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AC CONDUCTIVITY OF THE BLUE ERONMIE K Mo0

0.3 3

R. F. Hall, M. Sherwin and A. Iettl
Department of Fhysics, University of Califcrnia
Berkeley, California 94728 {J.5.4.

fhstract: We have measured the low field ac conduct  vity 27 the blue
bronze K MoD , in the charge density wave (CDM) state. or
temperatures above 70K and over an entended freguenuy rasge, ouar
results are consistent with the model proposed by Cava et. al. ERelow
70, however, there appears at high freqeencies an asdaitional
telaxation mechanism. Associated with this new node arg unusdal
hysteresis effects and an ac conductivity similar to ttat found in
Tab

3

The low field ac conductivity of Ky aMelly is currently the
subiect of much interest. We have parfurmed careful low field ac
conductivity measurements in the frequency range 10 Hz to 2.3 GHz.

Figure 1 shows the ac conductivity as function nf frequency for several

sarples of KO 3H003 at two temperatures. At the higher temperature, 77k,
1

the conductivity is well described hy ¢ ( w! = { w+t u), where

1) ew) = e, + (6, - €11+ (dor ) T4yB

In figure la, a fit Lo this exprescion is indicated by the salid and
dashed lines for Ar ¢l w) and Im ai{w ? resprctively. Note that the

characteristic relaxatiaon time, Ty is unusually high. This value of

10 corresponds to a characteristic pinning frequency w o= 1/ TO f

several orders of magnitude lower than characteristic fregquencies

seen in NbSe32and Ta533.

As the temperature of the material is lowered, w, moves to
still lower freguencies. Figure 1b shows the ac conductivity at 42K,

As indicated by the low frequency crossing of Re g and Im o, the

characteristic freguency is now below 1kHz. FBecause of the
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Figure 1: The impedance of KD.B 3

uncertainty in the data below lkHz, only the high frequency limit of

equation 1 i= fitted. For wto #* 1, the real and imaginary components

of o ( w) obey simple power laws:

() Re o(w) ~ o F{1-9)

Im ouw) ~ w

There are clear departures from equation 2 in the 47V data. The
16
real component of 0{ w}! goes as w between 1BkHz and 1MHz, but then

curves away from this behavior at higher frequencie=, Im of w) does not

1,0 0.9
Qo as w 4 but rather as o at high frequency. Ta explain these
d t f i 2 koat (w ¥ = L w) — Cwd,
epartures from equation y we look a OHF N UCDH w ULF W
where gL# w) is given by equation 1. When this is done, we

find that Re %W(m) and ImcHF@g both obey the same rough power 1aw,
ofw) v w ' . This behavior is identical to the low frequency behavior
recently observed in the ac conductivity of Ta534.
Freliminary work by Erune; at UCLA suggests that both Reg
and Im g continue to climb in the low microwave frequency range.
Eventually Img must turn over at scme crossover frequency wooo This

second characteristic frequency would carrespond to the more familiar
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pPrhning frequency encountered in NbSe3 and TaS3 . It is likely that the

high f?equency response is present at all temperatures, not just below 70k,
At high temperatures ( 78 - 180K J} the effect of the high freguency
resonance is to a large extent masked by the low fregquency relaszation
process, which displays an Arrhenius behavior in both its characteristic
frequency and its magnitude}

Figure 2 shows the effect of an applied dc bias on the ac
conductivity, The measurements were made according to the follawing
procedure.  First the sample was warmed above S4K and then tooled back
down. Next the bias was swept out sp that 1 »1 T and then reduced back
to I = B. Subseguent sweeps of the bias were made wuntil the curve of

d9(w) versus I became repeatable, As shown in the top of figure 2, a

"steady-state" was reached as soon as 1 became greater than Ir when w /2
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was 420 MH:z. At w /2 n1= 4MHz, two or three sweeps of the bias were
required to achieve a repeatable curve.

There are several unusual features to the data presented in
figure 2. First is the existence of a metastable, enhanced ac
conductivity state which can only be reached by temperature cycling. A
related temperature hysteresis effect has been observed in the dc
conductivity by Tsutsumi et, al.6 This ac effect, however, can not be
explained solely in terms of a changing dc conductivity offset; the
magnitude and bias dependence of the ac effect is enhanced at 408 MH:z
compared to 4 MHz. BSecond, at 40@ MHz the conductivity is independent of
bias past I = IT . Increasing the bias past ET tdoes not increasse gy )
even though ¢ ( w) has not saturated at some high-frequency, high-field
limit. The scaling relation between ¢ {¢ ) and 0 { E) observed in NESe,
and TaS3 can apply to K0.3MDU3 only under limited conditions.

We thank R. M, Fleming and G. Gruner for useful discussions.
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SUBHARMONIC SHAPIRO STEPS, DEVIL'S STAIRCASE, AND SYNCHRONIZATION IN RF-DRIVEN

CDW CONDUCTORS

Stuart E. Brown, George Mozurkewich,* and George Graner

Physics Dept., Univ. of Calif., Los Angeles, CA 90024, USA

Explanation of recent Shapiro steps studies in CDW conductors requires
consideration of internal degrees of freedom and of associated Finite
velocity correlation lengths. The synchronization of different regions of
the specimens with increasing rf 1is demonstrated through cealescence of
noise peaks, reduction of fluctuations in noise peaks, and narrowing of
SLEps.

The ac-de interference phenomencn known in Josephsen junctions as Shapiro steps was
discoversed in CDW conductors by Monceau, Richard, and Rensrd,l who used it to
monitor marrow band noise in NbSeq. Later work by Zettl and Gruner? stretched the
Josephson junction analogy further, and the authars' most recent studies of steps
shed new light on the microscopics of CDW motion.? Here we outline: (1) the
restrictions which can be placed on the CDW equation of motion; and (2) the extent

to which CDW response can be synchronized throughout the specimen.
I. Equation of Motien

Perhaps the most intriguing aspect of CDW steps studies so far is the presence of
subharmonic steps. 'Principal” steps occur whenever the internal {narrow band
"soise") frequency fine is near an integer multiple p of the applied ¢f driving
frequency f.,p - Subharmonic steps are not restricted by this rule; they occur
whenever pfayr = Gfinr for q an integer not equal to l. Figure 1 shows Shapiro

steps in Ta§,, represented as

TaSy
170K

peaks in the differential

m”-hluoﬂ resistance dV/dI. This representa-

J tion emphasizes small, sharp

details which would be missed in

avadl 18]
g

direct I-V curves. When huge rf is

applied, the usual limear region
| (b 275y o

e A _ vanishes and steps appear. In

| PAL GO LA ] addition to the principal steps
| yh | y{1hj|ﬂlﬁaj fn . {p/g = 1/1, 2/1), one can see three
ARG v ) L) 200 small subharmenics (172, 1/3, 2/3}.

sample valioge (my]

These have been found in several

. . , & imens, while a few showed
Fig. 1. dV¥/dI in TaS3. Peaks in the TaSy specimens, & o
lower curve correspond to principal and fewer aubharmonics and others

ic Shapi t . . .
subharmonic apiro steps showed more. The differential
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resistance at the peaks is much smaller than the linear value, Ry, = 1270 . ¥Figure
2 shows part of a spectacular array of steps in NbSey. All subharmonic steps for q
% 14 have been observed, plus some for larger q, for a total of some 80 stepa. Not

only are there mcre steps in NbSeq, but d¥/dT comes claser to the linear value R, =
28 Q.
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Fig. 2. Segment of a Shapiro step rrace in NbSe3.

The steps in MbSey exhibit strong similarities to the devil's staircase behavior
predicted theoretically®:5 for the RSJ model of a Josephson junction. The steps
generally are shorter and narrower for larger q, and there are so many steps that
one begins te suspect they would fill the entire horizontal axis, if only one had
adequate experimental resolution. The similarity &s, in fact, more than
superficial, By taking an expanded version of data like that which appears in
figure 2, it is possible to extract a fractal dimension D = 0,91 + 0.03 which
agrees very closely with numerical prediction (D = 0.87)3 and analogue simulation
(D= 0.91 + 0.04).% Reference 3 describes the analysis. Any value of D C 1
implies that the entire horizontal axis would be occupied by steps, if vanishingly
small steps could be included. It is important to note, however, that the same
value of D was found for several values of V.t and within different intervals along

the x-axis, in conspicuous disagreement with Refs. 5 and 6.

The presence of the subharmonic steps places restrictions on the underlying
equation of wotion for the CDW. The simplest equation which describes nonlinear
and frequency dependent conduction, narrow band noise, and Shapiro ateps treats the
entire CDW as a single, damped classical particle in a periodic potentia]..7
Supplemented by an inertial term it takes the form:

mmoz
g~ oin(@) = ek (n

. [ ]
mx + — X +
T

where E is the applied (dec + rf) electric field. This equation is identical to the
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R8J eguation for Josephson junctions, allowing results from the literature to be
taken over directly. We therefore expect that the inertial term is essentizl for
Eq. (1) to exhibit subharmonic steps.%:8 However the observed frequency dependent
conductivity is consistent with Eq. (1) only if the inertial term is negligible to
at least several hundred MHz.9 Hence Eq. (1} appears to be inconsistent with Figs.

1 and 2.

What is clearly lacking from Eq. (1) is allowance for internal degrees of freedom
of the CDW, which are needed to account for pulse memory effects,m long time
decays,ll etc. The extra freedom may be modeled by assigning equations of form (1)
with no inertial term to velocity-coherent regions in the sample, then adding
coupling terms between the regions.l Such systems of coupled first order nonlinear
equations can be expected!? to exhibit mode locking and other behaviors reminiscent
of the RSJ equation, and so it is poessible that subharmonic steps might result. &
distribution of coupling strengths between the regions might be sble to explain the

lack of strong dependence of D on V ¢ and on Vy..
II. Synchromization

The steps are wost readily understood as regions of locking between the internal and
applied frequencies when pf,,. - qf; ¢ is sufficiently small. 1If the locking within
such regions is complete, the CDW velocity becomes fixed by f .. snd dees not re-
spond to changes in the applied dc voltage. Hence dV/dI rises to the linear resist-
ance R, attributable to uncondensed electrons alone. This situation pertains if the
CDW velocity is cohereat throughout the specimen. In reality the velocity ceoherence
length must be finite, and f;,, may vary spatially. If the variation of £;., is
greater than the width of the region over which locking can occur, locking will be
incomplete, and dV¥/dI will rise to a level less tham R,. Hence the height of dV/dI

is expected to correlate with the degree of synchronization across the sample.

Doubling or tripling of narrow band noise peaks is frequently noted in power spectra
of NbSeq current oscillations, graphically illustrating variation of fi,; within a
single specimen. If the splitting is small enough (< 100 kHz), the locking effect of
large V. ¢ can make the noise peaks coalesce, with corresponding signatures in the
steps. An example is shown in fig. 3, for the pfq = 1/2 step. Within this step,
d¥/dI has twe plateau levels. Within the lower level, the spectrum contains two
peaks (fig. 3a}, one of which is locked to fextlz, while the other moves with V4..
Within the higher plateau, the two peaks have combined into a single peak at f, /2
which iz independent of V4. (Fig. 3b). Thus the higher d¥/dI indicates greater

synchronization throughout the sample.

Another common characteristic of narrow band noise in NbSesj is its Eluctuations: the
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amplitude of the noise peak varies widely on a
time scale of less than a second. These
Fluctuacions can be reduced with application of
targe V. ¢, provided V4. is biased within a
step. In samples for which dV/dI = R, exactly,
the time behavior of the fluctuations becomes
entirely different, the amplitude becoming
stable over the time frame of a minute or more.
Figure 4 presents histograms of the noise
amplitude, taken in the presence of large Vg
over two successive 15 minute periods. One
period corresponds to locking on the pfq=1/2
step, for the other f,,, was detuned from 2f e
The 'locked' case exhibits several narrow peaks,
each of which were formed by more or less suc-
cessive measurements of the noise amplitude.
The behavior suggests that in the presence of a
large rf drive, most fluctuations are unable to
disturb the relative phases of the CDW between
regions of the sample. The larger fluctuations
nay allow the CDW to “realign" the phases to a

state not much different in energy than before,

and the amplitude of the noise takes on the value characteristic of that new state.

Finally, the more anisotropic CDW conductors such asg TaS3 and (TaSey);I tend Lo have

extremely broad noise spectra,13 unless they are very pure.l4 This indicates a short

velocity cerrelation length, which probably explains the small, wide steps of Fig. 1.

Nevertheless, application of large V. ¢ sharpens the steps (Fig. 5), demonstrating

that the phenomensa of synchronization are relevaant to these materials also.
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Fig. 4.

Histograms of noise amplitude

in NbSey with with f{,; tuned to, and de-
tuned from locking criterion f,,,
Each histogram contains 2000 points.
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