation of Eq. (1) is needed.

The problem is to solve a generalized harmonic oscilla-
tor equation between two limits: At first only oscillations
around the pinned state are of importance (true harmonic
oscillator differential equation), and second, only diffusive
motions of the CDW are of importance (diffusion dif-
ferential equations). A memory function M(t) ansatz
which interpolates in the harmonic generalized equation
between the two limits is a possible procedure to fol-
ow. 35,36

A frequency-dependent damping I' which leads au-
tomatically to a frequency-dependent restoring force
(-coTo) (causality condition), results from this procedure
and Eq. (1), using the simplest asymptotic form for
M(t) =e r', becomes

0.05 I—5K
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Kos Mo 0& 9K
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FIG. 10. Temperature dependence of the CDW energy-loss
spectrum. A small softening of 4% and a very strong damping
are observed from 5 up to 180 K. For 200 K two different
energy-loss spectra are represented coming from two possible re-
flectivity extrapolations for co~0.

Equation (2) reduces to an oscillator equation for @=0
and to the standard Drude formula for cop

——0:
y '=I —I p/pip is formally the transition time from os-
cillation controlled to diffusion controlled behavior. For
co &&y,coTo-0, and from Eq. (2) one achieves a finite dc
value,

2 CDW

( )CDW F
477 I p+ pip/p

The CD& can propagate; its motion is, however, highly
damped because of fluctuations into the pinned state. At
co ~&y, coro-cop the CD%' oscillates around its pinned po-
sition (cf. Fig. 7). The dc values obtained experimentally
do not coincide with the fit values especially in the neigh-
borhood of the critical temperature; the difference is
mainly due to a single-particle conductivity which is
about 70% or more of o &d', (see Table I).

If the Fermi energy EF is known, mean-field theory al-
lows one to determine the dimensionless electron-phonon
coupling constant A, by means of the forinula

b (0)=4EFe

where 2h correspond to the Peierls energy gap at the Fer-
mi energy EF. There exists an augmented-plane-wave cal-
culation of Mattheiss for a hypothetical potassium
molybdenum bronze K~MoO3 with perovskite structure

TABLE I. Comparison of the experimental values of the real part of the optical conductivity with
the fit.

5
180
200

COW
P

(meV)

7.4
7.2
7.1

r,
(meV)

1.2
2.3
3.5

y
(meV)

0
0.1

0.5

COp

(meV)

1.8
1.8
1.7

{Oi)dc
(10' Hz)

0
25
85

( )obs

(1012 Hz)

0
250
370
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and lattice parameter d =b/2. We have calculated' the

dispersion relation E ( k ) ( I —X) for one chain of
Eo 3Mo03, using an LCAO method and starting from the
Mattheiss parameters for the d,p energies ed, ep and in-
teratomic matrix elements V~~, V~ .

Wc anticipate here some results; the calculated band
structure reproduces within an error of 0.1 eV the inter-
band transitions energies described in Ref. 9. The calcula-
tion yields a conduction bandwidth of 1 eV, a Fermi ener-

gy of 0.7 eV (using the chemical electron concentration of
0.3 electrons per Mo atom), a three-quarters-filled band,
E~ —,

' (b——*/2) as observed in Ref. 20, and a density of
states at the Fermi level D (Ez) of 2 states per eV per spin
for a double-degenerate tzs-p band (Mo d, d„, orbitals).
Equation (6) then yields a A, value of about 0.3 and a
mean-flteld teIBperatui'e T~ =2.28EI;ks e lylllg be-
tween 600 and 700 K.

It is noted that even if the kind of orbitals and bonds of
Ko 3Mo03 are completely different as in KCP, the A, pa-
rameter and T, "values are quite the same. Nevertheless
a stronger three-dimensional coupling as in KCP is ex-
pected in the blue bronze system because of the Mo—0
bonds inside a cluster. If we compare the low-

temperature curve of the optical conductivity of
Ko 3Mo03 with that of KCP, it is immediately evident
that the oscillator strength for transitions across the
PeieI'ls gap is I'educed II1 tlie blue bronze. This is Iiiost
probably due to three-dimensional coupling which reduces
the discontinuity in the density of states at the gap boun-
daries, thus decreasing the transition-matrix element.

The knowledge of A, permits an estimate of the unrenor-
malized frequency Qz of the LA phonon which couples to
the electron density. Lee et al. ' have found

Qe =A, ' to+, wlmie to+ is tlM CDW-amphtude —mode
frequency. Introducing the experimental value to+ ——57
cm ' observed by means of Raman measurements, ' we
obtain Q» =13 meV. Mean-field theory allows one to cal-
culate the CDW effective mass

which agrees quite well with 910m, resulting from the
CDW plasma analysis. Another interesting aspect of the
low-temperature curve of o I (Fig. 6) is an absorption line
with a very strong oscillator strength located at about 6
(26 is the Peierls gap), namely, at 0.07 eV. This line has
the typical feature of an excitation from a midgap state
due to a topological soliton. The soliton could be present
1n Ko 3Mo03 as d1slocat1ons 1n thc chalgc-dcns1ty-wave
lattice.

The partial motion of the CDW through the motion of
dislocations requires a critical field E, =l eV/cm. The
electrical conductivity is strongly non-Ohmic when the
electric field exceeds a critical field E,. The critical field
of Ko 3Mo3 measured by Dumas et al. is about 0.1

eV/cm. This would only correspond to a depinning field
for an incommensurate CDW pinned to a weak impuri-

ty. Fleming et al. have found by means of neutron
scattering measurements on the blue bronze that the
CDW, however, becomes commensurate at 0 75b.e below
the lock-in temperature of 110 K.

Griiner et al. ' have developed a model for the depin-

ning and dynamics of a sliding CDW. For a sinusoidal

pinning potential they found

Introducing mcDw ——900m, and AD=,4b we now obtain

E, =170 KV/cm. It is not so clear if the CDW in

Ko 3Mo03 is commensurate or not, but it may be possible
that the critical field observed by Dumas et al. ' is relat-
ed to a motion of only a part of the CDW through the
presence of dislocations (solitons) in the CDW lattice. At
temperatures high in comparison with 7;, inelastic neu-

tron scattering measurements exhibit a central resonance
(central peak at zero energy) and a sideband phonon (soft
mode). As the transition temperature is approached, the
sideband phonon softens and the central component
grows, ultimately carrying all the weight of the spectral
function. This central resonance can be correlated with
the formation of domains which are also present below

T, . Their boundaries form a kind of "kink-antikink" sys-

tem which can diffuse along the chain. In this case the
small electrical field E, could be connected directly to the
presence of this central neutron resonance and to the pres-
ence of the very strong midgap transition in the optical
conductivity o i. Phase oscillation of such CDW disloca-
tions can be active at very low frequencies (to ~&Thz). In
conclusion we therefore have observed the pinned
Frohlich mode in the FIR below the critical temperature.
Even if the Ko 3Mo03 crystallographic configuration does
not show a 1D structure like the one of KCP, we now can
classify the blue bronze as a good simple model system
conncctcd to thc Pc1crls instability.
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