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We have measured the dec response characteristics of NbSe

in the charge

density wave (CDW) state, in the presence of an applied %emperature

gradient.

The threshold field E_ for the onset of nonlinear conduction

remains sharp, and is determined by the average temperatutre of the spe-

cimen.

Ne change is observed in the amplitude or gquality factor of the

coherent current oscillations in the nonlinear conductivity region,

other than that expected from a change in average temperature.

We in-

terpret our results as evidence for macroscopic dynamical coherence

throughout the specimen.

The spectacular transport preoperties associ-
ated with the charge density wave (CDW) in NbSe3
and related compounds has been the subject of
recent activity. Both the electric field depend-
ent dc response and the frequency dependent con-
ductivity have been interpreted in terms of col-
lective dynamics of the CDW condensate.l For
low applied dc electric fields, the CDW is pinned
to the lattice by impurities. Nonlinear con-
ductien occurs, however, when a critical field
ET is exceeded.

A remarkable phenomenon2 is that current
oscillations are associated with the nonlinear
conductivity region. For applied de¢ fields E >
ET, the excess current I carried by the con-
densate contains an ac cdmponent whose frequency
is directly proportional to I The magni-
tude of the ac component is significant, and in
pure specimens near threshcld the oscillations
constitute nearly 100% of the excess current.™
Fourier analysis of the oscillations leads to a
spectrum rich in harmonics and with extremely
sharp frequency peaks (Q~10° ~ 10*) termed nar-
row-band noise. Experiments on NbSe and
TaS,” have shown that the ratio I ;f, where f
is %he fundamental frequency peak, 1s tempera-
ture dependent and reflects directly nC(T),the
number of carriers condensed in the CDW state.

The crigin ef the current oscillations is
not well understood at present. It has been
suggested that they are due to the motion of the
CDW condensate over the hills and valleys of the
impurity potential.® 1In a simple description
the impurity potential may be treated as a wash-
board potential and the internal degrees of
freedom of the condensate are neglected. How-

.

ever, since the source of the pinning potential
is assumed to be impurities randomly distributed
throughout the crystal, the CDW %tself must be
deformable for pinning to occur. Such deforma-
tions lead to finite phase coherence in the
pinned state., Recent experiments’ demconstrated
that a large fraction of the specimens acts as a
coherent domain in the current carrying state,
but the amplitude of the current osciilations
decreases with increasing sample volume §, and
vanishes in the thermodynamic, § -+ « limit.
These experiments suggest that the current os-
cillations are the consequence of impurity po-
tentials and are a bulk phenomenon.

It has also been suggested that current os-
cillations may originate from the contacts
placed for measurement purposes on the ends of

the sample.lo The normal metal -~ CDW interface
near the contact may in principle create phase
vertices, leading te the observed current oscil-
lations. Although in this model CDW dynamics
still play an important role in the generation
of the oscillations, the oscillation phenomenon
itself is not a true bulk effect.

To address the impertant gquestion of local
versus bulk nature ef the current oscillations,
we have carried out transport measurements on
WNbSe,. samples in the CDW state, but in the pres-
ence of thermal gradients. We find that E_ and
the current oscillations are affected by a tem-—
perature gradient, but only in the sense that
the average temperature of the crystal is al-
tered.

Figure 1 shows the sample
ation. The ends of the sample

mounting configur-
were thermally
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Fig. 1. Sample mounting configuration for tem-
perature gradient expariments.

anchored to copper blocks, both at temperature

T , while the center of the sample was thermally
anchored with non-electrically conducting ther-
mal grease to a sapphire wedge at temperature
T,. For all experiments T. > T Temperatures
wiere determined with high sensigivity thermo-
couples. A wvariety of sample mounting configur-
ations with applied temperature gradients were
tried, and we found the most reliable configura-
tion to be that in which the ends of the sample
were held always at the same temperature. In
this configuration thermoelectric effects and
temperature dependent reactification problems
due to the silwver paint contacts are eliminated.

Later we shall discuss an average tempera-
ture T for the entire NbSe, crystal. This
was determined by comparing tge low~field (nor-
mal) resistance of the sample in the presence of
a temperature gradient with the temperature de-
pendence of the low-field resistance in the ab-
senice of a temperature gradient. The average
temperature thus determined agreed well with
that obtained assuming a triangular temperature
distributlon across the sample, where Tav is
given by (T +T.}/2. g

Figure 2 Shows the de thresheld field E_ for
NbSe. as a function of temperature gradient dT =
T,-T”, with T fixed at 48 K. E_ was determined
by lock-in defection of the différential resis-
tance dV/dI as a function of dc bias voltage. It
is clear that a temperature gradient changes ET
even with the ends of the sample always at con-
stant temperature. The average sample tempera-
ture T,,, is given on the upper horizontal axis
of the figure. Fipure 2 also shows E  measured
as a function of temperature in the agsence of a
temperature gradient. From Fig., 2 we conclude
that the thresheld characteristics with an ap-
plied temperature gradient are equivalent to
those obtained for a uniform temperature sample
at temperature T = T, .

In Fig. 3 we show, as a function of tempera-
ture gradient, the natrow-band noise spectrum
for a different NbSe, crystal. T, is again 48K.
For each value of dT im Fig. 3a, the dc bias has
been adjusted to keep the fundamental oscillation
fraquency f at approximately 5 MHz. Figure 3b
shows the narrow-band noise spectrum for the same
sample under similar conditions, except that here
dT = 0 and the entire sample temperature has been
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Fig. 2. Threshold dec electric field Ep (crosses)
in NbSeq as a function of temperature
gradient dT. T, = 48 K {msee Fig. l}.
The upper scale gives the average sample
temparature, Also plotted (open cir-
cles) is Er, for dT = ¢ and T = Tgyp.
The inset shows a simple electric analog
for the threshold behavior with a dis-
tribution in pinning strengths (seece
text}).

readjusted to mateh T, . of the corresponding
trace in Fig. Ja. It i% apparent that a temper-
ature gradient does not drastically alter the
coherent current oscillation characteristics.
With increasing dT, the amplitude and quality
factor of the peaks remains relatively high, and
the spectrum is entirely comsistent with that
found for the sample at dT =0, T = Ty, g An in-
teresting and important peint is that, for the
bottom trace in Fip. 3a, dT is such that Ty, the
temperature at the center of the sample, i=
greater than Tp, the CDW transition temperature
of the lower CDW state. Thus the NbSe, crystal
is "normal" near its center, and ip effect an
artificial "contact" has been introduced. We
have observed no additional structure in the
narrow-band noise spectrum as T, is swept through
Tp, in contrast to what might be expected for
phase vortex generation'™ at this CDW-normal

interface.
We define the excess CDW current as
_ Vv
Leow =T ™K (D

o
with I the total sample current, V the voltage
across the sample, and B the low field {ohmic)
resistance of the sample. In a simple model,
Toow is related to the CDW drift velocity 7 by

ICDW = nc{T)EVd . {2}
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Fig. 3. (a) Narrow-band noise spectrum for NbSej
in the presence of a temperature gradi-
ent, The average ssmple temperature is
indicated for each trace. T, = 48 K
(see Fig. 1)}, Note that the last trace
correspoads to Ty > Tp (see text).

{b) Narrow-band noise spectrum for NbSej
at selected temperstures with no temper-
ature gradient., Compariug (a) and (b)
shows tha a temperature gradient does
not degrade the noise spectrum.

Thus, under isothermal conditicons, the ratio
IClevd allows a direct evaluation of the carrier
concentration n_. Assuming v, = fi, with f the
fundamental noise frequency and * a constant, n
may also be represented by ICDw}f. Fig. 4 show§
the ratic I /f measured isothermally for vari-
gDW

ous sample témperatures T,,,. The results are
consistent with earlier stuﬁies on NbSe

Under conditions of a finite temperature
gradient, Egs. (1} and {2) must be interpreted
carefully, as they represent now local equations
and do not in general apply to the sample as a
whole. However, even with dT # 0, I, R , and V
remain well defined for the sample as a whole,
and we may thus define, in analogy te Eq. (1), an
“average" CDW current for the entire sample,

epy

= ¥y
yel- (3
]
In terms of local (temperature dependent,
and hence position dependent} parameters, Eq. (3)
becomes

Fig. 4. Ratic Ipgpy/f for NbSej as a function of
temperature gradient, with T, = 48 K
(see Fig, 1). Note that for 4T > 11 K
the center of the sample is at Ty > Tp.
Alao shown is Iopy/f for dT = 0, T =
Tayg- The effective carrier demsity in
the presence of a temperature gradient
is given by the average carrier density.

% IiV(x]dx

(L) =1

COW 4

1:¢
EfoRo(x)dx

with 2 the sample length. To a good approxima-

tion both normal (uncondensed) electrons and CDW

electrons experience the same local electric

field. Hence, V{x} = [I ~ I {<)JR (x), and
CDW ©

Eq. (4) becomes

( Jj’[l-—nc(x)evd(x)]RD(x)dx

I...3=1I- - (3)
CDW )
[k, ()dx

We have explicitly assumed that the total current
through the sample is constant, independent of
local temperature. The local CDW order parameter,
and hence local CDW carrier concentration n {T),
are dictated by the local temperature; thus n
and Ry are position (x} dependent. ¢
Although Eq. (5) allows for a position-
dependent CDW drift velocity, the experimental
results summarized in Fig. 3 suggest that for a
moving CDW, the CDW drifec velocity is single-
valued. 4 position-dependent drift velocity
would lead to a distribution in noise frequen—
cles, and hence an increased smearing of the
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noise spectrum with increasing dT. This 1s in
strong contrast to what 1s observed experiment-—
ally. What we have observed is that v, ,, and
hence the associated noise spectrum, is deter-
mined uniquely by the average sample temperature,
and mot by any particular local temperature, for
example the temperature of the contacts.

The average value of the CDW carrier con—_
centration for the whole sample is given by, n =

ICDw;vde , where

— 1 & Y4 e
Ieow = F fcnc(x)evddx = fcnc(x)dx . (B)
In the limit Ro{x)-+const., Eq. {5} reduces to
Eq. (6). Hence, for small values of dT, the ra-
tio (1 }/f is expected to reflect the average
carrief concentration n . Fig. 4 shows (ICD WE
measured at various valies of dT. It is evident
that, for low wvalues of dT, the observed average
carrier density ﬁ;ﬁJ(ICDW)If is equivalent to
the carrier density obtained under iscthermal
conditions, with T = T,,,. At larger values of
dT, (Icnw>ff deviates from the isothermal n., as
expected from the definition of (ICDH) and the
finite position dependence of Rg.

Our experiments suggest that the average
temperature amnd carrier concentration in Nb5e3
determine uniquely the threshold field and
"noise" characteristics in the presence of a
temperature gradient.

We now further discuss cur results., Sever-
al length scales are important in the statistics
and dynamics of CDW condensates. The amplitude
carrelation length

g, = /KT, &
where ep is the Fermi energy and T, is the tran-
sition temperature, is approximategy 100 & and
determines the length scale over which a local
temperature (and local order parameter and n.)
can be established. This length scale is orders
of magnitude smaller than zll other relevant
length scales of the problem. The Fukuyama-Lee-
Riced phase phase correlation length Zpyp 1s de-
termined by the decay of phase correlation in
the pinned mode, and

(40 4(x) ~ exp(x/Ep o) (8

where EFLR = «/V ¢ where ¥ is the elastic con-
stant associated with the condensate, V_ is the
pinning potential associated with impurities of
concentration e. fp g is the order of 1 ym~- 1
mm~ and is comparable although smaller than the
size of the specimens. &g determines the
threshold Field, which experimentally is found
to be temperature dependent. Consequently a
distribution of local E_ values is expected in
the presence of a thermal gradient. The effec-
tive E, which is measured in the presence of
finite at dT may be simply understood using an
electrical analog consisting of a series of re-
verse biased Zener diodes, as shown in the inset
of Fig. 2. The breakdown voltage for the i-th

3 Vol. 533, Ho.
diode is Vzj . If we consider each diode unit
to be of "length" &, the breakdown field for
the circuit becomes

ET=EV21"Z’°’1 ’ ®
i i

It is possible chat E_ « Ei’ where E is the
breakdown field for the i-th element. “As a con-
crete example, consider three diodes, each 1 cm
in "length,” and each with V_ = 2V. The loeal
threshold field 1s 2 V/cm, and is egquivalent to
E. for the entire circuit., If we assume a para-
méter gradient such that Vg3 =1V, Vz, =2V,
and Vz_ = 3 V, E_ becomes &6V 3cm = 2V/em, less
than E. = 3Vfem™ for element 3. Thus our ex-—
perimental observation of 2 sharp threshold
field in ¥NbSe., may be adequately explained by a
simple distrigution of local threshold fields.
It is important to note that this distribution
need not lead to a smearing of the actual thresh-
old field. This is clear from the diode analogy,
where the threshold E¥ is equally sharp, at
2¥/em, with or without a distribution in para-
meters.

A third correlation length, which we call
£ _sthe dynamic coherence, determines the length
scale over which the time dependence of the
phase d¢/dt = ¢ is coherent. As the drifr ve-
locity is given by

v =i (10)

tq also establishes the length scale over which
vq is uniform. Our experiments thus indicate
that £, > ¢ , the length of the sample, and vy =
Vd(Tav ), i.e., v, is not determined by the lo-
cal, bit by an average, temperature. Similar
coherent response was observed recently in spec-
imens of various dimensions,9 where it was shown
that while velocity correlations are maintained
over the specimens, phase correlations are not.
while it is apparent that Eppp and &£p are dif-
ferent quantities, we are not aware of any mi-
croscopic description in which they both are
evaluated. The question, however, has recently
been addressed.l We also note that our experi-
ments demonstrate that neither the threshold
electric field nor the coherent current oscilla-
tion characteristics depend on the temperature
of the contacts, suggesting strongly that cur-
rent oscillations observed at these frequencies
are a bulk phenomenon. We finally remark that
the experimental data presented here are appro-
priate for sample lengths approximately 0.5 -1
mm. Whether a distribution of phase velocities
can be induced by a temperature gradient for
significantly longer samples, beyond the implied
macroscopic dynamic phase coherence length, is
presently under investigation.

We have learned recently that similar exper
iments were performed by Ong after our results
were communicated to him.

We thank Professor John Bardeen, Professor
T. Holstein, Dr. A. Janossy, and Professor N. P.
Ong for useful discussions. This research was
supported by NSF Grant DMR 81-03085.
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