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Extremely thin

{transverse dimension ~0.2 pm)

samplaes of the charge

density wave (CDW} conductor K; jMoC, are found to display unusually

coherent narrow-band noise spectra and well defined Shapiro
The results suggest an intrinsic pinning

interference structure.

potential with periodicity equal to the CDW wavelength.

step

The Shapiro

step interference appears to arise from a coupling of the external
elactric field to the low frequency dielectric relaxation mode rather
than to the high frequency pinned phason mode.

The Quasi-one~dimensional material
potassium blue bronze (Kg 3Mo03) undergoes a
Peierls transition at Tp-1sox which leads to fhe
formation of a charge density wave {(CDW}.™'
The CDW is pinned to the lattice by impurities
but can be forced to slide by applying moderate
electzic fields (Ep~200mV/cm) along the chain
axis. The sliding CDW state in blue bronze
axhibits nonlinear conductivity, broad band
noise, and to a limited extent the formation of
quasi-periodic [narrow-band noise (NBN)}] voltage
oscillations. This material alsc exhibits a
low frequency (<10 MHz), highly temperature
dependent, dielectric relaxation mode”’ which
appears closely related to a rich metastable
state structure. At high frequencias (>100
MHz) K4 3Mo03 alao displays a pinned
conductivity mode analogous to that observed in
other "sliding® CDW materials.

Typical blue bronze samples display
extremaly weak NBN spactra, indicating that the
sliding CDW state is very incoherent. In
contrast, the CDW material NbSe, shows highly
coherent behavior. NbSe, grows in fine whiskers
with typical dimensions of 1lmm x 5um x 1Hm
{volumew5x10" cm?) whereas a Kq  gMoOy crystcal
has typical dimensions of lmm x 0.5mm x 0.25mm
(volume-l.ZleD_‘4 cm™) . If narrow-band noise
generation in Kg 3Mo0O3 were a finite size
effect, as has been suggested” for NbSeq, then a
reduction in crystal volume could be expected to
dramatically improve the NBN spectrum quality.
Similarly, although no Shapiro step structure
has been reported for Kg MoO3, 2 sanple of
sufficiently small volums {and hence nhigh degree
of coherence) might be expected to display these
ac=dc coupling effects.

In this Communication we report coherent
CDW effects in extremely thin samples of
potasaium blue bronze (~0,2 um thick,
length=0.625 mm, volume=6.25x1078 cm’)., We find
that these optically transparent samples display
exceptionally high quality NBN spectra. We alao
report the first observation in this material of
mode-locked Shapire steps due to the combined
effects of ac and dc fields. These results
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provide an accurate means of determining the CDw
current density to NBN frequency ratio, and it
implies a pinning potential periodicity equal to
the CDW wavelength. We analyze the Shapiro step
data within the simplest classical approximation
and find that the data suggest that external
applied electric fields couple to the Iow
frequency screensd dielectric relaxation mode
rather than to the nhigh frequency pinned phason
mode . This is in contrast to Shapiro atep
interference in NbSe; and TaS;, where the
coupling is to the pinned phason mode.

Ko 3MoO3 samples were prepared by
electrolytic growth from a chemical melt, using
platinum electrodes. The samplas were then
rigidly bound to a sapphire substrate and
reduced in size mechanically. Datails
concerning the cleaving techniques emploved to
achieve submicron sample thicknesses will be
presented elsewhere. Two probe current driven
measurements were performad using evaporated
Indium contacts. NEN spectra were measured with
an HP8S58B spectrum analyzer while the sample
differential resistance was measured with a

low~frequency lock=-in technique. Qur
experiments were carried out at 77K to
facilitate a comparison with previously

published results on Ky 3M0o03. The extremely
fragile crystals were cooled very alowly to T7K
to avoid crystal fracture; a He gas flow system
provided accurate temperature control.

A typical NBN spectrum obtained from a thin
sampls of K, 3MoO4 is depicted in Fig. 1. The
spectrum shows a sharp fundamental at 80 kHz as
wall as four higher harmenica. The quality of
thia NBN spectrum exceeds that of any we or
other groups”’ ’ have observed in Ky, 3MoO,
samples of conventional size, which suggests
that the sliding CDW state in very thin blue
bronze samples is strongly coherent. We note
that this behavior is not unique to this sample:;
all extremely thin {(thickness sSlum) samples
which we have examined display strongly ccherent
NEN spectra.

In a simple model,12 the fundamental NBN
frequency fypy is directly proportional to the
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Fig. 1: Narrow band noise spectrum from a thin
blua bronze crystal at 77K, The

measurement bandwidth is 3 kHz.

excess current density Jopw carried by the CDW
condensate:

J
£ - _COW

NBN ncel !

(1}

where n_. is the density of CDW carriers and A is
an intrinsic length (taken to be equal to the
pericdicity of the pinnin? potential). Eqn. 1
holds for NbSe; and Tas,. 2,13 There has been
Some controversy, stemming from low quality NBN
spectra and inhomogeneities in CDW current
density, as to whether or not Eqn. 1 holds true
for Ko‘3M003.3’4'1°'11

Qur experiments on K0.3H003 at 77 K
indicate that fxpy 19 linearly related to Jepw

with fygg;Jcpw = 12%3 kHz cm?/a.  With
n.=4.95x1021 em~3 as determined from structural

conaiderations,l we thus find from Egn. 1
A=10.6%2 A. This is in good agreement with the
CDW wavelength, Acpw = 2.9 A.1 A similar value
has been inferred by NMR measurements.l4

We now consider the combined effects of ac
and dec fields, It has been previocusly
demonstrated!3 18 fop NbhSe; and TaSy that the
CDW can be mode locked, resulting in a "Shapiro*
step in a sample's differential resistance,
whenever the externally applied frequency fex is
related to the internal NBN frequency by

B fex - ENBN H (2)

where p and g are integers.19 The index n of a
specific step is given by n=p/g. The nth step
is said te be a harmonic step if n is an
integer, and a subharmonic step otherwise.

The effects of an externally applied ac
signal on the differential resistance of a thin
bive bronze sample is depicted in fig. 2. The
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Fig. 2: Ac-dc interference effects in potassium
blue bronze. The two traces have been
vertically offset for clarity.

top trace showsa the sample's cugrent driven
differential resistance in the absence of an
external ac signal. The curve clearly shows the
CDW depinning threshold at Ip=2.5UA beyond
which dV/dI smoothly dacreases as the CDW begins
to slide. The lower trace shows the affect on
the differential resistince when it is measured
in the presence of a 60 kHz ac signal with an
amplitude Vag=4Vg. This trace showa clear
partially mode-locked Shapire steps which are
labalad by their index n in Fig. 2. The first
harmonic (n=1) as well as three subharmonics
(n®1/3,1/2, and 2/3} are visible in Fig. 2 (note
that there is an apparent current polarity
dependence to the Shapiro step quality). The
large relative height of the mode-locked step
indicates that a substantial portion of the CDW
condensate is responding coharently.

Shapirc step data provides an independent
(and often more accurate) means of determining
the NBEN frequency toc CDW current denaity ratio.
By combining Eqna. 1 and 2 we obtain the
following expression for the externally applied
frequency to CDW locking currant density on step

n=p/q:

NBN g 1

£
Joow P ncel

£
=X .3 (3)
P

JCDH

Plots of the locking current density versus the
externally applied locking frequency in Kg 3M0O4
at 77 K for n= 2, 1, and 1/2 are depicted in
Fig. 3. The NBN frequency versus CDW current
density data are also plotted in the figure.
The three folid lines correspond to fypu/Jepy =
12 kHz cm®/A; hence for all values of n, the
mode-locking data give a valre for fypu/Jdepy
consistent with that extractéd from the NBN
spectra alone.

Fig. 4 shows the Shapiro step magnitude &V
(the area under a Shapiro step in a dVv/dI vs. I
trace) as a function of the external locking
signal amplitude at fayx=40 kHz, 8V is a
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Fig. 3: CDW current density vs. frequency for
both Shapiro step (circles) and narrow
band noise (squares) data.
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Fig. 4: Shapirc step magnitude 8V plotted as a
function of the external ac amplitude.
The external frequency is set at £, =40
kHz . The solid line is a fit to the
data (see text).

strongly varying function of V,o, attaining a
maximum value of &Vel.4 mV at V,.=d4Vgp. The
Shapiro step magnitude has alsc been found to be
a strong function of V,. in NbSe;.""'

The simplest possible equation for CDW
transport is one that treats the CDW classically
and ignores all internal degrees of freedom:

where x is the C(DW center of masa coordinate,
I=1/1 is a damping coefficient with a relaxation
time T, @, is a characteristic frequency, Q is
the pinning potential periodicity, E is the
applied electric field, and m” is the CDW
effective mass. With Q=2kp=2®/A.py, Egn. 1
follows with A-KCDW. Egn. 4 qualitatively and
often semi-quantitativel describes CDW
transport in NbSe; and TaSj. It alsc describes
the Shagiro step magnitude dependence on V. in
NbSe3.

In the high frequency limit (fex>>m°2112m,
Egn. 4 predicts for the nw=l Shapiro step
magnitude

v = 2av (0=0) W @y (5)

where ¢ represents the volume fraction locked to
the external signal and fm{0, T V,./0g,
Vplo=0)]. This expression dJdescribes the
essential gqualitative and quantitative features
of BV(V,.} in NbSes. A more detailed approach
changes this theoretical prediction only
suht:l],r.:l'B In tha low fregquency (overdamped)
limit (£, <@, 1/2%x) the inertial term can be
neglected, and a modified Bessel-like solution
for 6V can be obtained nume:ically.21 In the
extreme low fraquency limit, &V has a maximum at
Vyo=Vp ith an amplitude of (gy/@,°t.

A reasonable fit to the data of Fig. 4 can
be obtained by using the low frequency sclution
of ref. 22 and conaidering w T to be a fitting
parameter. The fit in Fig. 4 was thus cbtained
with £ =®,°T/2r=25 kHz. It is noteworthy that
this value is four corders of magnitude below the
characteristic frequency of the_high frecuency
pinned mode seen in Ky 3MoO4 (mozt/z:n-snu MHz),
while it is in the fregquency range of the low
frequenc‘ly dielectric relaxation mode of
Kg 3MoQ3" " Low frequency (0.1 KHz - 1000 KHz)
ac conductivity measurements® on the sampie of
Figs. 1-4 indicate a rise in the conductivity
beginning at £~20 kHz. Because the contribution
to 8V from the 500 MHz mode is expected to be
nagligible at fe}s-w xHz (8V(E =500
MHz) /8V (measured)=1G" 7], it appears that the
ac-de¢ interference effects here observed in
Ky _Mo0; are a direct result of interactions
with the low frequency dielectric relaxation
mode .

We consider in more detail the low
temperature behavior of blue bronze which gives
rise to low frequency Shapiro steps. The
typical NBN frequencies in Ky 3MoO5 are very
low, in the 10 to 100 kHz range. In addition,
CDW motion is highly damped below 100 X, with
the CDW conductivity at E>>Eq roughly eﬂxal te
the normal carrier ohmic conductivity. The
NBN frequency and de¢ conductivity predicted by
Egn. 4 are

1l QTe

fm‘a-ﬂ"*—Eg(EJ ’ {6}
and
2
nert
Udc(E) - " g(E) , (7}
m
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respeactively, whers g(E) is a function of the
applied electric field [g(E<Ep}=0, g(E>>Eq)=l].
Eqna. 6 and 7 indicate that within the context
of a simplified classical model, low values for
fypy and G4, indicate large CDW damping (small
1) . Hence, a amall value of the fundamantal
resonance frequency @,°T is a direct result of
large CDW damping below 100 K.

An astimate for fo-mozr/h: can be obtained
b¥ cgmbining the electric threshold field Ep =
m @,“/Qe with the high field limit of Eqn. 7:

tf

Sl I

g, (E>>E ) E
T .
com] 9 T

(8)

For the sample considered here [anN/Jcnnslz kHz
cal/A, Eq=320 mV/cm, and G4 (E>>Eq)w10 (Qem) 11,
Egn. 8 predicts a fundamental resonance
frequency f = 44 kHz, in reasonable order-
of-magnitude agreement with the freguencies
determined from both the fit to the Shapiro step
data and from the ac conductivity measurement.
This again argues for ac-de coupling to the
dielectric relaxation mode, rather than to the
pinned phason mode in Kq 3Mc03. Tha presence of
ctwo indespendent modes in Xy 3MoO4 has bean
discussed by Littlewood.23 In the low frequency
(<10 MHz) limit, normal electrons effectively
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eanhancement in CDW damping and the c¢reation of
an overdamped low frequency pinnad mode. In the
high frequency (>100 MHz) limit, ncrmal

electrons are ineffective in damping CDW mokticn
and an additional, unscreened and underdamped
high frequency pinned mode is realized, The
Shapiro step data presented here provides direct
evidence that these two modes are qualitativaly
very similar in that externally applied ac and
dc fields can couple to both modes.

We briefly consider the poasibility of
coupling to the high frequency (~500 MHz) pinned
mode in Ky jMo04. This would require performing
a mode locking experiment at roughly fax—100
MHz, necessitating CDW currents three orders of
magnitude larger (Iopp(fypy=100 MHz}~1 mA] than
those used in the experiments discussed herae.
Dus to the large resistance (~10 ki) at 77 K) of
the thin samples which display strongly coherent
NBN features, Joule heating with a typical power
of ~10 mw would make a conventional dc-biased
Shapiro step experiment impractical. The high
frequency mode might bes observable by performing
a pulsed mode locking experiment.
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