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Using synchrotron x-ray measurements on NbSes, we show that the scattering associated with the g,
charge density wave (CDW) reflects a 2D regime of fluctuations with in-plane anisotropy &,+/&,»
=3.52%0.5. The plane of 2D fluctuations is likely to be formed by the chains with the shortest Se-Se
pairing. 3D coupling sets in within 2 K above the transition temperature 7, = 150 K with out-of-plane
anisotropy &,+/E .+ =271+ 2. g, has a significant variation from 0.2445(1) at T, to 0.2411(1) at =80 K
and then remains constant to the lowest temperatures. Upon cooling, g, is driven far away from ;. No
anomaly in either the amplitude or phase of g, is observed at the ¢g,-CDW transition.

PACS numbers: 71.45.Lr, 61.10.Lx, 64.70.Rh

NbSe; is known as a linear-chain compound which ex-
hibits a variety of nonlinear transport properties associ-
ated with two moving charge-density waves' (CDW’s)
which are formed independently. The first one develops
below T|~150 K with a wave vector q; =(0,4,,0), and
the second one emerges below 7;~60 K with the wave
vector q;=(0.5,4,,0.5) referring to the P2;/m monoclin-
ic symmetry of the undistorted room-temperature phase.
Since the early electron-diffraction studies by Tsutsumi
etal.,> who have shown the existence, above T, of
diffuse scattering on a (b*,c*) photograph at the satel-
lite position, and have interpreted it as diffuse sheets re-
sulting from a Kohn anomaly, NbSe; has been con-
sidered as a quasi-one-dimensional system. The one
dimensionality received strong support for the chainlike
crystal structure and its fibrous morphology. Howev-
er, using x-ray scattering, Fleming, Moncton, and
McWhan? have shown that the anisotropy deduced from
the measured correlation length &, parallel to the chains
and &,+ perpendicular to the cleavage planes is about 5,
and is not sufficient to consider a significant one dimen-
sionality in NbSe3. From dc measurements of transverse
resistivity, Ong and Brill* have also found that the an-
isotropy is several orders of magnitude smaller than that
of the standard 1D conductors. Further x-ray and
electron-diffraction studies by Hodeau er al.® did not
show any evidence of diffuse streaks and the authors con-
cluded from the structural analysis of the bond lengths
that NbSe; must be a 2D system in the cleavage (b,c)
planes.

Using accurate synchrotron x-ray studies of the diffuse
scattering, we will show that NbSe; exhibits a pro-
nounced regime of 2D CDW fluctuations associated with
the upper transition. We will show that the diffuse
scattering observed by Tsutsumi et al.? are not streaks
but are rods parallel to ¢* that Fleming, Moncton, and
McWhan? scanned transversely, revealing a modest an-

isotropy &,+/&,+« =5, and which we will show correspond
to the anisotropy of the 2D correlations. We will also
show that the planes of the 2D fluctuations of the g,
CDW are not the cleavage planes (b,c) as suggested by
Hodeau et al.” but are parallel to the (a,b) planes and
are very likely to be the planes connecting the NbSe;
chains with the shortest Se-Se pairing. We will report
on the temperature evolution of the 2D correlation
lengths as well as the crossover to the 3D regime of fluc-
tuations and the development of the long-range order.
We will show the existence of a substantial temperature
dependence of the incommensurate wave vector g, main-
ly near the 3D ordering temperature 7', while it tends
toward a constant value at low temperature when the
precursors of the second CDW start to develop.

The synchrotron x-ray-scattering studies were carried
out on the X22C beam line at the National Synchrotron
Light Source at Brookhaven National Laboratory. For
high-momentum-transfer-resolution studies, we used
1.7-A x rays from a Ge(111) double monochromator; a
perfect Ge(111) analyzer was used as well. A single
crystal of NbSes, about 5 by 0.2 mm along b and c, re-
spectively, and much thinner along a*, was mounted on
a copper plate and glued by a small droplet of silver
paint at one end of the crystal to avoid stresses on the
sample from differential thermal contractions. The lat-
tice parameters we measured at room temperature are
consistent with those given in Ref. 5: a=10.009 A,
b=3.480 A, c=15.629 A, and =109.47°.

In Fig. 1(a) we show two scans through the satellite
position (0,1 +¢;,0) along the chain direction »*, one at
80 K when the linewidth is resolution limited indicating
a long-range order of the CDW with &,.> 2800 A, and
the second at 155 K when the linewidth is larger than
the instrumental resolution indicating a short-range-
ordered CDW with &,:~700 A. The solid lines repre-
sent a fit of the experimental data by a standard
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FIG. 1. (a) Longitudinal scan through the satellite
reflection (0,1+¢,0) at 80 K compared to the same scan at
155 K through the diffuse scattering observed above the order-
ing temperature 7,= 150 K. The solid lines are fits with
Lorentzian profiles. (b) Temperature variation of the incom-
mensurate component g of the distortion wave vector. The
solid line is a fit by an activated variation (see text).

Lorentzian line shape. Upon cooling, the scattering peak
becomes narrower, increases in intensity, and shifts in
position from about 0.2445(1) at T, to 0.2411(1) in
units of b* which was adjusted at each temperature to
take into account the thermal expansion of the lattice.
In Fig. 1(b) we show the temperature dependence of the
incommensurate component q;. Clearly one can see that
most of the variation of q,(T) occurs between 150 and
about 80 K, below which ¢(T) remains constant at
0.2411(1). Notice that upon cooling the wave vector is
driven far away from the simple commensurate value of
+. Whether q1(T) locks into another commensurate
number is yet to be understood. From our data the sim-
ple rational number we get for the best approximant to
the low-temperature value of g, is 3 which is a quite
large commensurability order for a continuum modeling
of an incommensurate-commensurate transformation.
However, in Wilson’s® picture of bonding involving every
second pair of Nb atoms along the chains with the
shortest Se-Se pairing, this ratio s suggests one missing
bond every seven periods which is not unreasonable. But
when using this picture to understand qualitatively the
temperature evolution of the wave number, a steplike
variation is expected® for g,(T), since it should reflect a
quantized variation of the number of bonds per chain
determined by electron counting. Although our mea-
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FIG. 2. Transverse scans through the satellite position
(0,1+41,0) above and below T, (a) along a* and (b) along
*
Cc .

sured variation of ¢,(7") does not reveal such a behavior,
the steps might be too small to be detected with our
resolution. In fact, as shown by the solid line in Fig.
1(b), the global change of ¢,(¢) is well accounted for by
an activated variation of the form ¢,(T)=¢,(0)+C
xe ~WE/T) where Cis a constant. The activation energy
AE =700 K is surprisingly close to that reported for
blue bronzes’ and interpreted as due to a specific elec-
tronic band structure of the blue bronzes. Although we
do not have yet a precise microscopic mechanism for this
activated variation of the wave number, we feel that this
is a new common feature to understand in these CDW
systems.

In Fig. 2, we show transverse scans along a* and
along c*, through the satellite position (0,1+¢g,,0)
above and below T';. The instrumental resolutions mea-
sured at 80 K along a* and c* are respectively 0.0018
and 0.0029 A 7!, as a half width at half maximum of the
satellite Bragg peak. Even though the resolution is
somewhat better along a* than it is along c*, it is clear
from the scales of the scans at 155 K that the diffuse
scattering is an order of magnitude more elongated along
c* than it is along a* and b*, indicating quasi-two-
dimensional fluctuations in the (a,b) planes. (We have
measured 7T, = 153.5 K from the broadening of the sa-
tellite peaks; there might be 3-K difference between the
sensor and the sample.) After a proper deconvolution of
the scattering profile with the instrumental resolution is
made at T,+6 K, we obtain &,. =42 A and &,. =~ 140
A, which are larger than the lattice parameters a and b,
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whereas £+~ 5 A is much smaller than the spacing c.
When the details of the structure’® are considered with
the possibilities of interchain linkage of the three types of
pairs of chains (termed® yellow, orange, and red for
short, medium, and large Se-Se bonding, respectively),
one can clearly see that while the orange and red chains
are alternating with each other, the yellow chains define
homogeneous slabs precisely parallel to the (a,b) planes
of the 2D fluctuations associated with the g, CDW.
Thus our observation provides strong support to the
idea®? that the yellow chains are involved in the upper
transition.

We have measured the temperature dependence of the
scattering profile along the three directions of the re-
ciprocal lattice. The result for the inverse correlation
lengths corrected for the instrumental resolution function
is shown in Fig. 3. The solid lines are a parametrization
with a power-law behavior of the form & '~ (T —T)",
with the exponent v~0.6 for the three correlation
lengths. We find for the in-plane anisotropy &,+/&,+
=3.5%0.5 and for the out-of-plane anisotropy &,+/& .+
=27.0x 2. In Fig. 4 we show the temperature variation
of the maximum intensity I5** at the critical wave vec-
tor. From the measured anisotropies it is clear that
NbSe; is quasi-2D, and it is appropriate to analyze the
observed CDW fluctuations in terms of weakly coupled
layers using a more accurate approach of mean-field
treatment of the 3D coupling assuming exact modeling
for these CDW fluctuations in 2D.

Following Scalapino, Imry, and Pincus
functional free energy as

% we write the

F=ffdxdy;[aA,-2+bA,-4+c(6A,~)2]-—ZA,JA,«A,, (1)

i=j
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FIG. 3. Temperature dependence of the three 3D inverse
correlation lengths obtained after deconvolution with the in-
strumental resolution. The solid lines are fits by power laws
(r—T1))"

where A, (x,y) is a complex order parameter which de-
scribes the CDW in the ith plane and 1, is the interlayer
coupling restricted to nearest-neighbor planes (A, 4+,
=1); a, b, and ¢ are constants which can be derived
from the microscopic model of the CDW formation in
2D. At this level we consider a 2D susceptibility y,p as-
sociated with the order parameter A as given by

10 (@) =20 O 1 +&3p g2+ &8 .21 772, (2)

where &;p « and &;p, are the correlation lengths along x
and y and n is the appropriate exponent in 2D. The
mean-field treatment of the 3D coupling leads to

130'(q) =x20'(gx,q,) — 2hcos(g.d ) , (3)

where d | is the interlayer spacing and y3p(q) is the stat-
ic 3D susceptibility which we determine experimentally
from the diffuse scattering Ip(g) according to the
fluctuation-dissipation theorem which, in the tempera-
ture range of interest, applies in its classical form, Ip(g)
~S8(g)=kTx3p(q). Identifying the 3D ordering tem-
perature 7', as the temperature at which 125' =2\ and
expanding Eq. (3) around the critical wave vector leads
to the 3D correlation lengths given by

&pli =& (1= 200p), j=x,y, 4)

Edp: =diryp/(1 —20xp) . (5)

Using Egs. (4) and (5) and the measured 3D anisotropy
we get 52[)_»,.(7‘ =T,) =406 % 30 A and §2D,)-/§ZD,_\- =3.5
+0.5. Defining T* as the temperature at which the 3D
correlation &3p-(T*) equals the interlayer spacing 4,
leads to the coupling constant A =y3p' (7*) which can be
determined numerically from our experiments if a proper
normalization of the diffuse scattering intensity is made.
Making use of the satellite Bragg intensity /3 measured
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FIG. 4. Temperature dependence of the maximum intensity
of the diffuse scattering, measured at the critical wave vector
(solid circles). The temperature variation of the 2D correla-
tion length (open circles) is deduced from standard analysis of
weakly coupled layers. The solid line is a guide for the eye.
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at the same scattering vector as Ip(g) we get

_kT* I 5,
BT I—b“;” WIiwaws3, (6)

32

where 7°“w;w,ws is the volume of the Gaussian resolu-
tion function in reduced units and (A) is the order pa-
rameter measured at low temperature. Using previous
x-ray results'® which show that the longitudinal com-
ponent of the distortion wave ¢, is dominated by the dis-
placement of Nb atoms on the yellow chains with an am-
plitude of about 2%, and using our experimental value of
T* which is about 7;+2 K we find from Eq. (6) that
the coupling energy is A =30=%5 K per unit cell. Intro-
ducing this value into Egs. (4) and (5), we readily
deduce the temperature dependence of the 2D correla-
tion length &,p(T), as shown in Fig. 4.

In conclusion, we have shown the existence of 2D
correlations in NbSe; associated with the g; CDW. The
system is more adequately described by weakly coupled
(a,b) layers which are very likely the slabs formed by
the chains with the shortest Se-Se bonding. We have
also shown, in contrast to what is published, that the
wave vector g, has an important temperature depen-
dence well accounted for by activated variation. With
respect to the pronounced two dimensionality and ac-
tivated variation of the wave vector of the g; CDW,
NbSe; appears to be very similar to the blue bronzes
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which exhibit the same variety of nonlinear transport
properties associated with the CDW.,
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