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regularized contour dynamical algorithm with a
node insertion-and-removal algorithm.!' The
close agreement between the linear and nonlinear
solutions validates the numerical algorithm.
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Strandlike domains have been observed in NbSe; at temperatures below 144 K by imaging
in one of the satellite reflections produced by the phase transition. These appear to
twinkle rapidly with many strands in the field of view lighting up and switching off in
periods of a few seconds. In addition, fringes along these strands have been observed.

PACS numbers:

The unusual properties associated with the
phase transitions of NbSe; at 144 and 59 K have
aroused a great deal of interest.’ In particular
the non-Ohmic electrical conductivity observed
near both these transitions has stimulated several
investigations®:® but still requires a full explana-
tion. The material grows in the form of blade-
shaped whiskers with the unique axis (b) of the
monoclinic unit cell along the whisker.* At each
of the phase transitions incommensurate satel-
lites appear in diffraction experiments with wave
vector components along the b axis which differ
slightly from $b*.5 1t is generally accepted that
the phase transitions are driven by charge-den-
sity-wave (CDW) instabilities and that the non-
Ohmic conductivity results from unpinning of the
charge density waves.® However, direct evidence
for the unpinning is at present lacking and the de-
tailed microstructure of the incommensurately
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modulated state is open to conjecture.

It is the purpose of this communication to re-
port electron microscope observations which may
be interpreted as direct evidence for the move-
ment of CDW’s and which indicate a stranded na-
ture of the modulated state. These new results
permit a reevaluation of a number of previous
publications on NbSe, and lead to a proposal for
the nature of the CDW state in this material.

The samples were grown by iodine vapor trans-
port. They have a resistance ratio which is typi-
cally about 100:1. Thin foils were prepared from
the whiskers for transmission electron micros-
copy (TEM) by cleavage and they were examined
in a Philips EM400 electron microscope with a
double-tilting liquid-helium-cooled stage designed
by Dr. J. A. Eades and built in this laboratory.
The samples were typically 50 nm thick. Tem-
perature control is provided and it is possible to
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achieve a thermal drift of less than 1 K/min. Ab-
solute measurement of the temperature is diffi-
cult and has not been attempted yet. However,
the nominal temperatures quoted hereafter are
evidently not more than 10 K lower than the ac-
tual temperature of the irradiated region as can
be judged from appearance and disappearance of
diffraction satellites on cycling the specimen
temperature. The samples were immersed in the
objective lens field of approximately 1.8 T.

When the samples were investigated in the nor-
mal way, by bright field diffraction contrast elec-
tron microscopy, nothing unusual was observed.
Attempts at dark field electron microscopy using
an objective aperture which passed only a satel-
lite reflection were initially unsuccessful be-
cause of the resulting very low image intensities.
However, by tilting the whiskers so as to maxi-
mize the intensity of one or more satellite reflec-
tions and by using these to obtain satellite dark
field (SDF) images it was discovered that the
whiskers were broken up into fine dark and light
strands approximately parallel to the whisker
axis. Such images have been obtained from a
wide variety of crystal orientations. Deviations
of the strands from this direction by up to 15°
were occasionally observed. The images some-
times revealed intensity modulations (“fringes”)
along the strands as illustrated in Fig. 1.

A number of interesting properties of these
images have been noted. Perhaps the first and
most telling point is that images such as those
described above were only observed in satellite
reflections; the effects are essentially associated
with the phase transitions. Although strands were
recorded in the satellites appearing at both the
lower and the higher temperature phase transi-
tions the images could be made considerably
stronger in the case of the higher temperature
satellites and these were therefore preferred.
The highest temperature at which a stranded
image could be obtained was about 100 K. By this
temperature the intensity was diminishing rapid-
ly with further increase in temperature. Neither
the strand dimensions nor the fringe spacing
changed with temperature in the range 30-100 K.

The second important point is that the images
were found to be time dependent with different
rates of evolution above and below the lower tem-
perature phase transition. On cooling below 40 K
the images were observed to be in a state of con-
stant movement with individual strands lighting
up, branching, or vanishing in fractions of a sec-
ond (“twinkling”). Special techniques were de-

FIG. 1. Images revealing strands parallel to the
whisker axis (right-hand sides of the micrographs) and
trains of fringes within the strands (left-hand sides).
The micrographs were two-second exposures taken with
a time interval of approximately one minute. The dark
band is the shadow of another whisker.

veloped to record the development of the images
with time so that up to six exposures could be ob-
tained on one piece of film with a time lapse of
down to approximately one second between expo-
sures. A very complicated picture emerges. Al-
though the spacing of the strands appears to be
much smaller in micrographs without the fringe
patterns than in the regions of Fig. 1 where the
fringes are visible, the time lapse pictures cor-
rect this impression. In the “strand” micro-
graphs it is evidently the boundaries between cer-
tain of the strands which are revealed while the
“fringe” micrographs reveal detail within the
strands themselves. Adjacent strands interact

so that at any one time the fringes may be approx-
imately in phase over many strands for a distance
of 100 nm or more. However, in a later micro-
graph each fringe in a patch of smooth fringes is
broken up into many steps as the phase jumps
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from one strand to another. The spacing between
these phase jumps is about 20 nm, a distance
comparable with the finest strand spacings. It
seems that the relative movement of the fringes
in different strands is related to the twinkling ef-
fect observed in strand images. Similar changes
were also observed at temperatures above the
lower phase transition but these were on a longer
time scale, with several seconds between jumps.
The trains of fringes in the strands are at least
2000 nm long so that the typical strand dimen-
sions are 20x2000 nm.

In fact, a wide variety of contrast effects has
been observed in SDF images, strand and fringe
images representing the two extreme cases. An-
other feature of these images is that although
bend contours, imaged in matrix reflections,
were smooth, the SDF contours were irregular
with discontinuous boundaries. The broken nature
of the satellite contours indicates that the Bragg
conditio\n jumps discontinuously from one strand
to the next and that each strand is a coherently
diffracting object. The fringe spacing in a given
area increases with time but apparently does not
depend significantly on the crystal orientation.
Typical spacings vary from about 100 nm at onset
to 500 nm after a period of one hour or more.
Finer fringes can sometimes be seen. These
finer fringes may either exist alone in strands
with spacings down to 50 nm or else appear as
fine (~10 nm) modulations of the more widely
spaced fringes. The resolution limit of our SDF
observations is about 5 nm and fringes down to
8 nm have been recorded. Efforts to resolve the
splitting of the satellite reflections have proved
fruitless on the whole. Long exposure, selected
area diffraction experiments with very long cam-
era lengths and very small angular divergence of
the illumination are required. These conditions
are hard to meet in the circumstances of our ex-
periments. However, when a region of crystal
with 50 nm fringes was investigated the diffrac-
tion pattern revealed doubling of the spots in the
direction of 'c] in addition to slight streaking in a
direction perpendicular to q. The perpendicular
streaking, implying rotations of § by up to about
15° from the b* axis, was frequently encountered.
For the larger fringe spacings observed the frac-
tional change in magnitude called for is Aq/q

~ ﬁ, while the finer fringes require larger chang-

es Aq/q~ k.

The jumps in contrast along the edge of a bend
contour could arise for a variety of reasons, the
two most likely being the existente of elastic
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strain fields that vary from one strand to another,
or a variation of the charge-density-wave vector
(Q) within each strand. If q does indeed differ
somewhat from one strand to another then the
trains of fringes within each strand are likely to
be Moiré effects between two slightly different q
values within the thickness of the sample. As the
fringes were observed at temperatures both above
and below the lower temperature phase transition
they cannot be the result of interaction between
the two different CDW’s. Also, as the micro-
graphs recorded above and below the lower tem-
perature phase transition were essentially indis-
tinguishable their explanation has to rely solely
on the higher temperature CDW’s. It seems rea-
sonable to suppose that the transverse dimensions
of the strands are isotropic (see Fig. 2) and as
the whisker thickness in Fig. 1 is approximately
50 nm it follows that these images could result
from the projection of effects from two strands.
Apparently related effects are well known in the
transmission electron microscopy of long-range
ordered superstructures. Very widely spaced
Moiré fringes have been found as a result of com-
position fluctuations in the Nowotny phases and
nominally stoichiometric Ta,0,. Moiré fringes
could arise from changes in either the magnitude
or the direction of g, and our evidence indicates
that both these effects occur in NbSe,.

If this interpretation is correct the relative
slippage of fringes in the strands might result
from the relative displacement (or sliding motion)
of charge density waves in adjoining strands. If
the slippage were between charge density waves
in strands lying one on top of the other within the
thickness of the specimen the fringe motion would
be magnified by the Moiré effect. However, with-
out a more detailed model one cannot deduce the
mobility of the charge density waves themselves

(g-A4g,)

(q+Aq“)

FIG. 2. Schematic diagram illustrating a model which
could account for the experimental observations.
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from these observations.

The model which is suggested by these observa-
tions for the higher transition temperature CDW
state in NbSe, is illustrated in Fig. 2. The whisker
is broken up into weakly interacting strands with
typical dimensions indicated in the diagram. Each
strand differs from its neighbors in having a
slightly different CDW vector, with variations in
the magnitude of g coupled with small changes in
its direction. The waves in the strands are able
to slide past each other without much resistance.

It is not clear at present why the fringes move
and the strands twinkle. No electric field has
been deliberately applied. However, the chief en-
ergy loss of the high-energy electron traversing
the sample will be in plasmon excitation and we
have in fact recorded plasmon loss spectra from
some of these samples as they were cooled in the
electron microscope. These high-energy collec-
tive excitations are presumably all that is re-
quired to unpin the charge density waves. Subse-
quent drift could then occur under the influence
of charging fields which are always present in
TEM, chiefly as a result of secondary electron
emission from the irradiated regions of the speci-
men. Alternatively, a thermal gradient in the
sample might be responsible.

An interesting point arises in connection with
the paper by Lee and Rice on the unpinning of
CDW’s. They draw a distinction between weak
and strong pinning and conclude that charged im-
purities would give rise to a strong pinning effect.
The strands observed in this work contain approx-
imately 4x107 atoms so that, for an impurity con-
centration of one in 10%, there would be approxi-
mately 4000 impurities per strand. This number
points to a weak pinning mechanism so that either
the concentration of charged impurities is very
low, which seems unlikely, or else the values
they assumed for the coherence lengths were too
small. In order to explain the movement of strong
ly pinned CDW’s under the influence of small elec-

FIG. 3. Schematic diagram illustrating the sliding
of fringes past a static fringe dislocation. Solid lines
indicate the crests of the waves; broken lines indicate
the strands. The dotted portion of strand S’ indicates
the position of the crests in this strand at a later time
and the shading represents the areas swept by the crests.

tric fields Lee and Rice® proposed a dislocation
model by analogy with the need for crystal dislo-
cations to explain the mechanical weakness of
metals against plastic deformation. We do indeed
observe dislocations in the fringe patterns report-
ed here but they remain static while the fringes

in individual strands slide through them. This
point is illustrated schematically in Fig. 3.
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FIG. 1. Images revealing strands parallel to the
whisker axis (right-hand sides of the micrographs) and
trains of fringes within the strands (left-hand sides).
The micrographs were two-second exposures taken with
a time interval of approximately one minute. The dark
band is the shadow of another whisker.



