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We have measured the correlation length of the q; charge-density wave in NbSe; using high-
resolution x-ray scattering. For a heavily Ta-doped crystal having a residual-resistivity ratio rg of 10,
the T=77 K correlation lengths parallel and transverse to the quasi-one-dimensional b* direction are
l,+=09 pm and /,»=0.1 um, respectively. For an undoped crystal (rz = 300), we obtain lower
bounds /,» = 2.5 ym and /,»=1.9 um, the latter value being comparable to the thickness of typical
crystals. These results are in excellent agreement with a recent weak-impurity-pinning analysis of

finite-size effects observed in transport properties.

PACS numbers: 72.15.Nj

The character of charge-density-wave (CDW) pinning
in quasi-one-dimensional conductors such as NbSe; has
been the subject of controversy for nearly a decade. Two
types of pinning are distinguished. In weak pinning, the
CDW phase is pinned by impurity fluctuations, and the
length scale on which the phase varies is much greater
than the average impurity spacing.! In strong pinning,
the CDW phase is pinned at each impurity site.""> Most
studies of pinning have focused on the dependence of the
threshold electric field necessary to induce CDW motion,
E7, on the impurity concentration n;. Early measure-
ments?® on Ta-doped NbSe; were consistent with weak
pinning, whereas subsequent measurements have been
consistent with strong pinning,* or have yielded ambigu-
ous results.’

Recently, McCarten et al.® showed that the depen-
dence of Er on crystal cross-sectional dimensions report-
ed by Borodin et al.” and by Yetman and Gill® must be
accounted for when evaluating the effects of impurities.
In large NbSe; crystals, E7 varies with Ta concentration
n; as E7 «n?. In small crystals, ET o n;/t, where ¢ is the
crystal thickness. These results are consistent with weak
CDW pinning in three and two dimensions, respective-
ly,® and suggest that a crossover from 3D to 2D pinning
occurs when the transverse CDW phase-phase correla-
tion length /,. is comparable to the crystal thickness.
For the q¢ CDW in undoped NbSe; at T=77 K,
McCarten et al. deduced transverse and longitudinal
correlation lengths on the order of 1 and 10 um, respec-
tively. The correlation lengths along these two directions
deduced from other measurements'® are factors of 50
and 5 smaller. Consequently, McCarten et al.’s interpre-
tation has stimulated considerable debate.'%!

Here we report direct measurements of the q CDW
correlation lengths in pure and Ta-doped NbSe; using
high-resolution synchrotron x-ray scattering. In pure
crystals, the transverse correlation length /,« is on the or-

der of 1 um. In doped crystals, the transverse correla-
tion length decreases approximately linearly with in-
creasing impurity concentration, and the ratio of the lon-
gitudinal to transverse correlation length is approximate-
ly 10:1. These results have broad implications for the
study of sliding-CDW systems.

NbSe; has a monoclinic unit cell with lattice parame-
ters a=10.009 A, »=3.480 A, c=15629 A, and
B=109.47°.'2 Single crystals prepared by vapor trans-
port have the form of thin, ribbonlike whiskers. Crystal
lengths can be several centimeters, thicknesses vary from
0.1 to 10 um, and widths are typically 10 times larger
than the thickness. The ribbon axis corresponds to the
highly conducting b* direction. The thickness 7 is mea-
sured along the a* direction. Independent CDWs form
at Tp =145 K and Tp,=59 K with wave vectors q; = (0,
0.241,0) and q,=1(0.5,0.260,0.5). When an electric
field greater than a threshold field E7 is applied, CDW
motion occurs along b*.

In kinematic scattering theory, the intensity of scat-
tered x rays at a CDW satellite peak is given by

1Q = [ dre@«w©)v* ),

where Q is the scattering vector and ¥(r) =A(r)e®™ is
the complex CDW order parameter. Therefore, the
width of the superlattice diffraction peak is inversely pro-
portional to the equal-time CDW correlation length. At
temperatures well below the Peierls transition, amplitude
fluctuations can be neglected, and the CDW correlation
length is determined by the phase-phase correlation
length. Thus, x-ray-scattering measurements directly
probe the quantity of interest in a model-independent
manner.

The x-ray-scattering measurements were performed on
the A-2 beam line at the Cornell High Energy Synchro-
tron Source (CHESS). Using radiation from the six-
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pole wiggler, a double-bounce monochromator consisting
of two perfect Si(311) crystals selected an x-ray wave-
length of 1.5 A. Sample and detector motions were pro-
vided by a six-circle diffractometer. The scattered x rays
were analyzed either by two sets of tantalum slits or by a
Si(311) crystal analyzer and then detected by a Nal(Tl)
scintillation counter. NbSe; single crystals were at-
tached using silver and graphite paint to the tip of a
pointed copper post, and then mounted inside a closed-
cycle helium refrigerator. Because its vibrations
broadened the diffraction-peak widths to several hun-
dredths of a degree, the refrigerator was turned off dur-
ing the measurements. Temperature drift during a given
scan was typically between 0.2 and | K. To facilitate
comparisons with the electrical measurements of Ref. 6,
the scattering measurements were performed on the q
CDW at T=77 K. This temperature also corresponds
to that of the refrigerator’s radiation shield, and thus
minimized both temperature drift and gradients across
the sample.

Previous high-resolution x-ray measurements by Flem-
ing et al.'* and by Moudden er al.'* on undoped NbSe;
at T<Tp, have yielded a lower bound for the q; CDW
correlation length along b* of /,« = 4000 A. Measure-
ment of the transverse correlation length /,.» has been
prevented by large mosaic widths, although Moudden et
al.'* obtained an anisotropy &,+/&,+ = 3.5 for the CDW
fluctuations above Tp,. Our measurements differ from
previous experiments in three ways. First, we have used
high-quality NbSe; crystals having very small mosaic
widths, allowing direct measurement of /,». Second, we
have improved our resolution by using Si(311) mono-
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FIG. 1. Mosaic scans in the plane containing a* and b* at
T =77 K for an undoped NbSe; crystal (rg = 300). (a) The
(1,2,0) Bragg peak. The solid line is the best fit with a Gauss-
ian. The count rates were 1000 times the indicated values. (b)
The (1,2—¢,,0) CDW satellite peak. The solid line is the best
fit with a Lorentzian convolved with the measured Gaussian
mosaic. The dashed line indicates the Lorentzian line shape
appropriate for a 200-A transverse correlation length.
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chromator and analyzer crystals, which make scattering
near the (1,2,0) Bragg peak and the (1,2 —g,,0) CDW
peak nearly nondispersive. Third, in addition to high-
purity undoped NbSe; crystals, we have studied crystals
heavily doped with Ta to ensure that the correlation
lengths are resolved. The residual-resistivity ratios rg
=R(300 K)/R(4.2 K) and threshold electric fields Er
range from rg = 300 and E7(77 K) = 0.05 V/cm for the
undoped crystals to rg =10 and E7(77 K) =10 V/cm
for the most heavily doped crystals. !>

Figure 1 compares mosaic scans'® in the plane con-
taining a* and b* through the (1,2,0) Bragg peak and
the (1,2—¢q,,0) satellite peak of an undoped NbSe; crys-
tal. The solid line through the Bragg-peak data is the
best fit with an assumed Gaussian mosaic distribution.
The solid line through the satellite peak is the best fit
with the convolution of the Gaussian mosaic distribution
and the standard Lorentzian line shape. The HWHM of
the Bragg peak is 0.0045° +0.0002°. The excess Lo-
rentzian width of the CDW satellite is 0.00094°
+0.0002°, consistent with the expected amount of
dispersive broadening.!” Assuming that all of the
satellite-peak width is due to the CDW correlation
length, one obtains an absolute lower bound of /,« = 0.40
um. If only the excess Lorentzian width is attributed to
the CDW correlation length, one obtains /,« = 1.9 ym, a
length comparable to the crystal’s thickness t =3.7 um.
This latter estimate does not account for finite-size
effects or for dispersive broadening, and thus likely also
represents a lower bound for the bulk correlation length.

Figure 2 compares high-resolution scans (using the
analyzer crystal) along b* through the same two peaks.
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FIG. 2. High-resolution scans along b* at T= 77 K for the
undoped crystal of Fig. 1. (a) The (1,2,0) Bragg peak. The
solid line is the best fit with a Gaussian resolution function.
The count rates were 1000 times the indicated values. (b) The
(1,2—¢,,0) CDW satellite peak. The solid line is the best fit
with a Lorentzian convolved with the measured Gaussian reso-
lution.
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The CDW satellite peak is very slightly broadened rela-
tive to the Bragg peak. Using the Bragg-peak width of
(3.5£0.1)x10 ~°b* as our resolution limit yields an ab-
solute lower bound /,» = 1.6 um. Again, one can decon-
volve the Gaussian resolution function, yielding an excess
Lorentzian width of (2.2+0.4)x10 ~3b* corresponding
to [+ =25 um. Because of the extremely small peak
width and the finite-temperature drift, this length should
also be viewed as a lower bound.

Figures 3 and 4 show similar scans for a crystal doped
with ~1800 ppm Ta per Nb and having rg = 10. Both
the mosaic scan and the high-resolution scan along b*
through the CDW satellite peak are significantly
broadened relative to the Bragg peak. Further, while
both scans through the Bragg peak are well described by
Gaussians, Lorentzians are required to fit the CDW
scans, indicating fluctuation-dominated broadening. The
excess Lorentzian widths are 0.017° +0.001° in the mo-
saic scan and (6.2 +0.7)x10 ~°b* in the b* scan, corre-
sponding to /,+=0.10 um and /,» = 0.9 um. The ratio
1,+/1,+ =10 is a factor of 3 larger than the anisotropy of
CDW fluctuations above Tp, reported by Moudden et
al.'* In Rb- and W-doped Ko 3MoOs3, the measured lon-
gitudinal and transverse correlation lengths have compa-
rable magnitudes. '®1°

We have also studied a crystal containing ~450 ppm
Ta and having rg = 40. At this intermediate doping lev-
el, the excess Lorentzian widths are 0.0047° % 0.0008°
and (2.8 +0.6)x10 3p*, corresponding to /,»=0.37
um and /,+»=2.0 um. As in the case of the undoped
crystal, this /,« value represents a lower bound.

The significant implications of these experimental re-
sults are as follows.
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FIG. 3. Mosaic scans in the plane containing a* and b* at
T =177 K for a Ta-doped NbSe; crystal having rg = 10. (a)
The (1,2,0) Bragg peak. The solid line is the best fit with a
Gaussian. The count rates were 1000 times the indicated
values. (b) The (I,2—g,,0) CDW satellite peak. The solid
line is the best fit with a Lorentzian convolved with the mea-
sured Gaussian mosaic.

(1) Assuming comparable correlation lengths along
a* and c, a phase-correlated volume in a NbSe; crystal
with n; = 1800 ppm Ta contains N;== 10> impurities,
consistent with weak pinning. The measured ratio of the
transverse correlation lengths for the two Ta-doped crys-
tals, /,«(rg =40)/1,+(rp =10) = 3.7, is consistent with
the weak-pinning relation /e« n,~ '« rg. Conventional
strong-pinning models predict N;=1 and /=n;"'? so
that for n; =1800 ppm, /=~ 50 A. In a revised strong-
pinning model,?® /,.=~n,"'"? and l,+xn"'. For n
=1800 ppm, this model predicts that N; =35, /,» =50
A, and /,»=0.07 ym. Strong-pinning models are thus
ruled out as viable descriptions of the q; CDW in pure
and Ta-doped NbSe;.

(2) From “domains” observed in dark-field TEM im-
ages of the CDW superlattice?' and from analyses of the
low-frequency dielectric constant and narrow-band noise,
the q) CDW correlation lengths in typical undoped crys-
tals (rg = 150) have been estimated (e.g., in Ref. 10) to
be /,»=2 um and /,»=200 A. This /,. estimate is
clearly inconsistent with the measured x-ray peak width,
as shown in Fig. 1(b). Extrapolating from our results for
rr =10 and 40 to rg =150 using the weak-pinning rela-
tion /o« rp yields correlation lengths /,« =14 um and
l,»=1.5 um. These discrepancies indicate that the
TEM domains do not reflect CDW phase correlations in
bulk NbSe; (Ref. 22) (consistent with subsequent TEM
experiments?’), and that the standard bulk dielectric
constant and narrow-band noise analyses are not ap-
propriate.

(3) In undoped NbSes, the CDW correlation length
along a* is comparable to the thickness ¢ of ordinary
crystals. Theoretical and experimental studies of CDWs
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FIG. 4. High-resolution scans along b* at 7= 77 K for the
Ta-doped crystal of Fig. 3. (a) The (1,2,0) Bragg peak. The
solid line is the best fit with a Gaussian resolution function.
The count rates were 1000 times the indicated values. (b) The
(1,2—¢1,0) CDW satellite peak. The solid line is the best fit
with a Lorentzian convolved with the measured Gaussian reso-

lution.
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in this material thus must explicitly account for sample
dimensions.

(4) The result /,«~1t provides strong additional evi-
dence for McCarten et al’s weak-pinning dimen-
sionality-crossover interpretation of the size dependence
of Er. From the crystal thickness at which the crossover
from bulk (3D) to size-dependent (2D) behavior of E7 is
observed, the correlation length was estimated in Ref. 6
as [,+=0.019rg um, in factor-of-2 agreement with the
lengths measured here.

In conclusion, we have determined the length scales
for CDW phase correlations in NbSes;. Together with
the results of earlier transport measurements, these
lengths establish the essential character of CDW pinning
in pure and Ta-doped NbSe;: It is weak, and exhibits a
dimensionality crossover as a function of crystal thick-
ness. System size and pinning dimensionality must
therefore be important parameters in future work on
CDW pinning and dynamics.
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