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NbSe3: Effect of uniaxial stress on the threshold field and fermiology
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We have measured the effect of elastic straine on the threshold fieldET for the motion of the higher-
temperature charge density wave~CDW! in NbSe3. We find thatET exhibits a critical behavior,ET;(1
2e/ec)

g whereec is about 2.6%,g ;1.2. This expression remains valid over more than two decades ofET ,
up to the highest fields of about 1.5 kV/m measured using pulse techniques. Neitherg nor ec is very sensitive
to the impurity content of the sample. The transition temperature is linear withe, anddTP /de510 K/% shows
no anomaly nearec . The slope of the narrow band noise frequency versus the CDW current does not change
appreciably withe. Shubnikov–de Haas measurements show that the extremal area of the Fermi surface
decreases with increasinge. We conclude that there is a very intimate relationship between pinning and the
fermiology in NbSe3. @S0163-1829~98!12619-X#
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I. INTRODUCTION

The recent discovery of the Aharonov-Bohm effect exh
ited by the sliding charge density wave~CDW! in NbSe3 has
revived interest for the field of CDW.1 Nonlinear conductiv-
ity is the outstanding characteristic of charge-density-w
materials.2 The presence of a threshold fieldET , above
which the resistance decreases, is the signature that the C
can be made to move under a small electric field.3,4 The
dependence ofET on temperature (T), number of impurities
(ni),

5,6 contact position, size,7 pressure,8 and uniaxial
stress,9,10 has been extensively reported. Here we report f
ther studies on the effect of elastic, uniaxial stresss on ET
for the upper CDW in NbSe3. This paper will show that
ET;1/ us2sCu, wheresC'260 GPa and that this is relate
to the change in fermiology as shown from low-temperat
Shubnikov–de Haas~SdH! studies.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

A. Samples

The experiments were conducted on nominally pure
well as Fe doped NbSe3 samples. Fe doping was achieve
by mixing either 4.7% or 7% of Fe in the starting materia
about one-tenth that much doping is expected in the resu
whiskers.11 Samples of medium purity with a room temper
ture resistance ratio~RRR! of 70 were grown in house; th
high purity samples, RRR.200, were provided by R. E
Thorne. The samples were mounted on a stressing de
described elsewhere.12 Uniaxial stress was applied along th
needle axis, theb crystal axis. The strain« was directly
measured, and can be converted to stress using the You
modulus, S22'100 GPa.10 Four electrical contacts wer
made using conducting silver paint. Epoxy overlaid the
contacts and formed the mechanical grips. Typical sam
dimensions were 200032031 mm 3.

B. Effect of « on the upper CDW

At low strain and low fields, the threshold field was d
termined using the conventional lock in ordV/dI technique.
At high «, where high electric fields are required to rea
ET , the pulse method was used. The duty cycle was less
570163-1829/98/57~23!/14576~4!/$15.00
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1%; with typical pulse width of 10ms, and period 1 ms. The
pulsed current and voltage were measured using a two c
nel boxcar signal averager, EG&G model 162. In this ca
ET was estimated from the plot of the chordal resistanceR vs
E or from the numerical derivativeDV/DI . Previous
studies9,10 have shown that uniaxial stress affectsET indi-
rectly by«-induced changes inTP and directly by enhancing
the pinning strength. It was shown that the indirect effect c
be disentangled by conducting the experiments at a cons
reduced temperaturet5T/Tp(«) whereTp(«) is defined at
the peak indR(«)/dT. Constantt50.70 was achieved by
adjustingT for each value of«. This value oft corresponds
to the minimum valueEmin on theET versust curve. It was
previously shown thatEmin is proportional to the impurity
concentration6,7 and assumed to correspond to bulk pinni
rather than contact pinning. Although this paper is devoted
the study of the effect of« on Emin , for the sake of simplicity
we will refer to it as the threshold field, or simplyET .

Figure 1 shows a typical plot ofET versus« for an arbi-
trarily selected sample.ET increases weakly at low strain an
diverges near«c52.660.3%. The semilogarithmic plot o
the same data shown in the inset indicates thatET increases

FIG. 1. ET vs « for a nominally pure sample. The inset shows
semilogarithmic plot of the same data.
14 576 © 1998 The American Physical Society
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faster than a single exponential. In the few cases where
were able to pull beyond 2.6% strain,ET exhibited a peak,
decreasing above 2.660.3%. Figure 2 shows the strain d
pendence ofTP . TP decreases linearly with increasing« up
to 3% at a ratedTP /d«510 K/%. There is no apparent fea
ture around«52.6%, whereET diverges. The inset in Fig. 2
shows a plot ofR versusT for different values of«. Note
that the resistance anomalyDR(«)5Rp(«)2Rfit(«) is inde-
pendent of«, whereRp(«) corresponds to the peak resi
tance for a givenR(«) versusT plot, andR(«)fit is the lin-
early extrapolated resistance atT peak from above 150 K
This result suggests that the CDW conductance (GCDW
;nCDWem, wheree is the charge of the electron andm the
CDW mobility! at very large electric fields is independent
«, which in turn implies that the fraction of condensed ele
tronsnCDW does not change appreciably with«. This is con-
sistent with narrow-band noise measurements, which sho
almost no change in the slope of the CDW current versus
narrow-band frequency (dICDW/dF) with «.13

C. Effect of « on the Fermi surface

In this section we look for a connection between the eff
of « on the fermiology and the results reported in the pre
ous section. The effect of« on the dominant frequency of th
Shubnikov–de Haas oscillations is reported. The magn
field Ba was parallel to the~b,c! plane and perpendicular t
the smallest extremal area of the Fermi surface, with a ty
cal frequency of 0.28 MG at«50.13–15 Two methods were
used. The first method is the conventional method,Ba was
increased slowly with the sample under constant strain
the second method,Ba was constant while sweeping«. The
experiments were conducted at constantT between 3.0 and
4.2 K.

Figure 3~a! shows a typical plot ofR vs H obtained using
the conventional method, the inset showsdR/d(1/H) versus
1/H. The extremal areaA was estimated from a plot ofn
versus 1/H for each value of«. Figure 3~b! shows thatA
decreases nearly linearly with increasing«. A detailed study
of the effect of uniaxial stress on the Fermi surface will
reported elsewhere. In this paper we note that uniaxial st

FIG. 2. The CDW transition temperatureTp1 vs strain.Tp1 decreases
linearly with « up to«53%. TypicalR(«) vs T plots are shown in the inset
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suppressesA linearly at the rate of 0.09 MG/%, suggestin
that the whole pocket would be wiped out for«<3%. A
study of the strain dependence of the conductance at
temperature shows that 90% of the conductance is wiped
for «'2.6%. This suggests that this pocket plays a predo
nant role in the normal state conductance of NbSe3 at low T.

The second method is equivalent to fixing the Land
tubes and shrinking the Fermi surface through them un
the influence of«. This leads to oscillations in theR vs «
plots as shown in Fig. 4~a!. A systematic study ofR versus«
for different values ofBa allows us to follow the strain and
the field at which a given Landau tube is crossed. The res
are summarized in Fig. 4~b!, which shows a plot of« vs Ba
for each Landau tube identified by the integer next to
curve. The trajectory of a given Landau tube is nearly line
This is consistent with the linear relationship betweenA and
« observed using the conventional technique. The solid li
in the figure are a guide to the eye. Note that atBa50 T, all
the lines converge to nearly the same«c

H.2.6%. This sug-
gests that this piece of the Fermi surface would be wiped
at about 2.6%. Below we will also show that«c

H is equal to
the critical strain«c

ET derived from the critical plot ofEt of
the upper CDW.

III. DISCUSSION

Possible pinning mechanisms of the CDW are bulk imp
rity pinning as discussed by Fukuyama-Lee-Rice16 ~either

FIG. 3. ~a! shows a typical plot of R vs H, which exhibits
Shubnikov–de Haas oscillations. The derivativedR/d(1/H) vs 1/H is
shown in the inset. In~b! the extremal area, in units of kG, decreas
smoothly with increasing«.
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strong or weak!, commensurability pinning by the underly
ing lattice, or pinning by other defects such as surfaces,
locations or contacts. The results in Fig. 3 could be due
one or a complex combination of the following effects:~1!
strain-induced enhancement of the weak impurity pinn
potential;~2! strain-induced crossover from weak pinning
strong pinning;~3! strain-induced incommensurate to com
mensurate transition; or~4! strain-induced enhancement
contact pinning. We now discuss each one of these eff
separately, in inverse order of their likelihood.

Stress-induced enhancement of contact pinning is v
unlikely. If this were the case, one would also expect a si
lar stress-induced enhancement ofET for the lower CDW.
However, previous studies have shown that stress does
enhanceET for the lower CDW.9,10 In addition, Tseng, Tes
sema, and Skove have shown9 in the case of the upper CDW
ET can be separated into two components, one attribute
contact pinning, and the other to bulk impurity pinning. Th
have argued that uniaxial stress does not enhance co
pinning. It also seems unlikely that uniaxial stress can aff
surface pinning to that extent; if it did, our thinner samp
would have shown a stronger effect.

The FLR model considers two possible kinds of impur
pinning: strong pinning and weak pinning. Several expe
ments indicate that pinning in NbSe3 is due to weak
pinning.6,7 Stress-induced crossover from weak pinning
strong pinning could be considered, in which case one wo
expect to see a change in the exponentg with «. g is defined

FIG. 4. ~a! shows the oscillatoryR vs « plots for B55.4 T. The oscil-
lations are attributed to the intersection of the Landau tubes with the sh
ing Fermi surface.~b! is a representation of this intersection in the («,B)
space. The integers in the box correspond to the indices of the La
levels.
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in the next paragraph. The results show thatg is independent
of « and rule out this possibility as well. This is also su
ported by the fact that the sameg is obtained for the sample
doped with Fe, which may be considered as a strong pinn
impurity.

Experimental search for an incommensura
commensurate transition~ICT! in CDW systems has not pro
vided any clear evidence for these effects.17 A stress-induced
ICT would lead to changes indTP /ds as well as solitonlike
behavior near commensurability. Figure 2 shows thatTP
does not show an anomaly near«c . Further, according to
Fisher and Fisher18 the approach to commensurability shou
behave critically with an exponent of1

2 ~for 2D! or be loga-
rithmic. Figure 5 shows such a critical plot ofET versus (1
2«/«c) in a log-log scale. A plot for the normalized thresho
field

eT5ET /ET0
5~12«/«c!

g, ~1!

whereET0
is the threshold field at zero strain and«c andg

are adjustable parameters, is shown in the inset. In the
lowing we will replace«c with «c

ET in order to differentiate it
with the critical strain defined from the fermiology stud
Note that the results for five different samples with differe
impurity content, and Fe impurity fall along the same lin
with nearly the same parameters. A list of the values of«c

ET

for different samples is shown in Table I. Although the figu
is in qualitative agreement with Fisher and Fisher’s pred
tion that ET should behave critically in an ICT, the expo
nents are not in quantitative agreement with the model. O
larger samples are most likely 3D, and the exponent is
1/2; therefore the critical behavior cannot be explained b
simple approach to commensurability. On the other hand
argument in favor of ICT can be made based on the div
gence ofET . Since commensurability pinning is much stro
ger than impurity pinning,ET is much more sensitive to
stress-induced ICT thanTP is. This issue could be resolve
using structural studies as a function of strain.

k-

au

FIG. 5. A critical plot ofET for five different samples. The full triangles
and the crossed squares correspond to Fe-doped samples, 0.7% and 0
respectively. The normalized thresholdeT5ET(«)/ET~0! is shown in the
inset. Note that all five set of data fall on the same line.
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According to the FLR theory,16 the threshold field for
weak pinning is given by

eETl}
D2

EF

~jx ,jy ,jzni
2!V0

@4/~42D !#, ~2!

wherel is the wavelength of the CDW,jx , jy , andjz are
coherence lengths for the CDW amplitude,ET the threshold
field, e the electric charge,EF the Fermi energy,V0 the
impurity potential, andD the dimensionality.16 Stress could
affect any or all of the parameters in Eq.~2!. However, for
the sake of simplicity we will discuss separately the ter
that are susceptible to change withTP . In the conventiona
BCS model the CDW gap is proportional toTP , D/TP54.8
for NbSe3 .1 As in previous pressure work,8 uniaxial stress-
induced enhancement of the electron-phonon coupling
stant could be considered. However, it would take more t
an order of magnitude of change in order to account for
results. On the other hand if, in a first approximation, o
assumes that this ratio is not affected by«, D would decrease
with TP , which would lead to a decrease inET , contrary to
our results. Another possibility is a strain-induced decre
in EF . But the normal state conductivity aroundTP is a
weak function of«, even up to 3%, suggesting thatEF is not
strongly affected by«. One likely possibility is thatV0 is
strongly affected by stress. Suppose there is a stress-ind
tuning of the matching between the phase and waveleng
the CDW and the Friedel oscillations.19 Then, although the
changes inEF due to the vanishing of this small pocket cou
be negligible, it could be sufficient to lead to a rapid incre

TABLE I. The fitting parameters«c
ET andg are shown togethe

with other relevant parameters such as the nominal purity, the R
and the threshold fieldET . Only the nominal Fe doping levels ar
given.

Sample RRR «c
ET% g ET ~V/m!

Pure 250 2.6 1.58 8.0
Pure 200 3 1.23 11
Pure 2.6 1.23 6.3
Pure 2.6 1.66 10
4.7% Fe 3.2 1.14 28
4.7% Fe 2.6 1.08 31
7% Fe 2.7 1.23 63
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of V0. This mechanism would be independent of the type
impurity and concentration, in agreement with our expe
ments. One other possibility is that the pocket screens
impurity, andV0 increases when the pocket disappears.
low we will discuss the difference between the upper a
lower CDW.

In a study of the combined effect of magnetic field a
strain, Parilla, Carey, and Zettl20 have shown that uniaxia
stress andm0H act on the same piece of the Fermi surfa
This was confirmed by Tseng, Tessema, and Skove21 who
observed pronounced effect of strain on the resistance
thermopower of NbSe3 below 59 K. Shi, Chepin, and Ross22

have conducted NMR experiments to study the density
states on the different chains in NbSe3 . Although magnetic
fields effects on the Ohmic regime, belowET , are much
more pronounced below the second transition than be
Tp1, their results show that most of the changes in FS are
to changes in density of states on the chain associated
the upper CDW rather than the lower CDW. This suppo
the notion that the strain-induced changes inET of the upper
CDW are associated with changes in the Fermi surface m
closely associated with the chain corresponding to the up
CDW. The relatively small effects on the density of sta
associated with the lower CDW could account for the rat
weak effect on theET of the lower CDW.

IV. CONCLUSION

It was previously reported that uniaxial stress enhan
ET for the upper CDW in NbSe3. In this paper we report a
systematic study of the effect of« on ET , TP , and the Fermi
surface of this compound. We show that the divergence
ET near 2.6% strain is intimately related to stress-indu
changes in fermiology. We propose that the two most lik
possibilities for this phenomena are~1! a stress induced in
commensurate to commensurate transition~2! or more likely
an « driven matching of the Friedel oscillations and t
CDW oscillations of the upper CDW. Structural studies u
der stress should give a further insight into the subject.
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