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We have measured the variation of the differential resistance as a function of the elec-
tric field for temperatures below those at which the two charge-density waves (CDW)
form in NbSe;. The shape of the dV /dI variation is very sensitive to temperature, partic-
ularly below that at which the anomaly due to the lower CDW shows its maximum. We
have observed that for some samples a very sharp drop with a deep minimum in dV /dI
occurs at the critical electric field value where the charge-density wave is depinned. Over
a large range of electric field below this dip we have measured low-frequency noise. We
develop a model where the phase of the charge-density wave is described as an over-
damped oscillator. If we consider the sample as consisting of a unique domain, we find
that the differential resistance has an infinite negative value at the critical electric field
when the current in the sample is regulated. We also obtain expressions for the variation
of the frequency of the modulation of the current carried by the charge-density wave as a
function of the electric field and for the amplitudes of the harmonics of this modulated
current. To account for a more realistic description of the sample we suppose that it is
formed of multiple domains. We explain the low-frequency noise as the depinning of in-
dividual domains and the dip in d¥V /dI as resulting from the distribution of the electric
critical fields of this assembly of domains. We have also studied the dV /dI variation for
NbSe; samples doped with tantalum and titanium. The shape of the d¥ /dI variation
near the critical field gives a good indication of the distribution of the pinning centers in-
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side the sample.

I. INTRODUCTION

Among the transition-metal trichalcogenides,
NbSe; has been the most intensively studied since
1975 (when it was synthesized for the first time')
because of its many interesting properties. Two
charge-density waves (CDW’s) occur at T} =145 K
and T, =59 K.2 Superstructures have been ob-
served by electron diffraction® > and x-ray stu-
dies.® The CDW’s are incommensurate with the
main lattice, and the wave vectors along the a*,
b*, and c* directions are, respectively, (0,0.243,0)
at T; and (0.5,0.259,0.5) at T,. The two CDW’s
seem to be independent, as can be seen by the ab-
sence of variation in the intensities of the superlat-
tice spots of the upper transition at the tempera-
ture where the lower one develops.® Interplay be-
tween CDW distortions and superconductivity is
very sensitive to pressure or impurities. Pressure
studies indicate that T, decreases rapidly with
pressure and has disappeared for P ~5.5 kbar.’

Above this pressure NbSe; is a bulk anisotropic su-
perconductor with a total Meissner effect® and a
ratio of 5.5 between the superconducting critical
fields when H is parallel or perpendicular to the
chain direction.’ Zero resistivity below 1.5 K has
been measured on samples doped with titanium,'”
zirconium,'! and tantalum!'? impurities. Magne-
toresistance measurements at low temperature re-
veal periodic oscillations and the mapping of the
Fermi surface which remains after the two succes-
sive lattice distortions have been made.!>!* The
fect of the pressure on the shape of the Fermi sur-
face at low temperature has also been studied.®
However, the more fascinating properties of
NbSe; are related to nonlinearity induced by the
electric field below T';. It was shown that the
resistive anomalies associated with the gap forma-
tion below T; and T, were strongly reduced with
weak dc electric fields [a few tenths of V/cm for
T, and typically 1 V/cm for T, (Ref. 15)] and
were frequency dependent.!®!7 The extra conduc-
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tivity was interpreted as the conductivity associat-
ed with the motion of the CDW’s.!® Frohlich!® in
1954 proposed a model where a CDW could slide
freely in the crystal without resistance if its phase
were invariant by translation in the crystal. Lee,
Rice, and Anderson® showed that, in reality, the
phase of the CDW could be pinned by several
mechanisms, such as commensurability between
the main lattice and the period of the CDW or
Coulomb interactions between adjacent chains or
impurity pinning. However, if an electric field
strong enough to overcome the pinning energy
were applied, the CDW can be depinned and car-
ries a current. This depinning field E, was calcu-
lated by Lee and Rice?! and observed by Fleming
and Grimes.?? This field is impurity dependent.
Several laws have been calculated by Lee and
Rice?! according to the type of impurities: a para-
bolic dependence on the impurity concentration for
isoelectronic impurities or a linear dependence for
nonisoelectronic ones. Experimentally, it has been
shown that E_; [for T (Ref. 23)] and E,, [for T,
(Refs. 10 and 24)] increase with the amount of im-
purities.

Lee and Rice?! suggested that the motion of the
CDW could be a motion as a whole or through
dislocations generated inside the CDW superlattice
by, for instance, Franck-Read sources. The extra
conductivity was also explained by the creation of
soliton-antisoliton pairs by the electric field®® or by
the depinning and the motion of soliton lattices.?
Finally, the non-Ohmic conductivity was associat-
ed by Bardeen?’ with the tunneling of the CDW
through the pinning potential. Introduction of a
correlation length in this theory?® leads to a critical
electric field.

At the same electric field where nonlinearity
starts, Fleming and Grimes?? observed that noise
was generated between the voltage leads of the
samples. A study of this noise showed that it was
formed of two parts: a broad-band noise and a
quasiperiodic noise,?>?*~3! whose frequencies in-
crease with the electric field. We applied a rf field
to NbSe; samples in the nonlinear state, and we
showed that interferences between the external fre-
quency and the periodic noise occurred. These in-
terferences were seen as steps in the dc I (V)
characteristics.*> We interpreted the periodic noise
as the Fourier spectrum of the motion of the CDW
in the anharmonic potential created by the impuri-
ties.> We verified the proportionality between the
current carried by the CDW and the velocity of
the wave.
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Hereafter, we report measurements of differen-
tial resistivity, noise analysis, and synchronization
with external rf fields for the two CDW’s of
several samples of NbSe; with different purities.
We organize our results in a series of two papers as
follows: In paper I we discuss the differential
resistivity dV /dI as a function of the applied
current. We show that for some temperatures and
for some samples dV /dI has a sharp dip near the
critical field. We calculate the V' (I) characteristic
with the model we used previously*? and show that
if the sample is considered as a single oscillator the
model cannot account for the experimental results.
In fact, Fung and Steeds*’ have observed in NbSe;
by dark-field electron-microscope studies domains
whose typical dimensions are 2 gm X200 A X200
A. Assuming a Gaussian distribution of critical
electric fields for the multiple domains, we can ex-
plain qualitatively the dV /dI variation.

In paper II we concentrate on the quasiperiodic
noise. We have performed synchronization of the
noise frequencies by external rf field for the two
CDW’s. We show that the proportionality between
the current carried by the CDW and the velocity is
the same for each CDW. We conclude that the
numbers of electrons carried by the wave is the
same for the two CDW’s. We generalize our pre-
vious work where a unique domain radiated a rf
current. With a multidomain assembly we show
that all the frequencies generated in each domain
self-synchronize to give a coherent signal across
the sample.

II. EXPERIMENTAL TECHNIQUES

The NbSe; crystals were grown as described in
Ref. 1. We recall that its structure consists of in-
finite chains of selenium trigonal prisms stacked
on top of each other by sharing the triangular
faces. The niobium atoms are located roughly at
the center of the prisms. The chains are parallel to
the b axis, and the chains are linked together so as
to form infinite slabs parallel to the bc plane.
These slabs are two trigonal prisms thick and they
are linked together by weak Se—Se bonds. Band-
structure®* 3 studies show that the energy bands
rise rapidly along the b axis but vary slowly along
the directions perpendicular to the chain axis, indi-
cating a pseudo-one-dimensional character for
NbSe;. These calculations also show the Fermi
level crosses only four bands.

The monoclinic unit cell is formed with six
chains which, following Wilson,*® can be separated
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in three groups of two according to the distance
between the Se—Se bondings in the basic triangle
of each trigonal prism. These distances are,
respectively, 2.37, 2.49, and 2.91 A. The two short
distances are of the same order of magnitude as
that found in solid selenium (2.32 A) and suggest a
covalent bonding Se,>~. The six cations per unit
cell introduce 30 electrons. Each chain with strong
interaction Se-Se (X 4) accounts for two electrons
for Se,2~ and two electrons for Se?~. The chain
with the weakest Se-Se interaction ( X 2) accounts
for 23 electrons for each Se?~. Two electrons
remain to be shared between only four niobium
atoms (because the energy band of the chains with
an equilateral basis is much higher than the Fermi
level®*—3%). Thus there are 0.5 electron per niobi-
um; with the spin degeneracy the Fermi level in
the one-dimensional picture is exactly at 0.25b*.

In fact, the four niobium atoms are not exactly
equivalent and there are not exactly 0.5 electron
per each niobium; experimentally, the superstruc-
ture spots appear at 0.243b* for T, and 0.259b*
for T,.

The previous measurements gave an absolute
resistivity of 600 uQcm.!® Because of the great
difficulty of measuring accurately the cross-section
area, values of the absolute resistivity show great
dispersion in the literature. We measured the cross
section of several crystals with a scanning electron
microscope and found p~250 uQ cm.** Ong and
Gould®! have reported p ~ 150 uQ cm, Nakamura
and Aoki®’ a value of 100 £ cm, and Kahlert®® a
even smaller value on a very tiny sample (~ 1
um?). In the following we will keep the value of
250 uf) cm, but a large uncertainty remains which
requires more systematic measurements.

With two electrons for each unit cell we obtain
at room temperature an electron concentration of
3.9%10?! cm™3. Tessema and Ong*® have deduced
from Hall-effect measurements a value of
1.39x 10?! ecm ™3, which is less than 3 times lower
than the value we obtained. We think that the
description of NbSe; as a semimetal with small
pockets of holes and electrons is not correct at
room temperature.*® Such a model requires that
some bands cross near the Fermi level as for
tetrathiafulvalene tetracyanoquinodimethane
(TTF-TCNQ) where the bands are 7 type. Howev-
er, in NbSe; all the bands are dz? type, and band
calculations show that their energies monotonically
increase along the b axis.

It is interesting to compare NbSe;, for example,
to copper. The conductivity is given by o=ne’r/

m*; for copper m* equals the electronic mass m
and n ~25000 C/cm®. For NbSe; m* ~6m (the
effective mass of the d electrons of niobium) and
we estimate n ~625 C/cm? (with two electrons per
unit cell). So

Ocu ~250 TCu

ONbSe, TNbSe,

‘but 0, =62.5%10* (Qcm)~! and we take
ONbse,=0.4x 10* (@ cm) ™" and

g,
& _150.

ONbSe,

Unfortunately we do not know TNbSe, It is likely

that in a covalo-ionic system as NbSejs, it might be
lower than that in copper. However, by this com-
parison we show that the number of electrons at
room temperature for NbSe; can be deduced by
simple calculations.

We have performed experiments on many sam-
ples from different batches. We report results on
seven samples. In Table I we indicate the resis-
tance ratio between room temperature and helium
temperature, the length of the samples, the critical
fields E. and E,, at the temperatures where the
resistance is maximum (125 K for E. and 47K

for E, ).
2

The differential resistance of the samples is mea-
sured with four contacts by an ac bridge working
at a frequency of 33 Hz. Its bandpass width is
1/4r, where 7 is the time constant of the filter
behind the lock-in detector (typically 0.3 or 1 s).
The noise factor is 0.6 X 10~° V/V'Hz. The ac
current can be varied between 0.01 and 10 uA.
Superposed on this ac current we sweep linearly
with time a dc current, and we record the output
of the bridge as a function of this dc current on an
x -y recorder. After many temperature cyclings
and high dc current excursions, we have observed
that contacts made by pressure between the sample
and gold leads evaporated on a quartz substrate al-
ways give the same variation of dV /dI for the two
orientations of I whereas silver paint contacts
deteriorated faster. The contacts of sample 5 were
made with silver paint and those of sample 6 by
pressure.

The samples were inserted in a regulated
helium-gas flow, and the temperature was mea-
sured with calibrated germanium and platinum
thermometers near the sample. The stabilization
of the temperature was better than 0.1 K for
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TABLE I. Lengths, residual resistance ratio (RRR), and critical electric fields Ec1 and Ec2 at the temperatures where the resistance is maximum (125 K for E‘x

and 47 K for ECZ) for all the samples studied in this work. We indicate also the kind of noise analysis performed on these samples: analysis with a spectrum

(Sample 1 was labeled as sample B2 of Ref. 32.)

analyzer or with synchronization with an external frequency.

Room

temperature

Frequency

Spectrum

resistance

NbSe 3

Batches

synchronization

analyzer

(Q) RRR (mV/cm) (mV/cm)

(mm)

sample
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<R OUw O OQRKR

32K < T < 52K

153 97.8 58.6
100

1.0
0.6

T=47 K

17.6

114

41, 46, and 52 K

T =

54
87
50
40

433

17.3

21.6
127

1.0

0.35
0.85
1.25

395

38.7

35 K<T <53 K
9 K<T <135 K

223 395

93
329
210
541

49 K
40 and 46 K

T=

36, 49, and 54 K

T=

22.4

T =

1471

7.3
7.2

0.625
0.95

doped with 250 ppm of Ta 7

376

doped with 1000 ppm of Ti 8

several hours. For temperatures below the peak in
resistivity, any heating of the sample is easily
detected because d¥ /dI increases before the de-
crease due to the depinning of the CDW. Such
heating is important for the T'; transition because
of the large value of the depinning fields. Conse-
quently, we have immersed the samples in liquid
argon. Argon gas is condensed at 87 K at ambient
pressure. The temperature can be varied between
the critical point at 150.9 K under 48.3 bars and
the triple point at 83.8 K for 0.6 bar. The indica-
tion of temperature was given by the calibration of
the vapor pressure of argon but, because of possi-
ble temperature stratification, the temperature was
measured with a platinum thermometer near the
sample. Typically in the range of temperature
where we performed experiments the maximum
dissipation in the sample was 0.1 W/cm?. The
heat exchange between the sample and the liquid
argon is expected to be very satisfactory up to 1
W/em?,

For measuring the noise the voltage across the
sample was amplified with a differential preampli-
fier PAR 116 connected to a PAR 124A lock-in
amplifier used as an ac voltmeter. We have
recorded the noise as a function of the applied
current either with a broad-band frequency facility
or for some well-defined frequencies with the selec-
tive facility typically with a quality factor Q of 20.
The ac voltmeter gives only an rms value if the
signal is sinusoidal, which is probably the case for
the selective measurements but not exactly true for
the broad-band measurements.

III. EXPERIMENTAL RESULTS
A. Temperature dependence of dV /dI

In Fig. 1 we show the variation of dV /dI for
sample 4 as a function of the applied current for
different temperatures below 7. As found previ-
ously by Fleming and Grimes?? the differential
resistance is constant up to a critical current [as
for all our measurements we regulate the current,
so we use either the critical electric field E, or the
critical current I, =(I/R)E_] above which it de-
creases and where noise (in this experiment at 33
Hz) is generated in the sample. For sample 4 the
minimum of the critical field E., is 87 mV/cm at

45.5 K. E., increases at low temperature and also

near T,,. We observed the same variation of

dV /dI with temperature for sample 1 (labeled B2
in Ref. 32).
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FIG. 1. Variation of the differential resistance d¥V /dI
as a function of the applied current for different tem-
peratures for sample 4. The sharp drop in dV /dI de-
fines the depinning electric field of the CDW.

When the nonlinear properties of NbSe; were
discovered for the first time,' it was found that
experimentally the conductivity followed the ex-
pression

—Ey/E
0=0,+0pe

) (1)

suggesting a Zener tunneling. To account for the
critical field Fleming and Grimes?? postulated that
the total current was given by J =0¢’E with

o, for E<E,
o'(E)= (2)

—E4NE—E,)
og+ope ° ¢ for E>E,

Recently Fleming?® proposed another empirical ex-
pression for the conductivity:

o, for E<E,

7= E—E,
g

—Ey/(E~E,
04+
a E

: for E>E, .

(3)

The differential conductivity obtained from expres-
sions (2) and (3) can be calculated with three
parameters: E, E., and 0, /0,. A good agree-
ment was found by Fleming and Grimes?? and
Fleming,?’ although structures in the variation of
dV /dI as a function of E lead to small deviations
between experimental and calculated variations.

For sample 4 the dV /dI variation at 55.7 K is
very similar to the measurement reported by Flem-
ing for approximately the same temperature. The
extra conductivity is nearly saturated above 3E,.
However, when T is decreased the variations of
dV /dI do not follow expressions (2) or (3). A de-
crease in dV /dI is still observed up to 8E,. At
low temperature dV /dI shows a large rounding
near the critical field.

We have observed new features in the variation
of dV /dI and we show in Fig. 2 the results for
sample 5. For the upper CDW transition (at
T =130.9 K) and near T, (for T=54.4 K) dV /dI
follows the same behaviour as sample 4 and is
similar to the Fleming results. But when T de-
creases typically below 52 K, the variation of
dV /dI can be separated into four parts according
to the strength of the electric field. At low current
dV /dI is constant without any noise; after that a
slight decrease of dV /dI (less than 10~ of the low
field resistance) is observed with a very small low-
frequency noise (33 Hz in this experiment); then
dV /dI shows a very sharp drop with a minimum
in an electric-field range of a few percent of the
critical field; for higher electric fields dV /dI de-
creases slowly with the current. This kind of
behavior was obtained for many samples of dif-
ferent batches. The sharp dip cannot be related to
the purity of the sample. Sample 4 with a resis-
tance ratio of 38 does not show this dip, whereas
sample 5 with a resistance ratio of 22.3 does.
However, the samples doped with titanium or tan-
talum have a variation of dV /dI with the current,
similar to sample 4. In Fig. 3 we have drawn the
dV /dI variation for a sample doped with 1000
ppm of titanium (sample 8). The sample was
grown in a batch with niobium and selenium in
stochiometric proportions and with 1000 ppm of
titanium. We do not know the exact amount of
impurities in the sample because different samples
from the same batch do not have the same resis-
tance ratio. Sample 8 has a resistance ratio of 7.2.
At 49.2 and 45.9 K a well-defined critical field is
measured. However at 40.3 K, before the decrease
of dV /dlI, there is a electric-field range where
noise is observed without variation of dV /dI. This
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FIG. 2. Variation of the differential resistance d¥ /dI as a function of the applied current for sample 5. The curve
at 130.9 K corresponds to the depinning to the upper CDW transition. The other curves concern the lower CDW. The
shape of the variation of dV /dI at low temperature is totally different when compared with sample 4 shown in Fig. 1.

A sharp dip in dV /dI is observed below 45.5 K.

electric-field range increases when T decreases,

But for this very impure sample we do not observe
sharp dips as for sample 5. We measured typically
the same variation for a NbSe; doped with tan-
talum with the same resistance ratio.

A comment has to be made here about the criti-
cal electric field as a function of the purity of the
samples. In Table I we report the critical electric
fields at the temperature where they are minimum
for the T, transition. It is clear that E, increases
when impurities are introduced. However, tan-
talum is believed to be an isoelectronic impurity
and consequently to be a weak-pinning impurity,
whereas titanium would be a strong-pinning impur-
ity because it is nonisoelectronic. Lee and Rice?!
calculated that E, varies as c¢? for isoelectronic im-
purities and ¢ for nonisoelectronic impurities. We
see that for the same resistance ratio of .about 7.2,
E, is practically the same for tantalum or titani-

um impurities. We found that for different con-
centrations of titanium, tantalum, and zirconium

impurities E, increase with a law intermediate be-
tween ¢ and c? without a difference in the type of
impurities.?

As will be explained below we estimate that the
different types of behavior near the critical field as
observed in samples 1, 4, and 5 are due to the dis-
tribution of the pinning centers inside the crystal.

B. Noise

The variation of the rectified ac voltage generat-
ed in the crystal as a function of the applied
current is shown in Fig. 4. The same features are
observed for the noise signal as for dV/dI. A very
sharp increase in noise appears at the same electric
field where a dip in dV /dI is observed. In Fig. 4
we show the large band (0—200 kHz) noise. At
low current the noise is instrumental and typically
2 at 3 uV. The noise voltage is typically 102 of
the dc voltage near the critical current. The noise
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FIG. 3. Variation of the differential resistance dV /dI
as a function of the applied current for NbSe; doped
with titanium impurities (sample 8). The nominal
amount of impurities is 1000 ppm. At low temperature
it can be observed that low-frequency noise appears in a
large electric field range before the decrease of dV /dlI.

variation shows structures as first observed by
Fleming and Grimes.?? In paper II this signal will
be analyzed with a spectrum analyzer and the
study of the frequencies in the noise will be made.

C. Negative resistance

The extreme sensitivity on the temperature of
the variation of dV /dI as a function of E is shown
in Fig. 5 for sample 3. At 51 K dV/dI decreases
smoothly above 500 uA with some rounding.

Only 4 K lower, sample 3 shows the same behavior
as does sample 5, i.e., a very sharp drop in dV /dI
but more dramatically because the drop is larger
than the nominal resistance of the sample at weak
electric field. In the inset of Fig. 5 the V(1) curve
shows a “knee” with a nearly horizontal variation.
This large dip urged us to see if a negative resis-
tance might be observed in this sample. All the
measurements in Figs. 1—5 were made with a re-

Sample 5
|
ln‘ h
\’NM”V T=44.5K
ds 4
vy, tl‘!
! 1
© /
& |
: |
S flat noise
o ..J
.g ot ]1 v
c
7 T=54.3K
Nvnnnim
'\4\\»/\\,\,\
1 1 1 1 1 1 1 1 1 1
0 100 200 300 00 S
(1 A)

FIG. 4. Variation with the applied current of the
broad-band noise voltage between the voltage leads of
sample 5.

gulated current with a source impedance much
higher than the resistance of the sample. The neg-
ative resistance could be masked by parasite capa-
citances. We separated the sample from the
copper sample holder by more than 3 mm of
quartz to reduce these capacitances, but without ef-
fect on the dV /dI variation. We also shunted the
current leads with capacitances between 2.2 nF and
2.2 uF to insure a voltage-controlled situation, but
again the dV /dI variation was the same as for the
current-controlled cases. In fact we tried to im-
pose a current- or a voltage-controlled situation in
a macroscopic scale, but the sample is formed by a
network of domains, and for each domain neither
the current nor the voltage is controlled and the
overall behavior is not affected by extra capacti-
ances.

D. Frequency dependence of the depinning field

As seen in Figs. 2, 3, and 5, a general feature of
the variation of dV /dI at low temperature is the
onset of noise at low frequency associated with a
very small decrease of dV /dI in a large electric
field range before the sharp drop of dV/dI. We
have analyzed the frequency dependence of this
noise with the PAR 124A lock-in amplifier used in
ac mode with selected frequencies with a Q of 20.
In Fig. 6 we show dV /dI at 24.3 K for sample 6.
The variation is very similar to sample 3 although
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FIG. 5. Variation of the differential resistance dV /dI
as a function of the applied current for sample 3. The
drop in dV /dI is higher than the nominal resistance of
the sample for very small current: In the inset the
characteristic V(1) is drawn. However, negative resis-
tance was not observed in NbSe;.

the drop is smaller. At 33 Hz, which is the fre-
quency of the ac bridge, the amplitude of noise in-
creases sharply at 180 pA (exactly as observed in
the variation of d¥ /dI with the ac bridge) and is
maximum at 500 uA. At 33 kHz the amplitude of
noise increases only at 500 uA, where dV /dI drops
suddenly. Thus we demonstrate that the definition
of the critical field might be ambiguous and is a
function of the frequency. As seen later in paper
IT we will associate the low-frequency noise with
the depinning of independent individual domains,
whereas we will show the sharp drop corresponds
to the synchronization between all the domains.
We can define two electric fields, the first field
when the low-frequency noise appears and the
second field when dV /dI starts to decrease. We
have observed that these two electric fields become
increasingly separated when the temperature de-

Sample 6
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|

. 1

o
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;l; 71.7Q )
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100
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1 A i !
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FIG. 6. In the lower part: variation of the differen-
tial resistance as a function of the applied current for
sample 6. In the upper part: the noise voltage at 33 Hz
starts to increase at 180 pA and the noise voltage for

3.3 kHz at 500 pA at the same current where dV /dI
drops.

creases and converge into an unique critical field
near the temperature where the resistivity is max-
imum for the lower CDW. This low-frequency
noise does not seem to have been observed previ-
ously by Fleming® because of the too high band
pass of the amplifiers he used.

E. Effect of a superposed rf field

We have seen in Sec. III D that a large frequen-
cy spectrum is associated with the sharp drop in
dV /dI. We have applied a rf field with a constant
amplitude and looked at its effect on the variation
of dV/dI. The results for two frequencies are
shown in Fig. 7. A rf intensity at 50 MHz has no
effect on the shape of the dV /dI variation, which
is identical to the zero rf intensity case. However,
with a rf intensity at 100 kHz two effects are visi-
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ble: Firstly, the dc critical field is reduced; second-
ly, the drop in dV /dI is much more gradual and
the minimum dV /dI is practically removed. We
have performed the same kind of experiments with
different amplitudes of the rf fields and different
frequencies on sample 5. We have observed that at
relatively low frequencies (less than 200 kHz) when
the amplitude of the rf field is not too large (less
than the dc value) the dc electric field is reduced to
a value E; such that the sum of E; and the rms
value of the amplitude of the rf field equals the dc
critical field without the rf field. But at higher
frequencies (more than 1 MHz) there is no longer
any effect on the dc critical current. This com-
bination between large-amplitude rf fields with
variable frequencies and dc fields needs more work
to be completely understood.

T T T T T T T

dVv (Q)

Ef:r Sample 6

© T=48.6 K

Ig=1.8LA V=100 kHz

A\

I I¢ =NBUA V=50 MHz

1 1 1 1 1
0 20 40 60 80 100 120 140 160

(1 A)

FIG. 7. Influence on the critical field of the superpo-
sition of a rf current on the dc current. At the frequen-
cy of 100 kHz the dc current is reduced compared to
the value with zero-frequency current and the deep
minimum in dV /dI is suppressed. At the frequency of
50 MHz the rf current has no effect on the dV /dI vari-
ation.

IV. PHENOMENOLOGICAL MODEL
FOR CDW MOTION

The nonlinear transport properties of NbSe; are
generally explained by the motion of the charge-
density wave, which carries a net electrical current,
superimposed on the current of free electrons when
the field reaches a critical field, necessary to over-
come pinning forces acting on the CDW conden-
sate.

A. Physical hypothesis

We gave previously®? the physical hypothesis of
the model of CDW motion. We develop below in
more detail the ingredients of such a model.

1. Charges in motion when CDW moves as a whole

If the wave vector ¢ of CDW is incommensu-
rate with the lattice and if the lattice-CDW in-
teraction is not too strong, the position of the ori-
gin of phases for the CDW is degenerate, and we
get a (Goldstone) degeneracy, i.e., a possible con-
densation in a moving frame with uniform speed v
and with extra energy of inertial type. The effec-
tive mass m’ of the CDW is a few electronic
masses per condensed electron, due to a partial
screening of the electric potential by a lattice de-
formation, so that ions get some oscillation kinetic
energy in the case of motion of the CDW. If con-
densation were complete, i.e., for a true one-
dimensional material at low temperature, the total
current density associated with the motion of the
CDW would be

j=—nev ,

where # is the total number of electrons in the
band affected by the CDW per unit volume.

In the case of a strongly anisotropic metal like
NbSe; the fit of the Fermi surface by a translation
of q is probably not complete so that » is only an
important fraction n’ of the number of electrons in
the band affected by the CDW condensation. Oth-
er parts of the Fermi surface give Ohmic conduc-
tivity in the CDW state at fields below the critical
field. The total current density can now be written

j=—n'ev+0E ,

where o is the Ohmic conductivity at low electric
fields.
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2. Forces acting on CDW

There are three kinds of forces acting on CDW:
electrical forces, damping forces, and pinning
forces. We shall discuss these forces per unit
volume.

Since the current carried by the velocity v is
—n'ev, the electrical force is

Fy=—n'eE .

Damping forces may arise from various mechan-
isms: excitation of low-energy phasons by the
motion, coupling of the oscillations of the lattice
when the CDW moves with very-low-energy pho-
nons by anharmonic terms, mutual friction be-
tween CDW and free-electron motions, etc. In any
case the density of damping forces will be propor-
tional to the velocity v, and at a given temperature
can be defined by a coefficient of “viscosity”:

’
Fdampz_nv ’

with ' a function of T.

Pinning forces are more difficult to take in ac-
count. The main interaction between impurities
and the phase of the CDW is via Friedel screening
oscillations, which have an oscillatory behavior
with q =2k, the same as that for the CDW dis-
tortion. If the two oscillations have the same
phase, they will help each other and we shall get a
minimum in energy. For the opposite situation,
phase opposition, the energy will be at a max-
imum. For a given position of the impurity 7;, we
get a periodic energy, which can be written as

Winteract = VoCOS[(ﬁ(V,- ) “'¢(ri )] ’

where ¢ is the phase of the CDW at the impurity
position, and ¥ the ideal value taking into account
the relative charge Z of the impurity in the matrix.

Just as with superconducting pinning, the main
problem is how to sum these random forces to get
a net irreversible force, which, at least for macro-
scopic samples, has to be proportional to the
volume. Without further information we are re-
duced to working with hypothesis. The simplest
one is the following.

At T,, & is rather large, there is nucleation of
CDW domains at places where in the random dis-
tribution of ¢(r;), and there is an overall coherent
interaction which fixes the phase of the domain in
an attractive position. At slightly lower tempera-
tures the domains grow, encompassing less favor-
able ¥. When two domains arrive in contact, if the
phase difference is small they give a single domain

with well-defined phase, but if the phase difference
is high enough (say of the order of 7), a normal
wall appears and subsists between the two adjacent
independent domains.

This hypothesis is supported by the analogy with
weak superconducting contacts giving the Joseph-
son effect. In the case of superconductors, the am-
plitude and phase of the order parameter play the
same role in the Ginzburg-Landau-Abrikosov-
Gor’kov (GLAG) equation for free energy, but for
a CDW distortion MacMillan*® has shown that
phasons have lower energy than amplitudons.
However, our model is consistent with

(a) the observation by Fung and Steeds® of
domains by electronic microscopy, and

(b) the appearance at low temperature of partial
superconductivity observed by Haen et al.*!

This last feature can be explained by the fact that
it is well known that a one-dimensional material is
ordered at low temperature, either by a CDW tran-
sition or a superconducting transition or a spin-
density wave (SDW) transition. If by pressure one
destroys the CDW transition T',, NbSe; becomes a
bulk superconductor with a critical temperature of
2.5 K.” However, at ambient pressure the CDW is
suppressed in the surface of thickness £ between
two domains, and a filamentary superconductivity
appears with nonzero resistivity and the absence of
total Meissner effect.

The domains that we are discussing are not ex-
actly the same as those postulated by Lee and
Rice?! for the weak-pinning impurities. In this
case each impurity is too weak to pin the CDW,
but the CDW can be pinned by the fluctuations of
the number of impurities in a large volume. Each
domain has a huge charge which consequently
gives a very weak electric field to depin the wave.
The main hypothesis of our domain description is
that the order parameter is zero at the borders of
each domain so that coupling between adjacent
domains requires only conservation of the electric
current and continuity of potential without any
coupling, such as a Josephson potential.

Thus we think that the sample is formed by in-
dependent domains, each of them having a nearly

-ideal phase, in motion as

o(r,t)=qr + (1)

and at equilibrium as

=7 T+¢o .
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Inside each domain, pinning forces can be ex-
pressed as

F=qV, Y sin[¢o+(gr; — ;)]
i

where @, is the phase, say, at the center of the
domain. The composition of the random forces
over (i) impurities belonging to the domain gives a
net pinning force with a periodic dependence in ¢

F =Fosin¢0 .

Since we have many domains each domain will be
labeled by an index j:

Fpinj: +Fjsm¢] ,
and the equation of motion will be
(m'n’)_/'—{-n’v+n’eﬁ)—Fjsin¢j:O , (4a)

where v; is the volume of the domain.
The velocity is associated with the translation of
phase:

_31_4d9;1
3t ¢ dt q
Until frequencies are of the order of 10'°, the iner-
tial term is much lower than the dissipative one,
and one can use the equation of motion which is
that of an overdamped oscillator:
=¥ LS., R
g o ~—vjsm¢j——n eE . (4b)

However, analysis of the properties of a CDW
described by a damped oscillator including the
inertial term has also been made.**~*

Since 7’ is not well defined by microscopic cal-
culation, one can change 7'/q to 17, and by using
the algebraic value of the electronic charge,

dd;
n—zi(i—j—j"jsimﬁj:n’eE .

fj due to random composition of impurity poten-
tials and phases has no reason to be the same for
each domain. If, for example, a domain contains a
mean value of 100 impurities, f; is a random vari-
able with a mean-square dispersion of “0 of its
mean value. Equation (4b) was recently derived by
Griiner et al.*® assuming the same hypothesis as
that in Ref. 32.

B. Single-domain behavior

For a given domain we have two equations:

n%—‘f——f sing=n'¢E , (5a)
j=n'ev+0E . (5b)

The critical field is obtained for d¢ /dt =0:
n'eE,=f
and 6)

E=-L .
n'e
This electric field is the field when the electric
force overcomes the pinning force. With the intro-
duction of the dimensionless variable

=1
T=-L, 0
f
we can change Eq. (5a) to
T%‘é —sing= EE: .

Equation (5b) can also be modified. If one applies
a very high electric field E >> E,, one experimen-
tally can define S8 as

g —»oo_a —
k2 ®)

OE-0

In the equation of motion sing is negligible com-
pared to E/E,,

90 E
"ot E.’

so that Eq. (5b) gives

. n'e 3¢ n'e
E=E
j= g ot +o0o O+ ——— g7E.
however,
qTE ’

and (5b) becomes

j=0E +BO’TEC‘EM=U E+BEC7'% ] .
ot at
Therefore (5a) and (5b) can be written as
0 _E
at E, +sm¢ , (9a)
j=o0 |E+BE, T?:: } (9b)
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1. Behavior at a given field E > E,

The phase ¢ increases by 27 after a period de-
fined from (9a):

2
T=r1 "———-—d(ﬁ,
0 E/E,+sing
1

=27 -
T [(E/Ec)z—l]l/z

The average value of 3¢ /0t is (3¢ /3t ),,=2m/T.
Thus, above the critical field the motion is the su-
perposition of a continuous drift and a modulation
due to the pinning. The continuous current is, fol-
lowing (9b),

j=0[E+BE*—-EH'?], (10)

and the modulation has periodic components with
frequencies of a multiple of
2 172

E —1

11
E, (1

1
w=—
r

The variation of @ with E indicates a curvature
downwards, whereas experimentally the w(E) vari-
ation is concave upwards.*

2. Behavior at a given current

E is now a function of time, but j is given and
(9b) can be written

E=L _pE 2L
o ot

and (9a) can be written

3 _

J 5 0
ot pr

oE, ot t+sing,

9 _ g
T ot (1+pB)= oF, +sing .

The equation of motion is of the same as that in
the case where E was imposed, but with a different
time constant. Moreover,

L (12)
oE. J.

so that
T=2mr(14+p) L

[G /=117

and

172
(13)

L2
L1
Je

In Fig. 8 we have drawn the shapes of the charac-
teristic E (j) normalized to E, and j, in the two
cases where the electric field [Eq. (10)] or the
current [Eq. (13)] is regulated. In the same figure
we have drawn the derivative dE /dj normalized to
E, and j, for the two same cases. An important
feature is that we get an infinitely negative dif-
ferential resistance in the case of a current-
regulated characteristic, and a zero differential
resistance in the case of a field regulated near the
critical conditions. For a very high electric field
the limit value of dE /dj is 1/(1+ ). It can be
noted that the limit value is approached from
lower values, whereas experimentally we find that
dE /dj decreases towards this value for a very high
electric field.

T T T T
1 -
Jo dE|
E.dJ -
Of .
-1
—__E regulated
..... Bardeen fit
L Limit B
-2 T "
z A
1 7
2 .
. -
- // —
e=§— A - -
c1 _‘ I - —
o — i
-
L
—
—
—
0 - 1 1 1 i
0 1 2 3 4 il

FIG. 8. Variation of E(J) and dE /dJ normalized to
E, and j. in the two cases where the electric field [Eq.
(10)] or the current [Eq. (13)] is regulated. Also shown
is the variation of E(J) and dE /dJ obtained by Bardeen
[Eq. (24)] in his theory of the tunneling of the CDW
though the impurity pinning.
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3. Fourier components of the current
at regulated field

We shall write

E _ 1
E, 70

Equation (9a) gives
T’%?' =e+sing . (9a")

If ¢ is the solution of (9a’), the function
1
Z=——""""
e +sing

is a function of time which obeys the differential
equation

Sl e

”n
z +z= ’
e?—1

(14)

as can be seen by two time derivatives, so that

(62—1)1/2

e +sin t 4+

b

(15)

where ¢ is an arbitrary phase factor. However, we
have

dé _ 1 oy 11

dt T(e+sm¢)_ Tz’
SO

i i

“e —_)——

a T et )
where we have written

2 12
p=te=D" (11"
T

Standard Fourier-transform calculation gives

1'%?—:(&_1)1/2 1+2K cos cot+-721+¢, +2K2c0s2 wt+127—+¢ 4o
42K "cosn wt+127—+¢ 4o J , 16
[
. Although we measure in some cases a sharp
K=e—(e?—1)? 17 drop in dV /dI, the nonobservation of negative dif-

The amplitude of the fundamental frequency is
simply

2e2—1)"le—(e?—1)'?
From (9b) the current carried by the CDW is

jCDWIUBECTa—¢ , (18)
ot
and 73¢ /0t is given by Eq. (16).

In Fig. 9 we have plotted the amplitude of the
different components to jcpw normalized to j, as a
function of the normalized electric field E /E,.

The amplitude of the fundamental frequency tends
to a finite value

Jo=0BE, for E>>E,,

but the relative amplitude of the high-level har-
monics decreases rapidly when e is above 1.5. In
this model high-level harmonics only near the criti-
cal field have a sufficient amplitude to be observed.

ferential resistance of E. leads us to think that a
model with an unique domain is not very realistic
and that we must consider the sample as formed
with many domains.

T T T i
gl s |
(51 .
[P P ____ cortinuous part
—.— fundamental
,_|m. __.-2nd harmonic *
L 4
L i ]
./‘ ;
/
/"“—————_-______
0 | ; ) —
15 2 25 3 E

FIG. 9. Variation as a function of the normalized
electric field of the continuous current and of the funda-
mental and second-harmonic periodic components of the
current carried by the CDW.
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C. Multidomain behavior

As we shall see later, when we consider many in-
dependent domains, we generally have problems
arising by a linking in phase of the oscillations of a
great number of them. Here we only consider a
statistical distribution of domains, each one work-
ing independently of the others, in a mean-field ap-
proximation.

Let us call p(E_)dE, the normalized probability
to observe a domain with a critical field in the
range E,.,E. +dE,. Ej; is the mean value of this
law and s its standard deviation.

As noticed in Sec. III C, neither field nor current
are imposed for a given domain. However, in the
thermodynamic limit, macroscopic mean values of
fields and currents can be determined.

For a given macroscopic applied field E, any
domain with

E.<E,

will be depinned. We can apply a first-order ap-
proximation equivalent to a mean-field theory in
magnetism by noting that the local density of
current and the local electric field behave like mi-
croscopic induction and field in a magnetic materi-
al:

V-j=0, V-B=0, (19a)
VxE=0, VxH=0, (19b)
. 9

j=o E+ﬁ7‘§ , B=uo(H+J) . (19¢)

Therefore the Ohmic conductivity appears
equivalent to the vacuum permittivity po, and the
motion of the phase in the depinned domains acts
like a magnetization. To first order we can replace
interactions between domains by defining a hole in
which the considered domain is placed, so that it
experiences the mean field calculated by demagnet-
izing coefficients using the macroscopic mean
values of H and B, i.e., E and j.

Since observed domains are highly elongated
cylinders,** demagnetizing coefficients can be
neglected, and the mean field on each domain is
equal to the mean macroscopic field. Each dep-
inned domain gives an extra current:

2 172

E—l

8j.=0BE, z
c

Hence the extra mean continuous current Jj in the
sample in the applied field E is:

— E
§j=0B fo p(E,(E*—E)\*dE, . (20)

By differentiation we obtain the extra conductance:

45 E P(E,)dE,
ﬁ:i:a Efo E_E)A 1)

This integral is always convergent and gives a fin-
ite value of the extraconductance, contrary to an
infinite value in the case of a single domain.

In Fig. 10 we have plotted odE /dj as a function
of E/E, for several values of s /E,, with a Gauss-
ian distribution for p (E.). If the Gaussian distri-
bution is very sharp (for small s /E,) a very sharp
macroscopic variation of the differential conduc-
tance of the sample is found, in reasonable agree-
ment with the experiment critical field. For a
large distribution it becomes very difficult to de-
fine a critical field.

D. Noise

With the same approximations we can account
for the noise. Each domain works independently
of the others with an arbitrary phase but at a
well-defined frequency. At any field we have a
whole spectrum of noise, starting from zero fre-
quency, for the domains which are just depinned
for E, to high frequency, for the domains which
have a very small critical field compared to E.
However, in reality the number of oscillators de-
creases drastically when we reach an E, which is a
few s below E,,. Since one expects that s is much
smaller (say —; or less) than Ej, and that Ej, is of
the order of the macroscopic critical field for the

odE s

@ Em
150 025 |

I )

_._ 004

... 002

4 1

E

Em
FIG. 10. Effect of a Gaussian distribution (E;; max-

imum value, s = standard deviation) on the discontinui-

ty of dE /dJ at E.. With large s /Ey values no defini-
tion of a critical field is possible.
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sample, noise can be considered as vanishingly
small for applied electric fields less than 0.7E),.

The effective current for a given domain (k) is
obtained by squaring and summing the Fourier
components of Eq. (16):

2K*?
1-K?

(jL)=(aBE, (e*—1)

E

E. (22)

=(oBE.)g

using the value of K [Eq. (17)], one finds the fol-
lowing curve (Fig. 11) for the numerical factor g.
Just as for the distribution of excess continuous
current, the formula giving the total broad band
noise is

E
(j2Y=(oB) [ p(E.)dE Elg

£
E,

(23)

If one considers the applied low-field limit, say
below Ej; —s, due to the large variation of p (E,)
the only important part of the integrals [Eq. (20)]
or {j*) [Eq. (23)] is the immediate vicinity of E,
where the factors (E2— E?) and g have the same
kind of variation, so that the broad-band noise be-
comes important for the same fields for which

dV /dI shows deviations from an Ohmic behavior.
The fact that in some cases noise appears before
any detectable variation of dV /dI can be measured
may be due to the better sensitivity of noise mea-
surements but perhaps also to the crudeness of
“the molecular field” approximation for transport
phenomena.

T T T T T
E
Glg)
o7r -
Qs
Q3r B
01 4
0 1 1 1 1 |
1 15 2 25 3 35
£
E

c

FIG. 11. Variation with the normalized electric field
of the numerical factor g =(e?—1)2K?%/(1—K?) which
is used for calculating the broad-band noise for a
multiple-domain sample.

E. Superposed rf fields

If one applies a non-negligible rf field Eycoswt,
superposed on a dc field less than E_, it is interest-
ing to discuss what can happen if

Eo+E4>E, .

During a fraction of the period corresponding to
g, the total field will exceed the critical field.

If wgT << 1, the time during which the applied
field exceeds the critical field is long compared to
the eigenfrequency, and the phase has enough time
to drift over several periods, giving an extra dc
component even if Ey. < E,.

In contrast if wyr>> 1, the phase does not have
enough time to change the value of the sing com-
ponent, and there is no contribution to the dc con-
ductivity. This qualitative description agrees rela-
tively well with the results shown in Fig. 7 and
described in Sec. III E.

V. DISCUSSION AND CONCLUSIONS

The results obtained in Sec. IV B are essentially
the mathematical formulation of the model we
have developed previously to explain the quasi-
periodical noise.’? Several expressions for the con-
ductivity associated with the motion of the CDW
have been derived. Besides the empirical expres-
sions of Fleming [Eqgs. (1) and (2)], the expression
obtained with our model [Eq. (18)], and that ob-
tained by Griiner et al.,* the extra conductivity
was calculated by Bardeen®® in his theory of tun-
neling of the CDW through the pinning centers.
With the introduction of a correlation length, he
found.

o, for E <E,

= | 04 +0,P(x) (24)

o
with P(x)=(1—1/x)e ~'* and x =E /E,.

In Fig. 8 we have plotted dE /dj following Eq.
(24). We see that at the critical field dE /dj nor-
malized to E, and j, has a discontinuity between 1
and 2.73/(2.734B) and that after this drop dE /dj
decreases exponentially to its limit value 1/(1+f3).
Equation (24) requires a unique correlation length,
but the same generalization as that in Sec. IVC
with a Gaussian distribution of correlation lengths
can be made which, similar to the curves shown in
Fig. 11, will suppress the sharp drop in dE /dj at
E.. However, the Bardeen model gives at high
electric field a decreasing dE /dj towards its limit



946 P. MONCEAU, J. RICHARD, AND M. RENARD 25

value, in agreement with the experimental results.

Temperature dependences of the critical fields
have been measured for the two CDW’s. E_ is
minimum in the temperature range where the resis-
tivity of NbSe; shows a maximum at 7' =123 K
for the upper transition and T =47 K for the
lower transition. E, diverges when T reaches the
critical temperatures 7'; and T, but also increases
sharply below 123 and 47 K. The divergence near
T, can be easily understood because the number of
condensed electrons below the CDW gap is small,
and following [Eq. (6)] the critical field varies as
1/n'e. However, for temperatures in the order of
123 and 47 K the CDW gaps are well developed,
and n'e must be constant. The increase of E_ at
low temperature must be explained by an increase
of the pinning force per unit volume. The origin
of such an increase is not very clear but might
come from a fragmentation of the CDW lattice
into smaller domains.

To account for the shape of the dV /dI variation
for a given sample, consideration of the critical
field distribution with temperature must be made.

For samples 1 and 4 we can expect that in these
relatively pure samples the Gaussian distribution of
critical field is large enough to suppress the sharp
drop in d¥V /dI. This is the case also for doped
samples where the rounding of dV /dI near E, in-
dicates a rather inhomogeneous distribution of
domains. But for samples 3,6, etc., it must be as-
sumed that the width of the Gaussian distribution
varies with temperature, and that below approxi-
mately 45 K all the domains are almost identical
giving a narrow distribution of critical fields and
consequently leading to the observation of a sharp
dip in d¥V'/dI. We want to point out that Fleming
has not measured any jumps in dV /dI of very pure
samples (resistance ratio around 200) as we have
shown. Also, to conclude this work in the study of
the dV /dI characteristics of NbSe; we think that
the important parameter for the shape dV /dI near
the critical field is not essentially the purity of the
sample but the repartition of the pinning centers.
As in the case of superconductors, studies with a
periodic pinning would be important to clarify the
rather complicated experimental situation.
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