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Interference Effects of the Charge-Density-Wave Motion in NbSe;
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It is reported that steps are induced in the

nonlinear V(I) characteristic of NbSe; by a

superposed rf current. The frequencies responsible for these steps are interpreted as
the Fourier spectrum of the motion of the charge-density wave in an anharmonic poten-
tial created by the impurities. It is shown that the relation J =nev is verified for the ex-
cess current J carried by the charge-density wave, v being the velocity of the wave. The
number of condensed electrons n below the charge-density wave at 59 K is found to be in

good agreement with previous measurements

PACS numbers: 72.15.Nj

One of the most intriguing properties of NbSe,
is the nonlinear resistivity behavior just below
T,=145 K and T,=59 K, temperatures at which
two independent charge-density waves (CDW) oc-
cur.’”® Lee and Rice® (LR) have developed a mod-
el where the electric field displaces the CDW as
a whole from the pinning centers. Fleming and
Grimes* (FG) showed recently that nonlinearity
is observed only above a critical field E, where
they observed a large increase of the voltage
noise. Superposed on the broadband noise they
also measured an ac voltage detected as discrete

frequencies with high harmonic contert.

In this Letter we report the “reciprocal effect,”
i.e., the observation of steps in the dc character-
istic V(I) induced in the nonlinear regime of
NbSe, below the T, transition by superposing a rf
current of constant amplitude and a given dc cur-
rent higher than the critical one. Interference
takes place between the rf field and the “entities”
in motion in the crystal at well-defined frequen-
cies as seen by an increase of the resistance of
the sample for these frequencies. For more sen-
sitivity we measure the differential resistance

T T T T T
s V(MH2)  F F . Fe ]
Fz. A"l Fo
Faff y
) F
W , sf | .
." T R S0 100 150 T(uA)
4 Fy ,
’ F
3 3 “ [8 Ec -
9 [d £ P T(K) mV/tm
Al d 3L7 o 69.0
2L . 382 v 640 |
7 o F14 2. 410 a 600
AT 4 ) SR 41 e 394
Ll A ) e 515 o 361
1 £ # § d .
£4 A A E (mV,/cm)
“'A‘ x ~? - ) -‘:D. mv/cm
/_ . 2 - . sl L 1
0 50 100 150 200 250

FIG. 1. Variation of the frequencies detected by noise spectrum analysis without rf field as a function of the elec-
tric field for different temperatures. The frequencies extrapolate to zero at the critical electric field indicated by
the arrows. Inset: dV/dI at 33 Hz for the same sample which shows the onset of the noise above the critical cur-

rent.
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dV/dI(33 Hz) and we observe a set of peaks by
sweeping the rf frequency. We show that these
resonant frequencies are the same as those meas-
ured by analyzing the spectrum of the noise at

the same dc current and without rf field. We in-
terpret these discrete frequencies as evidence of
the staircase motion of the CDW in the pinning po-
tential tilted by the electric field.

Measurements were performed on several
NbSe, crystals from different batches. Contacts
were usually made with silver paint.® The varia-
tion of dV/dI as a function of I is shown in the in-~
set of Fig. 1 for the sample labeled B2 which has
a resistance ratio of 80. The critical current I,
at 47K is 57 pA (E,=39.4 mV/cm) above which
dV/dl starts to decrease and where noise is gen-
erated in the crystal. As in FG, this noise has
been frequency analyzed. Peaks for discrete fre
quencies up to 5 MHz were observed. In Fig. 1
we show the frequencies as a function of E for
the sample B2 at different temperatures. We
measure three or four frequencies which can be
extrapolated to zero at E,. We note that the fre-
quency variation as a function of E is more and
more rounded when 7T is decreased.

We put in evidence the “reciprocal effect” in
Fig. 2, where dV/dI at 33 Hz for the sample B2
is shown as a function of the external rf frequen-
cy with a rms amplitude of 35 pA, for different
dc currents above I,. The current at 33 Hz for
the ac bridge was 1 pA. The peaks correspond to
an increase of the differential resistance; how-
ever, the latter never exceeds the low-field Ohm-
ic value. We can account for the majority of the
peaks with two frequencies F, and F, and their
even harmonics and with a less well defined third
one F4. For I=2I, at very small rf currents (8
pA), only the fourth harmonics which always have
a predominant amplitude were detectable. As the
rf current is increased, other harmonics and
fundamentals became detectable. When visible,
the frequencies corresponding to the peaks are
independent of the rf amplitude between 8 pA and
at least 45 A, except very near I,, where they
are shifted to higher frequencies when the rf is
increased. It should be noted that for about (3 to
4)I, the peaks disappeared, and that only broad-
band noise is measured. The same experiment
has been performed on three other samples and
gave the same features.

A tentative interpretation is to associate these
observations with the motion of CDW. It was
shown that the current carried by a motion of
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FIG. 2. Differential resistance dV/dI at 33 Hz of
NbSe; at 47 K in sweeping the frequency of a rf current
of constant amplitude superposed on the dc current
above the critical current (I, =59 pA).

CDW is®®
Jcpw = Pe el (1)

where p,#n, are the condensed electrons under the
gap, and v the velocity of CDW. The CDW can be
thought of as a particle with mass, charge, and
friction.”® Its equation of motion contains also
pinning forces which can reasonably be assumed
to be periodic with the phase of CDW at the pin-
ning centers. So the motion due to an external
field is the superposition of a continuous drift,
and a modulation due to pinning, at a recurrence
frequency

v=(Q/2m) 4yifr 5

where @ is the distortion vector. Since the pin-
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ning is strongly anharmonic, we expect many
harmonics in the Fourier expansion of the veloc-
ity with the fundamental frequency given above.
Hence the current is modulated at v and its har-
monics and gives rise to quasiperiodic noise.
The fundamental frequency is expected to be

V=(Q/27T)c7CprcnOe- (2)

At high enough electric fields, the velocity be-
comes more uniform, and the peaks decrease in
amplitude. The current carried by CDW, Jpy,
can be obtained experimentally from the nonlin-
ear V(I) characteristics, if we assume that the
conductivity of normal electrons is not affected.
We get i

Jepw=J(1-R/R,), (3)

where J is the applied current density, R the
actual resistance of the sample at J, and R, the
value when J decreases to near zero.

In Fig. 3 we have plotted the same frequencies
as in Fig. 1as a function of Jopy (Eq. 3). We
have measured R and R, at each temperature. In
fact, we have plotted the lowest frequencies F,
for different temperatures and one, F, or F, of
the highest frequencies. All the curves v(E) of
Fig. 1 superpose on two straight lines, one for
F,, the other for F, and F;. This result proves
the validity of Eq. (2). In the same Fig. 3, for
47.1 K, we show the frequencies F, obtained by
the synchronization experiment. These frequen-
cies are in excellent agreement with those ob-
served by noise analysis. This agreement indi-
cates that we are dealing with the same frequen-
cies in the two experiments and that the motion
of the CDW inside the crystal can be synchro-
nized by an external frequency.

The ratio of the two slopes of the v(Jpy) lines
is approximately 4. Thus F, and F; may be the
fourth harmonics of low frequencies which are
not too different from F, but which we were un-
able to see in the frequency analysis because of
their weak amplitude. As seen in Fig. 2 the fun-
damental frequency F, is not unique but we have
detected a group of two or three peaks. At this
point of our experimental study, we consider the
straight line with the smallest slope in Fig. 3 as
the average of the variation of v with Jp,, of this
group and the other line (corresponding to F, or
F,) as the fourth harmonics of the same group.
If we assume Eq. (2), the slope of v(Jcpy) gives
directly the fraction of consensed electrons if we
know the normal electronic concentration (above
the CDW formation). For calculating this latter
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FIG. 3. Variation of the frequencies of Fig. 1 as a
function of Jcpw, the current carried by the CDW as
calculated in Eq. (3). The lowest set of data corre-
spond to the frequencies F; at different temperatures
of Fig. 1 which collapse onto a straight line when plot-
ted as a function of Jcpy. The upper set of data cor-
responds to .F; or F;. The slope of v vs J¢cpy gives
the number of condensed electrons below the CDW gap.

we use either the assumption of Wilson® or the
band calculations of Bullett!® which show that
there are two electrons to be shared on four nio-
bium sites, i.e., four d bands § full. Each ; band
corresponds to 160 C/cm®. However at the T,
transition already about 20% of the electrons are
condensed? and do not participate in the conduc-
tion. With v=2 MHz for Jpy =53 A/cm® we fi-
nally find p,~ 0.40, a number which is in relative-
ly good agreement with conductivity® and suscep-
tibility'' measurements.

We do not understand the origin of the group of
frequencies, and precise measurements of their
variation with Jpy are necessary. Our experi-
ments prove that the CDW can carry a current
but we cannot say if the whole CDW moves or if
the phase shift is carried by the motion of dislo-
cations generated, for instance, by Frank-Read
sources as suggested by LR. It can also be
argued that the frequencies which we labeled
fourth harmonics are in fact fundamentals and
that the effect of the electric field is to generate
subharmonics as it has been observed in turbu-
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lence experiments,'® 3

In conclusion it seems that frequency genera-
tion in the noise above the critical electric field
can be explained by the CDW motion in an anhar-
monic potential. We have shown that such a mo-
tion can be synchronized with an external rf field.
Experimentally we find that the frequencies are
proportional to the current carried by the CDW
and that the fraction of condensed electrons is in
quite good agreement with other experiments.
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Enhanced Inelastic Light Scattering from Metal Electrodes Caused by Adatoms

A. Otto, J. Timper, J. Billmann, and I. Pockrand
Experimentalphysik III, Universitat Disseldorf, D-400 Diisseldovf 1, Fedeval Republic of Germany
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The intensity of the continuous inelastic light scattering from a silver electrode in a
ClO, electrolyte depends on the potential and the amount of redeposited silver. These
experimental observations are consistently explained by the concentration of silver ad-

atoms at the electrode surface.

PACS numbers: 78.35.+c, 68.45.Da

Since 1977 there has been an increasing inter-
est in the phenomenon of surface-enhanced Raman
scattering (SERS) from adsorbates on metals.!
Billmann and Otto® present new experimental evi-
dence for a local enhancement mechanism, in con-
trast to recent theoretical and experimental
claims® for a nonlocal enhancement mechanism
by electromagnetic resonances caused by rough-
ness on a scale of 500 A.

A local enhancement mechanism is the adatom
hypothesis.*’® It predicts resonant Raman scat-
tering from adsorbate vibrations for adsorbates
chemisorbed to adatoms and a structureless
background due to resonant electronic Raman
scattering.*'® The resonance is caused by itiner-
ant electron-hole pairs in the metal which are the
intermediate state in the scattering process.””®
The adatom mediates strong coupling of the photon

to metal electrons.

In this Letter we report new experimental evi-
dence strongly supporting the adatom hypothesis.
Then we describe the parameters which will in-
fluence the adatom concentration on an electrode
(e.g., Ag adatoms on a silver electrode) and later
show that the measured background intensity fol-
lows the expected concentration of adatoms.

In metallic crystal growth the important sites
of atoms at the surface are the monoatomic step,
the kink site within a step, and the adatom, which
is an isolated atom on an atomically smooth sur-
face.

The binding energy of a kink-site atom equals
the cohesive energy of the metal (per bulk atom),
whereas the binding energy of an adatom is twice
the surface energy of the metal (per surface
atom).'® For all alkali, transition, and noble
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