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ABSTRACT

Charge density wave (CDW) dynamics and statics are explored in the blue
bronze Ky 3MoCjy. For wery thin {opticaliy transparent, d=0.Zum} platelets
highly coherent response obtains, and in the presence of dc electric fields the
ac conductivity shows high freguency interference structure. This interference
is discussed in terms of a resonant circult analeg. At low temperatures, the
zero differential resistance state is assoclated with dramatic changes in the
elastic constants of the crystal. However, the effects of sample core heating
may be important. Both above and below the CDW transition temperature, the
aurface of K, 3;Mo0O; has been examined by atomic resolution scannipg tunneling
MicICECOPY - slthough the underlying lattice is c¢learly resclved, no CDW

auperatructure has been imaged on the crystal surface.

INTRODUCTION

Numerous structural, transport, magnetic resonance, and elasti¢ experiments
on the blue bronze K; 3Mo0, have demonstrated the existence of a collective-mode
charge density wave (CDW) state below the metal-insulater tramsition at Tp=180K.
Many of the observed properties (such as lattice superstructure, elastic
anomalies at Tper nenlinear and frequency dependent conductivity, narrow- and

broad-band neise, etc.} are guite analogoua to those cobserved in other CDW
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materials, for example Tas3 and NbSe3. On the other hand, several features set
Egp 3MoeGy apart from other CDW conducteors. The typical klue bronze crystal
displays only weak low frequency interference effects in the presence of ac+dc
electric fields, which suggests that high fregquency effects are damped out by
the domain structure of typically large crystal weolumes. Also, in blue bronze
ng lattice scoftening is observed upon CDW depinning, in centrast to all other
measured COW materials. Finally, at very low temperatures, the insulating state
switches into a zero differential resistance state in which the CDW apparently
slides without excess disqipation, suggestive of an "ideal™ Fréhlich state. The
critical electric field necessary to induce this anomalous conducticn iz much
smaller than that cohserved for the similar materials TaSy and (TaSe,),I.

We have performed transport, elastic, and structural studies which relate to
the unusual features of Kg 3MoO5.  First, the complex ac conductivity has been
determined in the presence of de bias fields using samples with limited domain
structure. The samplea are thin {optically transparent} platelets with
well-defined gecometry and uniform current distribution. Both low freguency and
high frequency interference is cbserved. The interference is described in terms
of a resonant circuit response, and a universal "resonance response phase™ is
determined. Second, the single c¢rystal Young's modulus and internal friction
have been measured in the presumed ideal Fridhlich conducting state at low
temperatures (T=4K}) . Onset of electrical conduction results in dramatic changes
af the elastic constants. Unfortunately, it is difficult to distinguish
intringic elastic changes from potential sample core heating (which may of
course alsc influence the electrical response). Third, the surface of K0_3Mo3
has been imaged both above and below Tp by atomic resolution scanning tunneling
microscopy. High-guality lattice images are obtained, but the CDW

superatructure ia not observed on the crystal surface.

AC CONDUCTIVITY INTERFERENCE

In typical blue bronze samples {dimensions ~fractions of mm) the response is
rather incoherent, as evidenced by a general lack of ¢lean narrow-band noise
(NEN} peaks or Shapiro steps interference. It has regently been demonstrated,
howewver, that CDW coherence is dramatically improved in K0'3M003 in samples of
submicron size[l}. Thin rectangular plates of thickness ~{0.1-0.2um consistently
show wvery sharp NBN peaks and Shapiro step interference. We presently
investigate the complex ac conductivity o{®W} of such thin samples for de
induced interference structure,

Fig. la shows the ac dielectric constant £(W) =4nImotw) /o of Kg.3MoOy  at
T=77K for four wvalues of @/Zm. At 1lkHz, a dramatic "inductiwve™ dip isa
cbserved, consiatent with previcus studies[2, 3] of NbSey and Ky 3McCy. This dip

is observed in most (typical volume} Kj qM00, samples under similar drive
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Fig. 1. Bias-dependent dielectric constant in Ky, 3MeO3. (a) over a large

frequency range, and {b) at selected high frequencies.

conditicns. The magnitude of the dip decreases and its position moves to higher
dc bias as @ increases. For a typical sample, no sharp structure is chserved
in €{w) for w/2m above ~50kHz. For the thin (d=0.2um) sample of Fig, 1a, on
the other hand, small but well-defined anomalies are still observed at 120kHz,
The pesition of the dips marks interference between the NBN and the ac drive at
frequency ®/2Zx. Fig. b shows high fregquency interference dips in e{@) in
greater detail. Subharmonic interference is ohserved, and even at 120kHz the
interference remains sharp. Only at very low frequencies doea the inductive dip
actually drive € negative {a similar effect is observed(2] in Nbiej).

Fig. 2 compares anomalies in (@) to corresponding atructure in Red(w). The
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Fig. 2. Complex ac conductivity ofa) in Ko 3Mo05 as a function of dc biaa.
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vertical arrows identify those current bias levels which generate NBN

fraquencies of 25 and 50kHz, Anomalies in e(®w) are associated with anomalies in
Red(w).
Fig.

3a shows the interference atructure in Reo(w) and Imo(®) as w is awept,

for fixed bias abowve threshold (this is in contrast to Figs. 1 and 2 where @
was fixed and bias was swept). Subharmonic and numercus harmonic interference
anomalies are observed. Fig. 3b shows in detail the behavior of the fundamental
interference.

We now discuss these results, The interference structure manifests itself as
sharp inductive-like dips in Im®(w) {or equivalently in £(®)} and in Red(®) as
gradual poaitive and negative peaks located egquidistant above and below the
interference positicn, respectively. At peak interference (i.e. at the peak of
&¢{w}, which we define as rescnance), Red(€)} appeara unchanged from ita inferred
value if no interference had occurred. A comparison of the ancmalies in Red(m)
for bias sweep (Fig. 2) and for frequency sweep (Fig. 3) shows that the ordering
of the positive and negative peaks relative to the central resonance position
are interchanged in the two cases. This suggests that the resonance is best

characterized by
Af = fypy - @/2m. {1}

The response during interference ia functionally analogous to a reacnant
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Fig. 3. Complex ac conductivity o(w) in K gMoOy as a function of frequency.
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harmonic oscillator circuit, but with a phaae shift which allows the main
resonance at Af=0 to occur as a negative pointing peak in Imo(m). The total
sample current response to a drive of the form V = Vag + Vaecos(ot) can be

written as
- it i9 i
T = Ieow,de v & (In * Iepyw,ac® * Inpn® 4 {2)

where I denctes the contribution of normal electrons. The total ac

conductivity at the probe freguency is then
= = i@ i
Hw} = <I/V> = I,/V,0 + e Iepy, ae/Vae * @ ¢INBN‘SB),GJ(NBm/vac {3

where § ia a Kronecker gelta. For 0@y, only the normal and CDW
conductivities contribute to the response, For W=ypys an extra contribution
results from the NBN signal. In order for the resonant conductivity enhancement
to appear as a negative dip in Img, the phase angle at resonance must be $=-x/2.
This defines a universal "resonance reaponse phase™. The value -m/2 agrees
with the response phase obtained from pulsed NBN studies[4]. Eg. {3) predicts

for the magnitude of the inductive dip
AImg (@=mypy) = LIypn/AV,, 0

where L and A are sample length and area, Eg. (4) suggests that the dip
magnitude depends only on NBN amplitude, and hence t¢ a first approximation
AImgy should be independent of w. Experimentally, this is indeed the case. By
a Kramers-Kronig analysis, positive and negative peaks in Reo(®) musat occur if a
sharp, negative resonance peak appears in Imo{w). Off {(but near) resonance
{i.e. Af#0} the phase ¢ of the NBN signal relative to the ac probing singal must
depart from the resonance value -x/2. The limiting values are ¢-% for Af<<(
and ¢330 for Af»>0. Eq. {(4) predicts a dip magnitude AImg consistent with
experiment. In addition, from the resonance circuit model it is predicted that
the peak sizea in Red are given by AImG/ARec=2.0. Fig. 2 auggests for this

ratioc a value of 1.7; Fig. 3 givea a ratio 1.9%.

ELASTIC PROPERTIES OF K; 3MoO3 AT LOW TEMPERATURE

Previous measurements have shown that the elastic properties of Ky qMoD3 are
senaitive to CDW formation(5]. Rather remarkably, however, the longitudinal
Young's modulua is relatively insensitive to CDW motion at moderate temperatures
in the CDW state. This is in contrast to NbSej and TaS,, for example, where
both Young's modulus Y and internal friction & change dramatically upon CDW

depinning. At moderate temperatures CDW depinning in Ky qMoOy4 has been well
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established. Of great current intereat is the unusual and extremely abrupt
onset of conduction at very low temperatures (~4K)([6). For moderate applied
electric fields, zero differential resistance is observed. This has been
interpreted as nearly ideal Fréhlich conduction {no dissipaticon).

We have investigated the longitudinal Young's modulus and internal friction
in Ky 3Mo0g3 in the low temperature pinned and highly-conducting states. The
measurements were performed using a modified vibrating reed technique. Fig. 4a
shows the I~V {vocltage driven) characteristics, Y, and amplitude~1/§ for
Kg 3MoO5 at 4,2 K, The sharp onset in electrical conduction is associated with
changes in the elastic properties. Fig. 4bh shows the onset region in greater
detail. Both Y and 1/8 decrease as the conduction increases., Similar effects
were observed for samples which showed zero differential resistance, or even
unstable regions of negative differential resiatance.

The experiments of Fig. 4 were repeated in the presence of superposed rf
fields, The rf field ({ranging from 100 Hz to 5MHz} decreased the threaheold
voltage for conductivity and elasatic changes, and enhanced the magnitude of the
changes in the nenlinear region. No effect in elastic properties of the crystal
was cbserved for an rf signal (sine wave or square wave) of any frequency or

amplitude if the sample was biased below threshold (Ej =0 or 0.9Eg).

It is tempting to associate the elastic changes observed in Fig. 4 with a

depinning and aubsequent Frohlich motion of the CDW. However, from our
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Fig. 4. Bias-dependent electronic and elastic response of Ky gMoOq at helium
temperature. (b} shows the thresahold region in detail.
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experimenta we are not able to rule out heating effects., Heating the sample to
above 4K would cause the elastic constants to change in the observed direction.
Even if the surface of the sample remained at fixed temperature, the sample core
might heat. &n independent probe of the core temperature of the sample isa
needed to correctly interpret our elastic data, as well as the associated

electrical conductivity data,

SCANNING TUNNELING MICROSCOPY STUDY OF K0_3M003 SURFACE

A scanning tunneling microacope (STM) is a sensitive surface probe, and it
has been used successfully to image CDWs in various materials(7?,8). We have
attempted to image the CDW in K; 3M0o0; by STM, with the hope of directly
observing CDW polarization, domains, and CDW dynamics. Qur 5TM has atomic
resolution from 65K to 350K; the temperature is nearly continuocusly variable.
In a related study[8], the microscope has successfully imaged the CDW in 1T-Tas,
as a function of temperature.

Fig. Sa shows the b-[102) cleavage plane surface of Ky 3MoO; at T=295K, as
determfned by STH. The bright dots correspond precisely to the expected
positions of the K atoms, Fig. 5b shows a similar picture taken in the CDW
state at 77K. Again the K atoms are resolved, but unfortunately there is no
evidence for additicnal superlattice structure. A similar result holds true at
T=143K and for Rb; 3Mo0O; at aimilar tempgratures. The pictures of Fig. 5 are
representative of hundreds of pictures recorded {including ones with greater and
smaller lateral scale}, all with null CDW results. Our results suggest that

perhaps the CDW amplitude at the surface of Ky ;Mo0; is severly reduced, and is

below our present resolution.

Fig. 5. §TM image of Ky MoO3 surface at ({a) 295K and (b} 77K. The nearest

neighbor distance between bright spots is approximately 10.54.
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