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We have measured the low field ac conductivity of the blue bronze
Kg.3:Mo03 in the charge density wave (CDW) state, over the frequency

range 10 Hz to 2.4 GHz.

At selected temperatures and over an extended

frequency range, our results are consistent with the model of low

frequency CDW relaxation, proposed by Cava et al.

However, there is

apparent at high frequencies an additional Telaxation mechanism.
Characteristic crossover frequencies and energies associated with this
high frequency dynamic mode appear similar to those obtained previocusly

for NbSe3 and TaSj.

The blue bronze Kg, 3MoO3 is representative
of a new class of materials which display charge
density wave (CDW) tramsport. Although it has
been known for some time that Kg, 3MoO3z undergoes
a metal-to-insulator phase transitionl, the an-
omalous transport properties of the insulating
state have only recently been associated with
CDW formation ard dynamics. Below the Peierls
transition temperature T, = 180 K, nonlinear dc
conduction is observed in Kp, 3MoO3 after a
sharp threshold electric field is exceeded.?

The excess dc conductivity is associated with a
depinning and subsequent Fréhlich-type motion of
the CDW condensate. In many samples of Ko 3MoO3,
the onset of CDW conduction is accompanied by
hysteretic switching, and broad-band and narrow-
band noise.2 Such features were first observed
in the prototype CDW conductor NbSej, and appear
to be general trademarks of CDW depinning.

A very interesting feature of CDW dynamics
concerns not the dc conduction, but rather the
ac response of the pinned mode. Random impuri-
ties may pin the phase of the CDW condensate,
either at the impurity, as in strong impurity
pinning, or over a spatially finite region, as
in weak impurity pinning. In these cases the
oscillator strength of the CDW response ismoved
to finite frequency, inhibiting FrBhlich super-
conductivity. The characteristic response fre-
quencies for the pinmed mode may be orders of
magnitude smaller than those associated with
single-particle excitations across the Peierls
semiconducting gap. For NbSej and TaSj, typical
"crossover" frequencies for the ac response are
in the range 50 MHz to 500 MHz, depending on
sample putity.4=5 We identify the crossover
frequency as that frequency for which the ac
conductivity reaches one half its maximum value.

The relative ease with which the CDW in
K, 3Mo03 may be depinned by de electric fields
(for pure samples, Ep ¥ 100 mV/cm at 100 K) sug-
gests, as with NbSeg and TaS3, rather lowpinning
energles. Consequently, anomalous ac response
might be expected at relatively low frequencies.

Qur results suggest at least two distinct CDW
relaxation processes in Ky, 3MoO3.

Recently, two ac conductivity studies of
Kg,3Mo03 were undertaken to investigate this
possibility. Cava et gl.s have identified an
anomalous temperature-dependent response In the
frequency range 5 Hz to 13 MHz. TFor example, at
T = 60 K, the entire oscillator strength for the
pinned condensate was identified to be below 10
MHz, an exceptionally low frequency range. On
the other hand, Travaglini and Wachter’ recently
performed optical studies on K 3MoO3. At T=5 K

anomalous ac response appeared between 0.4 meV
(97 GHz) and 7 meV (1680 GHz). Here the pinned
mode was identified to be centered on 1.8 meV
(432 GHz), independent of temperature.

We here attempt to clarify the ac response
parameters of the CDW condensate in Kg, qMoOs.
We have performed careful low-field ac conductiv-
ity measurements in the frequency range 10 Hz to
2.3 GHz. We find that the characteristic response
parameters of Kg 3MoO3 in the low microwave re-
gime are similar to those intrinsic to NbSej and
TaS3. We suggest that the additional structure
obgerved at very low (audio)} and very high (in-
frared) frequencies, although associated with the
CDW condensate, do not reflect by themselves the
full CDW oscillator strength.

We have prepared single crystals of Kp, 3MoO3
by electrochemical growth. Starting materials of
KoMoO; and MoO3 were combined in a molar ratio of
1:3.15, ground to a fine powder, and fused at
600°C for 5 hours. Following slow cooling, the
resultant mixture was reground and heated to 500°
C. Crystal growth was initiated by platinum
electrodes immersed in the melt, with a bias cur-
rent of 40 wA. A total reaction time of 24 hours
yielded single crystals of Kgp, 3Mo0Q3 of varied
size, the largest being typically5 x7mm x 3 mm,
and the smallest of submillimeter dimension. Typ-
ical dimensions for crystals used in this study
were 1 me x 0.2 mm x 0.1 mm, with the long dimen-
sion corresponding to the highly conducting (b)
axis. All measurements reported here are with
respect to this axis. Electrical contact to the
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samples was made by evaporated indium pads covered
with conductive silver paint.

Two different methods were used to determine
the complex ac conductivity o(w) for Kg 3Mo03. In
the frequency range 10 Hz te 10 MHz, a computer-
contrclled impedance bridge was employed. This
methad allowed both 2-probe and 4-probe sample
mounting configurations, and data was obtained as
a continuous function of frequency. Typically,
at a fixed temperature, ten frequency sweeps were
recorded and signal averaged by computer to yield
reliable data. No significant differences were
found between 2-probe and 4-probe measurements,
Indicating negligible contact impedances. 1In the
frequency range 4 MHz to 2.3 GHz, anr autcmatic
network analyzer (HP B754A) was used. Again,
frequency sweeping was continuous, but a 2-probe
sample mounting configuration was used exclusively
For both measurement methods, the ac drive level
was fixed at approximately 1 mV rms, and provisicns
existed for simultaneous measurement of the d¢
conductivicy.

Figure 1 shows, for a single Kg_ 3Mo0O3 crys-—
tal, the low fleld conductivity measured as a
function of temperature at dc and 2.3 GHz. The
de cenductivity 1s consistent with that obtained
in previous studies,l showing a metal-insulator
transition at T, = 180 K. At temperatures below
Tp, 6{dc) follows an approximately activated
semiconducting behavior, and from a(de) =
A exp(-2A/2kT), we find 24 = 860 K at 100 K.
This identifies the Pelerls gap. In the temper-
ature region above Tp,, within experimental error,
gl{dc) = g(2.3 GHz), Endicating no frequency de-
pendence to the conductivity. This is expected
for a metal at these relatively low frequencies,
Below T,, however, the 2.3 GHz conductivity is
substantially larger than the dc valte, and at
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Fig. 1 Low=field conductivity of blue bronze
Kp 3Mo0q measured at de and 2.4 Glz.
The s0lid line represents an activated

behavicur with 24 = 860 K.
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T = 42 K the ac conductivity is enhanced by
nearly three orders of magnitude., Hence a strong
frequency-dependent response is observed at fre-
quencies nearly 4 orders of magnitude smaller
than the single-particle gap 2A.

Figure 2 shows, at selected temperatures,
the frequency dependent response in greater de-
tail. This data represents three samples chosen
from the same preparation batch, with comparable
dimensions and dc threshold electric fields
(ET = 500 mVfcm at T = 100 K). Because of slight
variations in sample dimenszions (and hence absa-
lute conductivity) all data has been normalized
to the de conduceivity measured at room temper-
ature. Between 10 Hz and 2.3 GHz, both the real
and imaginary parts of the ac conductivity,

Re g(w) and Im og{w), lncrease in a smooth and
contihuous manner, wicth no evidence for a thresh-
old frequency for the onset of ac CDW conducticn.
Because of the impedance limits cof our measuring
instruments, we were unot able to extend the meas-
urements to temperatures lower than approximately
40 K,

Although the overall frequency dependence of
o(w) in Kp_3Mo03 resembles that observed in NbSej
and TaSa, there are notable differences. The most
gtriking is an anomalous low frequency behavior,
reported previously by Cava et al.” The low fre-
quency ancmalies appearing in our samples are
shown more clearly in figure 3a2. This figure
shows the CDW contribution to the ac response,

Re ocpy(w) and Im gepy(w), for Kg, 3HoOa in the
frequency range 10 kHz to 2.3 GHz, at temperature
T = 77 K. This plot was obtained from the data of
figure 2 by numerically subtracting the dec contri-
bution of normal electrons. As indicated by the
error bars on the figure, such a subtraction leads
to a large uncertainty in the reduced data, es~
pecilally at low frequency.

AN B A B L L S
o * .
= Ko 3 MoO5 . -2
& -2 o0 0% .
3 DOO0OBOOOOC o sttt
& L L2
g aAaab s sas® am o
3 go® o 9 +
6 3 pcogoaoaogol ot ]
o * ,-ha
*
o <> ] o
< ¢ =
g 60 °?
-4 0000 ° o
o,y
s ‘i‘
--.._3_ 0 —]
= o
E Sh-ﬁu,
o
N agoa 9
= 8 o
-4 —
% néé © Sample | 2 3
o <
£ 2@ 499 77K cea
— o [S PN 67K 4 4 a
§_5_ o 54K o= a
00 42K ¢+ »
<
1 L | S| | L L !
I 103 108 109
w/27 {Mz)
Fig. ? Real and Imaginary components of low-

field ac conductivity of Kg 3MoO3, at
selected temperatures in the CDW state.



Vol. 54, No. 8

T KogaMoo,! 1 1 T 1
-2 T=77K a A
- Reol Imag.
E Sample | » o©
= Sumpieg PO
S Sampte 3 a
-3 <l ~
5
X
3 -4 / Fit: -
= &= 175 x 107
g GHF.S.?XIO
a =0l
-5 B -0_86 —
7, =16 x 0 ® sec.
R AN Y SN AN N
103 to8 7
Frequency (Hz)
"6) kosMooy| | | /]
-2 T = 42K T
Realt T . i
- Sample | o grmg Je ®om
& Sample2 = o ‘e m
8 Somple 3 = /
5 ] 7
=
8
|
34 .
E a® _o°
2 ggooo°° Fit:
] a2 Bll-a) =076
‘5_003 T =102 sec.
nu
o SN NN N RN BN M
103 108 10°
Frequency {Hz}

Fig. 3 a) CDW contribution to ac response of
Kg, 3MoOg at 77 K. The solid arnd
dashed lines are fits to Eq. (2},
with parameters given on the figure.

b) CDW contribution to ac response of

Kp,3Mo0q at 42 K. The solid and
dashed lines are fits to Eq. (2),
with parameters given on the figure.
The high frequency response is not
well described by Eq. (2).

Cava et al. have analyzed the low frequency
anomaly in terms of a general dielectric func-
tionb
e{w) = eyp + (Eg~Ehp) 1 {1)

fi+ (imtl)l'“ls

with
UCDH(N) = ime{w) . (2)

eqF represents the high frequency dielectric
constant, e the static dielectric constant, and
T1 a characteristic relaxation time. Eq. (1)
actually incorporates a distribution of relaxa-
tion times, with the (temperature dependent}
parameters @ and B characters respectively the
width and skewness of the distribution. Eq. (2}
glves the complex conductivity as a complicated
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function of the applied frequency w. However,
in various 1limits, Eq. (2) may be simplified.
At low frequencies (wry <<1) .,
Re ocpy(®) v eglety)?™® , and (3a)
In ogpule) ™ eglotd-0 . (3b)

With @ small Im ogpy(w) will dominate Re acpy(w).
At high frequencies (wty>> 1) , Egq. (2) teduces
to

Re ogpyiw) ﬂ»eo(mTl)l'B(l'“) , and {4a)

Eo{mtl)l's(l-“) (4b)

" 1.0 4
im oopwiw) " eqrloT]) sin[% a1

With 1-B(l1-a) between 0.2 and 0.3 (see Ref. 6),

g a -
Im CDW(uD dominates Re CDW(&D. Howfier, at in
intermediate frequencies (near w =1 ),

Re UCDH(“D dominates Im Ucnw(uo. Eq% (2) thus

predicts, over an extended frequency range, two
points crossings of Re © and Im @ w(ul).

In fig. 3a, Eqns. (I) and (2) have been fit
to the experimental data at T = 77 K, with fit-
tine parameters identified on the figure. We
note that the characteristic relaxation time
Tl = 1.6 p sec corresponds to an unusually low
characteristic frequency, W, = 3,9 Mz, This
value is in peneral agreement with the results of
Cava et al., and is substantiallv lower than
characteristic frequencies observed in NbSe3 and
TaS,. Although only one point crossing of
Re ccnw(uﬂ and Im o (w) is observed in the data
of fig.3a, the data are not inconsistent with such a

possibility at frequencies slightly higher than
we have measured. In general, Eq. (1) appears
to provide a goed fit to our ogpy(w) data at

T =77 K.

With decreasing temperature below 77 K, the
data of fig. 2 indicates, in terms of Eq. (1),

a smooth decrease in the characteristic frequen-—
cy wj. Fig., 3b shows in detail Re ogpy{w) and
Im ggopy{w) for Kg_ 3Me03 at 42 K, Here two point
crossings of Re oppy(w) and Im ogpy{w) are in-
deed obgserved, and a detailed fit to Eg. (1) in-
dicates 13 = 10 ms, which corresponds to a char-
acteristic frequency w; = 628 Hz. However,
there are clear departures from Eq. (1)} in the
42 K data, especilally at high frequency. The
solld and dashed lines in fig. 3b are respec-
tively Re oppw(w) and Im ogpy(w), as calenlated
from Eq, (1), The fitting parameters identified
on the figure have been obtained from analysis
of the low {wf2v < 1 MHz) frequency data.

Above approximately 1 MHz, Re ogpy{w) increases
more rapidly than Eq. (1} would predict, while
Im ogcpy(w) increases less rapidly. Preliminary
work on Ky 3Mo0q at microwave frequencies® sug-
gests that Re ogpy{w) and Im ogpy(w) continue to
increase with incressing frequency below 10 GHz,
{n a wanner consistent with our experimental
data. Thus Eqns. (1) and (2), while providing
excellent fits to the very low fraquency data,
are in strong disagreement with the experimen-
tally determined high frequency conductivity of
Kqp, o073,

We iInterpret the strong increase in the ac
conductlvity at high frequency in ¥g 4Mo03 as
due to the collective ac response of the pinned
CDW mode. At sufficiently high frequencies, it
is expected that Re arpy(w) will saturate {and



686 COLLECTIVE-MODE ac CONDUCTION IN THE BLUE BRONZE K

eventually turn over with increasing frequency),
while Im oppy{w) should diszplay an inflection.
Such a behaviour is in fact mandated by the con-
ductivity sum rule. As a saturation of Re ocpy
or turn over in Im ocpy 1is not evident In fig.
3k, the characteristic frequency assoclated with
this "second"” CDW relaxation process, wy , is
necessarily greeter than approximately 2 GHz.

The additional high frequency response appar-
ent in fig. 3b is present at all temperatures in
the CDW state, not only near 42 K. However, with
increasing temperature above 42 ¥, the effect of
the high frequency relaxation becomes masked to
a larger and larger degree by the (temperature-
dependent) low frequency {11) relaxation process,
which forms a substantial contribution to the
total CDW ac responae between 10 Hz and 100 MHz
at 77 K,

We now consider the high frequency (w)) re-
laxation process in detail. It appears somewhat
analogous to the conventional CDW ac response
observed previcusly in NbSey (Ref. 4) and TaSy
(Ref. 5)., 1In both these materials, the overall
behaviour of ocpy(w) is described in a crude
way bg an ¢cverdamped-harmonic cscillator solu-
tian,

Re ocpy(w) = ag(l + (wee/w)?)=1 (5a)
In oppy(w) = ag E%E [1 + (ch/wz]‘l {5b)

with op representing the peak value of Re dopy
and ., the classical crossover frequency. In
the overdamped case, we ldentify wg, with wy .
Eqns. (5a) and (5b) reflect a special case of
the generalized Debye dielectric conatant, Eg.
{1), with a zero high frequency contribution,
and delta function distribution for relaxation
times. '

Fig. 4 shows the normalized high frequency
response of Kg 3MoQg at T = 42 K, along with the
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Fig. 4 Normalized high frequency ac conduc-

tivity of Kp, 3Mo0y at T = 42 K. The
solid and dashed lines are fits to
Egns. (5a) and (5b), respectively, with
parameters glven in the text.

0-3M003 Vol.
pradictions of Eq. (5) with chosen parameters
00-5x1030(dc} and weg = 3 GH2. We here compare
Eq. (5) to only the low temperature data, in
order to aveid a tortucus coavolution with the
low frequency (11) relaxation process, not con-
tained in Eq. (53)}. It is apparent from fig, 4
that the high frequency conductivity in Kg 3MoO3
is not well described by a simple harmonic oscil-
lator solution {we note that a similarly poor

fit 15 obtained from Bardeen's tunneling formu-
1a10). However, a best fit of Eq. (3) yields
characteristic timescales consistent with those
extracted from the trichalcogenides NbSey and
TaS3, and also in reasonable agreement with the
de thresheld field of K0.3H003.11 A better fit
to the data in fig. 4 may be obtained by invok-~
ing a distribution in relaxation times {(Eq. (1});
the characteristic frequency obtained from such

a fit however remains consistent with a cross-—
over frequency near 5 GHz. Between approximately
1 MHz and 100 MHz, Re ogpy(w) and Im ocpy(w) in
Ky, 3Ho0q are well described by power law behaviour.
For example, at T = 42 K, the high frequenc; data
of fig. 3b indicate Reg Vo@-5 and Imo ~ uw0-7 |
These exponents are nearly identical to those
which describe the complex ac conductivity of
orthohombic TaSq between 30 MHz and 1 GHz, at

T =90 K.12 Power law behaviour in TaSy {at
somewhat higher temperature) has been discussed
in derail by Wu et 53.13 in terms of relaxational
dynamics of the CDW condensate.

Our conductivity measurements on Kp aMeOj
suggest that a substantial portion of the CDW
oscillater strength will be found in the frequen-
ey range 1 MHz to 50 GHz, the upper limit being
a rough estimacte. It 1s Interesting to speculate
on the significance of the low frequency (audio}
and very high frequency {infrared) conductivity
ancmalies. In considering the low frequency an-
omaly first reported by Cava et gl.,ﬁ we note
that the CDW in Kg, 3Mo03 appears to smcothly ap-
proach commensurability with the underlying lat-
tice at temperatures below 100 K.1% One possib-
ility for low frequency response is thus soli-
tone, where the movement of phase dislocations
is energetically favored over bulk cscillation
of the (DW condensate at low frequency. Another
{perhaps related) possibility is that the low
frequency ac conductivicy reflects changes in the
metastable states of the crystal. Detailed
studies of the dcZ»15 and acl response parame-
ters of Kg, 3MoOq have indicated an extrodinarily
rich metastable state structure, with character-
istic lifetimes of a particular metastable state
often in the millisecond range, corresponding to
audio response in the frequency domain. The in-
frared peak discussed by Travaglini and Wachter?
clearly is associated with an electronic response.
However, this could result not from the collective
CDN excitation, but rather from coupling between
the CDW and phonons, resulting in a phonon mode
peak. At present, it appears difficult to clearly
define the relation between the infrared amomaly
and the CDW phase mode. We remark that the CDW
amplitude mode has been previously identified by
Raman studies,l?

In summary, we have measured the low-field
complex ac conductivity of Kg, K 3MoO3 between 10 Hz
and 2.4 GHz. In addition to the low frequency
ancnalies reported previously, we find anomalous
conduction at higher frequencies, characteristic
of pinned CDW response in the microwave regime,
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It thus appears that there exist at least two
distinct {and relatively complex) relaxation
processes in the CDW state of Kg_ 3Mo0j.
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