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X-ray-scattering study of the charge-density-wave structure in NbSgin high magnetic fields
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An upper bound ofAq/q=<2.5x10"2 on the magnetic-field-induced shift of the wave vector of the low-
temperature charge-density wave in NBSe established by high-resolution x-ray diffraction in magnetic
fields up to 10 T. The charge-density-wave order parameter is also magnetic-field independent, to within 10%.
These limits are discussed in the context of magnetotransport experiments og &b&ell as theoretical
models that had predicted a magnetic-field dependence of the charge-density-wave structure.
[S0163-18298)05403-4

[. INTRODUCTION Both the experiments of Refs. 7 and 8 and the theoretical
interpretation were subsequently challenged. More exhaus-
The crystal structure of Nbgeconsists of three pairs of tive measurements indicated only a very small magnetic-
inequivalent prismatic chains. Band-structure calculationsfield-induced enhancement of the narrow-band nbise;
show that the states at the Fermi level originate mainly fronconsistent with the earlier experimental reports. The
two types of chains. Two successive structural transitions ahermopower is magnetic-field dependent also for a field ap-
145 and 59 K(Ref. 2 have been shown to be associated withplied parallel to the conducting chains, which the improved-
the formation of essentially independent charge-densityiesting model cannot account fér.The CDW transition
waves(CDW'’s) on these two chairsin spite of the CDW  temperature increases only by 0.5 K, or less, in a field in
transitions, NbSgremains semimetallic down to the lowest excess of 20 P.Finally, measurements of the Hall effétt
temperatures. Electronic-structure calculatfohave attrib-  were found to be inconsistent with a substantial decrease in
uted this behavior to imperfect nesting; the charge-densityhe density of normal carriers. The conjecture was rhade
wave does not remove the entire Fermi surface. that the large magnetoresistance could be explained simply
The magnetic-field dependence of the charge-densityby considering the response of normal carriers in the com-
wave structure has been of interest since the discovery of plex Fermi-surface geometry created by the 59-K transition.
very large positive magnetoresistance below the 59-K tranAgain, quantitative estimates of such effects have not been
sition (up to a factor of 4 foH =22 T with the field applied reported.
perpendicular to the conducting chaind Measurements as Finally, it was found that the threshold electric fieg
a function of electric field showed that this behavior was noffor depinning the low-temperature CDW is strongly
caused by CDW motion. On the basis of subsequent narrownagnetic-field dependefit. This effect was explored in
band noisé and thermopowé&rmeasurements in transverse detail as a function of temperature, and two distinct regions
magnetic fields, it was attributed to a substantial increase iin the (H,T) phase diagram were identified according to
the number of carriers participating in collective CDW trans-the response of the CDW to the electric fiéld® It
port, lowering the density of normal carriers in ungappedwas speculated that this behavior reflects the Zeeman
pockets of the Fermi surface. This would correspond to amesponse of the electron gas which shifts the CDW wave
increase in the CDW order parameter induced by the magvector, perhaps causing a lock-in transition due to interac-
netic field. tions with the CDW on the other set of chains. However,
Theoretically, this behavior can be understood by considthe magnetic-field-induced reduction &_. was found to
ering the orbital response of the electrons to the magnetidepend strongly on the crystallographic direction in which
field? The transverse field constrains the electronic motiorH was applied, suggesting that orbital effects also play a
thereby improving the nesting properties of the quasi-onerole. This observation has led to more recent theories that
dimensional Fermi surface and enhancing its propensity foconsider both CDW and spin-density-wave correlations of
CDW formation. Models in the same spirit have also beerthe electron ga¥’
proposed to account for the field-induced spin-density-wave This decade-old discussion has unfolded entirely on
phenomenon in quasi-one-dimensional organic condutfors.the basis of transport data. Similar experiments on other
However, in contrast to the organics, the electronic structur€DW systems have also resulted in suggestions of a
of NbSe is very complex, and quantitative predictions usingmagnetic-field dependence of the CDW structure, although
a realistic band structure have thus far not been attemptedthese effects were explored in much less défaft®
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NbSe has a monoclinic unit cell with room-temperature
lattice  parameters a=10.009 A, b=3.480 A, ¢ ) a (A"
=15.629 A, and8 =109.47°(the angle between the and
c direction3.?! The b direction is along the conducting
chains. The approximate dimensions of the single-crystal
sample used in this study were sevegah X 1 mm X 0.2
mm. The crystal had two domains about 0.5° apart, each with
a mosaicity of about 0.1°.

The measurements were carried out on beamline X22B
at the National Synchrotron Light Source, using 8-keV
X rays monochromated by a flat @41) monochromator
and reflected from a focusing Ni mirror. As in previous
x-ray-scattering experiments on NbSé?® one end .
of the crystal was glued onto a piece of aluminum foil 3.61 3.62
using silver paint in order to minimize thermal strains. a (A7)

The foil was then mounted on a stepper motor-driven rotator
inside a vertical-field superconducting magnet with
x-ray transparent windows. The entire magnet assembl
was mounted on a two-circle goniometer. The scattere
X rays were analyzed by a @d1) crystal and detected
by a magnetically shielded scintillation detector. In the . ) )
geometry chosen, momentum transfers of the forrs@mple. TheQ posmons of_the_ main Bra_gg reflections do
(h, k, h) were accessible in théhorizonta) scattering not change Wlt.h ‘magnetic field, providing reassurance
plane, and the magnetic field is applied perpendicular to thiat the magnetic-field dependence of the CDW periodicity
most conductingb direction (as in the transport experi- can_be extracted from the measurements, despite the sample
ments. The sample rotator allows limited adjustments of theMotion.

scattering geometry.

Clearly, in light of these results, measurements with an Host Lattice

equilibrium probe are highly desirable. Of particular 510 '

interest is a possible shift of the CDW wave vector s (121) %

induced by a magnetic field. We have chosen x-ray diffrac- 50.8 I

tion because the CDW amplitude and periodicity are _‘;06_2 %T 68

measured directly, and high-momentum resolution can be S 5

achieved. g 04t 8
2 5 9
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FIG. 1. Longitudinal scans through th#21) and (020 Bragg
reflections of the host lattice, in magnetic fields of 0 and 10 T. The
mperature is 5 K.

Charge Density Wave

’3‘0.007 T
ll. RESULTS E 0.006 | (0.5 2.26 0.5)
The goal of the experiment was to determine the presence

or absence of a magnetic-field-induced shift in the 000510 o o5
position of superlattice reflections with reduced wave 8 0.004 | ator R
vector g=(0.5, 0.26, 0.5 which correspond to the low- S 0.003 A
temperature CDW. A complication arises from magnetic- E : °
field-induced sample motion due to the anisotropic suscepti- £0.002 &
bility of the very thin crystal. Even in zero field the angular
positions of the Bragg reflections were observed to
drift slowly, presumably due to relaxation of residual T s
thermal strains. The high angular resolution made it neces- 4.09 4.10 » 4.11 4.12
sary to recenter the sample frequently. After changing the Q (A

magnetic field, the sample was therefore carefully realigned
by optimizing the intensities of the main crystallographic ;.

Bragg reflections. _ _ order parameter of the low-temperature charge-density wave, in
~ Longitudinal scans through two such reflections in zeromagnetic fields of 0 and 10 T. The temperature is 5 K. Presumably
field and in an applied field of 10 T are shown in Fig. 1. que to a subtle sample motion, the intensities before and after set-
(The peak position in a longitudinal scan is sensitiveting the field to 10 T are somewhat differefthough the peak
only to changes in the magnitude of the wave vectorpositions are identical The H=0 T scan shown is an average of
and not to small differences in angular alignment ofscans taken before and after the field was set to 10 T. The magnetic-
the samplg.The slight asymmetry of the profiles presumably field dependence of the peak amplitude was determined by the low-
originates from the irregular mosaic structure of ourresolution measurements of Fig. 3.

FIG. 2. Longitudinal scans through tif@.5, 2.26, 0.5 superlat-
e reflection whose intensity is proportional to the square of the
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CDW Order Parameter the CDW order parameter in a magnetic field of 10 T.
1.2 " ' A ~30% enhancement of the order parameter in a 7.5-T
1.0 3 - field claimed by Hall, Hundley, and Zettlis ruled out
p'4

by these data, thus supporting the transport experiments of
Tritt et allt

o
oo
T

IV. CONCLUSIONS

Intensity {arb. units)
o
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047 One further consideration must be made in comparing the
0.2 x-ray and magnetotransport data. Both the transport experi-
ments and the theoretical interpretation in terms of the orbital

o0 12 response of the electron gas require the magnetic field to be

perpendicular to thé axis, as in our experiment. However,
in the transport experiments @ac anisotropy was also ob-
FIG. 3. Magnetic-field dependence of the intensity of (a5, ~ Served. The magnetoresistance anisotropy is mddesn%
2.26, 0.5 superlattice reflection, extracted from Gaussian fits tolarger alongc than perpendicular to (Ref. 6], but the an-
profiles measured with low-momentum resolution. A typical scanisotropy found in the nonlinear transport studies is more
(atH=0 T, T=5 K) in the b direction along the conducting chains pronounced>!® The magnetic-field-induced reduction in
is shown in the inset, together with the result of a($ilid ling. ~ CDW depinning fieldE. is maximum when the field is ap-
The reciprocal lattice coordinateis measured in reciprocal lattice plied perpendicular to the-c plane, and very small when it
units (r.l.u), that is, in units ofb™. is applied parallel to this plane.
In our experiment, application of the field perpendicular
to theb-c plane is incompatible with the constraints of ver-
Figure 2 shows longitudinal scans through tBe5, 2.26, tical field and horizontal scattering plane, and with the ex-
0.5) superlattice reflection, at a temperatuf&d< where the  tremely thin sample dimension perpendicularbtoRather,
CDW order parameter is saturated. The scan direction sulihe field was applied at an angle of 26.5° with respect to the
tends an angle of only 6.5° with*, so that the peak position b-c plane. Fortunately, detailed transport measuremgints
measures the wave vector along the conducting chains. Ewlicate that in this geometry the suppressiorkgfis already
dently, the wave vector of the CDW is not affected by asubstantiak~75% of the suppression in the optimal geom-
magnetic field of 10 T, to within our resolution. The wave- etry). Moreover, the magnetic field applied in our experiment
vector resolution at th€0.5, 2.26, 0.5 position is about is much larger than 2.5 T, the critical magnetic field above
0.0011 A™! (half width at half maximum comparable to Which suppression oE. is first observed at low tempera-
previous high-resolution synchrotron x-ray-diffraction mea-tures. We thus believe that our x-ray study is a meaningful
surements on this sytefA Since a wave-vector shift equal to complement to these nonlinear transport measurements, as
the resolution would have been easily observable, a consewell as to the numerous other magnetotransport studies that
vative upper limit ofAq,/q,<2.5x 102 on the shift of the have been reported on NbSe
CDW wave vector in a magnetic field of 10 T may be set The limit of Aqg,/gy,<2.5<10"2 on the shift of the
(0p=0.260*=0.469 A ! is the b component of the re- CDW wave vector in a 10-T magnetic field was obtained
duced wave vectyr by using a high-resolution scattering configuration at a
The data of Figs. 1 and 2 are also inconsistent with argynchrotron.(With special care and crystals with very low
appreciable change in the CDW order parameter with magmosaic spreads, further improvements in resolution have
netic field. In order to place quantitative limits on any am-been achieved in some zero-field experiménts.
plitude changes, the germanium analyzer was removed, aridnfortunately, none of the theoretical models proposed to
studies were carried out in a lower resolution mode, thugxplain the magnetotransport experiméfts allow for
minimizing the possible effects of small differences in quantitative estimates ofq,/q, or the order-parameter
angular alignment on the peak amplitude. The resulting/ariation to which our upper bounds can be compared. A
resolution was~0.005 A~ ! (half width at half maximum quantitative analysis will have to await more elaborate cal-
A typical scan through théd.5, 2.26, 0.5reflection is shown culations using a realistic Fermi surface and electron-phonon
in the inset of Fig. 3. The data were fitted to resolutioninteraction.
limited Gaussians, and the peak amplitudes extracted
from the fits are plotte(_j in Fig. 3 as a function qf magnetic ACKNOWLEDGMENTS
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