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Local charge-density-wave structure in 17-TaS, determined by scanning tunneling microscopy
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We have imaged simultaneously the lattice and the charge-density-wave (CDW) superstructure in
17-TaS, over the temperature range 370-77 K. In the nearly commensurate (NC) phase between
353 and 183 K we find that the CDW occurs not in commensurate domains but with a uniform, in-
commensurate orientation throughout the crystal surface. Local measurements of the relative angle
between the CDW and the underlying atomic lattice failed to find any areas where the local angle
was the commensurate angle, in contradiction to the hexagonal-domain NC-phase model of Nakan-
ishi and Shiba. In the nearly commensurate triclinic (T) phase between 223 and 283 K produced
when the temperature is increased, we have directly observed CDW discommensurations in agree-
ment with the stretched honeycomb discommensurate 7-phase model of Nakanishi and Shiba.

I. INTRODUCTION

One of the most interesting structural phase transitions
is that which involves the formation of charge-density
waves (CDW) in low-dimensional metals. Substantial
Fermi-surface nesting can lead to divergences in the
dielectric response function at a wave vector q which
spans large portions of the Fermi surface. These diver-
gences are in turn transferred, via the electron-phonon
interaction, to the phonon spectrum itself, creating a soft
phonon mode. The result is a stable, gapped Fermi sur-
face and a frozen-in phonon of wave vector q, with a cor-
responding modulation of the electronic density of states
and charge density in real space. If q is unrelated to the
original lattice periodicity, the CDW will in general not
be commensurate with the underlying atomic lattice.

CDW?s are observed in a host of quasi-one-dimensional
and quasi-two-dimensional conductors, and have been
studied extensively by diffraction, ! transport,? and elasti-
city® techniques. Since the CDW distortion also results
in a modulation of the density of states near the Fermi
level, CDW’s are well suited for study by scanning tun-
neling microscopy. The tunneling current of a scanning
tunneling microscope (STM) is directly proportional to
the density of states at the Fermi level; hence the STM
can image both the underlying atomic lattice and the
real-space CDW superstructure on a crystal surface. The
ability of a STM to image a CDW was first demonstrated
by Coleman et al.* for the quasi-two-dimensional metals
17-TaS, and 2H-TaSe,. More recent STM results’ show
both the underlying atomic lattice and the CDW imaged
simultaneously in related CDW materials.

In principal, the STM technique can be used to study
real-time CDW formation, the CDW order parameter
(amplitude), local registration (commensurability) with
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the atomic lattice including domain structure and
discommensurations, polarization distortions, and meta-
stable states, and, in the case of a sliding CDW conden-
sate, CDW dynamics. We have used the STM to study in
detail the static, temperature-dependent CDW structure
in 17-TaS, over a wide temperature range. As a function
of temperature, five different phases are known to exist in
this compound,® four of which support a CDW. The
spacing and orientation of the CDW superstructure with
respect to the lattice is different in each phase. Our
method produces images showing both the lattice and the
CDW in the different phases, enabling us to determine
the local registration of the CDW. Our results resolve
longstanding questions regarding discommensurations
and domain structure in 17-TaS,.

II. STRUCTURAL PHASES OF 17-TaS,

At temperatures above 543 K no CDW exists in 17-
TaS,. When cooled, the material first enters the incom-
mensurate (I) phase (543-353 K). Further cooling
brings the sample into the nearly commensurate (NC)
phase (353— 183 K), and finally into the commensurate
(C) phase (T < 183 K). The material is strongly hysteret-
ic and on warming again one obtains the nearly com-
mensurate triclinic (7) phase (223 —283 K) followed by a
transformation back to the NC phase at 283 K. Recent
experiments on thermal expansion,’ atomic beam
diffraction,® x-ray diffraction,’ heat capacity,'® elastic
constants,!! and transport properties®!>!> have shown
that the T phase is distinct from the NC phase. Table I
summarizes the temperature ranges of these phases and
their important characteristics.

The CDW is concomitant with a periodic lattice dis-
tortion. The lateral lattice displacements are on the or-
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der of 0.2 A, which is below the lateral resolution of an

STM. This lattice shift can be studied on x-ray
diffraction,” %16 electron diffraction, 1151718 convergent
beam electron diffraction,'®?° low-energy electron

diffraction,?! and atomic beam diffraction.?? In the past,
these diffraction techniques along with high-resolution
electron microscopy (HREM)!"?* have been the major
methods which have given insight into the detailed struc-
ture of the different phases of the CDW on the atomic
scale. For the NC and T phase of 17-TaS,, diffraction
techniques have proven indispensable in providing basic
data to determine the quite complicated temperature-
dependent structure.”?* However, there is still the open
and challenging question of how these two phases are ac-
tually arranged on an atomic scale within a sublayer, i.e.,
whether they are continuously incommensurate,!® or
form a domainlike discommensurate structure, in which
the CDW is commensurate within a single domain and is
incommensurate only over a finite width at the domain
boundary, as proposed by Nakanishi and Shiba.?%2¢
McMillian proposed a theory of discommensurations
for the incommensurate phases of CDW’s.?” Nakanishi
and Shiba?*>? later extended this theory to the specific
case of 17-TaS,, proposing the hexagonal-domain model
for the NC phase and the stretched honeycomb model for
the T phase. In addition to the original x-ray diffraction
results,”?*2% the major piece of experimental evidence
supporting both discommensuration models is the x-ray
photoemission experiment of Hughes and Pollack.?®
These authors showed that the x-ray photoemission spec-
troscopy of the 4f lines of the Ta atoms are split, indicat-
ing two inequivalent sites for the Ta atoms, a result that
does not obviously occur if the CDW is uniformly incom-
mensurate. However, the two HREM studies that
achieved atomic resolution on the NC phase of 17-TaS,
reported that the CDW is locally incommensurate!”?* in
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contradiction with the discommensuration theory of
Nakanishi and Shiba.

In a similar material, 2H-TaSe,, several groups have
performed extensive electron diffraction and dark-field
transmission electron microscopy (TEM) studies.? They
have shown that 2H-TaSe, does exhibit discommensura-
tions in its CDW in at least two phases and that the exact
geometrical configuration depends on the thermal history
of the sample. However, the scale of the discommensura-
tions which were directly observed in 2H-TaSe, is some-
what larger (> 300 A) than those predicted in 17-TaS,
(50-100 A ).2%2® Thus the predicted discommensurations
in 17-TaS, are below the resolution of dark-field TEM
(Ref. 20) and have never been directly verified.

In an effort to shed some light on this controversial
problem, we have performed an STM experiment on 17-
TaS, between 77 and 370 K. We are able to observe the
surface CDW as well as the atomic lattice over large
areas. In the NC phase, we find that the CDW is not ar-
ranged in commensurate domains, but occurs at a con-
stant, incommensurate orientation throughout the sur-
face. The angle of the orientation of the CDW relative to
the lattice was measured locally and found to vary con-
tinuously with temperature, as reported by Scruby
et al.'> However, in the T phase, we do observe discom-
mensurations very similar to those predicted by Nakan-
ishi and Shiba.?®

III. EXPERIMENTAL CONFIGURATION

A. Sample preparation

Samples were prepared from Ta powder (99.9%-pure
Wah Chang) and S (99.9999%-pure Atomergic Chemet-
als) in stoichiometric amounts sealed in quartz tubes
(200-mm long, 16-mm i.d.) along with 58 mg of excess S

TABLE I. The phases of 17-TaS,.

¢
Phase Temperature (deg) Comments
Normal above 543 K No CDW is known to exist.
Difficult to study because it transforms
slowly to 2H polytype.
I 543-354 K 0 CDW is uniformally incommensurate
but is aligned with the lattice.
NC 353-183 K 11.6 at 331 K CDW is incommensurate and

upon cooling
and 283-353 K
upon warming

(o} below 183 K
upon cooling

and below 223 K 139
upon warming
T 223-283 K 12-13

upon warming

to 13.1 at 250 K

rotated away from the lattice.
Discommensurate hexagonal-domain
structure proposed by Nakanishi and Shiba.

CDW is uniformly commensurate.

CDW is incommensurate and does
not exhibit threefold symmetry.
Discommensurate stretched
honeycomb domain structure
proposed by Nakanishi and Shiba.
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(approximately 1 ug/mm? of tube volume) and 100 mg of
iodine. After the tubes were slowly heated to 550 °C, and
examined for complete reaction of the tantalum with the
sulfur, they were heated to 900 °C to complete the forma-
tion of TaS,. Single crystals of the 1T polytype were
grown by placing the tubes in a temperature gradient
from 843 to 768 °C for three weeks. The tubes were then
rapidly quenched in water to retain the 17T polytype, and
the crystals washed three times with dichloromethane to
remove any residual iodine.

B. Microscope operation

The tunneling microscope used for this experiment is a
modification of designs by Kaiser and Jacklevic,** and by
Drake et al.®!' It consists of an aluminum plate, support-
ed by three screws, clamped onto the main microscope
body by two springs (Fig. 1). Two screws at one end of
the plate control the coarse positioning of the sample,
which is mounted on the plate. Because the line joining
the pivot points of these screws is offset from the tip by
1.5 mm, adjustment of the third screw, 30 mm from the

FIG. 1. Schematic drawing of the STM. The thin plate acts
as a lever arm to facilitate adjustment of the sample to within
tunneling range. The fine-adjust screw is controlled by a motor
and the entire microscope can be immersed in a cryogenic
liquid.
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tip, causes a motion of the sample relative to the tip of 20
pm per turn. We achieve x-y scanning by applying
differential voltages to a piezoelectric tube scanner*? with
the tip mounted in the center. We use Pty gRh, tips,
which we form simply by cutting the wire with blunt wire
cutters.

We adjust the coarse position of the sample under a
low-magnification microscope, moving the tip to within
about 50 um of the surface. We use a motor to turn the
fine-adjust screw, bringing the tip towards the sample
with the z-drive feedback circuit in operation. As soon as
a tunneling current is detected, the z drive retracts and
the motor is switched off automatically. In this way, we
can bring the tip within working range of the sample
without touching the two together.

Extending the technique of Drake et al.”” who imaged
samples immersed in oil, we cleave single crystals of 17-
TaS, under mineral oil before mounting them in the
STM. The entire microscope is then lowered into a thin-
walled copper can filled with reagent grade n-pentane.
The pentane dissolves the oil, thus producing a surface
which has never been exposed to air and which can be
cooled to 150 K. However, for samples to be imagined at
77 K we cleave the sample in air and do not use n-
pentane inside the can.

We lower the copper can into a dewar containing ei-
ther an ice bath of n-pentane (143 K) or liquid nitrogen.
In the case of the n-pentane, the temperature of the ex-
periment can be adjusted between 150 and 295 K by al-
lowing the bath to warm slowly back to room tempera-
ture over a period of several hours. This technique al-
lows the temperature of the experiment to drift slowly
(=~3°C/h) while the data are taken, but in most cases this
does not significantly degrade the quality of the images.
The temperature of the sample is measured with a silicon
switching diode (1N-4448) mounted directly behind the
sample. For experiments run above room temperature,
we substituted a bath of mechanical pump oil for the pen-
tane and used a heating tape to adjust the bath tempera-
ture.

We acquire data in the constant height, or current im-
aging mode,>* taking one complete image in about 2 sec.
We find that this technique is superior to the constant
current, or topographic mode for this material because it
allows us to image the atomic lattice simultaneously with
the CDW. This is a critical requirement when one wishes
to determine the angle of orientation of the CDW with
respect to the lattice. Generally, we post process the raw
data to enhance the resolution of the CDW and the lat-
tice (see the Appendix).

We believe that the CDW structure we observe is iden-
tical to the undisturbed CDW structure, although we are
applying a small (0.1-20 mV) bias voltage between the
surface and the scanning tip. Tunneling studies®> of 17-
TaS, showed that the CDW gap is about 0.1-0.5 V over
the 77-320 K temperature range. We can safely assume,
therefore, that the tunneling current is only a small per-
turbation to the static CDW. This conclusion is further
supported by the fact that the STM images do not depend
significantly on the amplitude or polarity of the bias volt-
age.
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FIG. 2. Measured resistivity of 17-TaS, around the transi-
tion at 350 K. Two vertical arrows indicate the temperature at
which the transition was observed in the STM.

IV. RESULTS AND DISCUSSION
A. I phase to NC phase
We have studied the transition from the I to the NC

phase with care because the rather large rotation
(¢ =~11°) of the q wave vector of the CDW relative to the
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lattice enables one to observe the transition in real time.
This transition is quite dramatic since in the I phase q is
aligned with the hexagonal lattice so that the rotation of
the CDW superstructure is observed directly.

In Fig. 2 we show the measured resistivity of our sam-
ple around the transition. In accordance with previous
transport measurements!> we find that the resistivity
shows a small but significant hysteresis of 2 K at the tran-
sition. In Figs. 3(a) and 3(b) we display the raw and
filtered data taken well above the transition. Figures 3(c)
and 3(d) show the raw and filtered image taken just below
the transition. The underlying atomic lattice is clearly
visible and thereby serves as a reference for the CDW.
We find that after the transition the CDW has rotated by
10.9° relative to its position before the transition. To
determine whether the surface transition occurs at the
same temperature as the bulk transition we have also
studied the transition for both increasing and decreasing
temperature, continuously monitoring any changes in the
CDW structure relative to the lattice, while simultane-
ously measuring the bulk resistivity. We were able to
capture the surface transitions, indicated in Fig. 2 by the
vertical arrows, to within a few hundredths of a kelvin.
Obviously, the differences between the bulk and surface
transitions are very small, comparable to our estimates of
temperature gradients between the sample and thermom-

FIG. 3. Raw data and filtered images of 17-TaS,. The bar below each picture is 10 A. (a) Raw and (b) low-pass filtered image tak-
en at 360 K in the I phase. The image was taken in air with 7.5-nA tunneling current and the sample biased at —4.8 mV. (c) Raw
and (d) filtered image taken at 350 K just after the transition to the NC phase. The sample was under silicone oil and the image was
taken with 5-nA tunneling current and the sample biased at —13 mV. (e) Raw and (f) filtered image taken at 143 K in the C phase.
The sample was immersed in n-pentane and the image was taken with 5-nA tunneling current and the sample biased at + 20 mV.
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eter. We therefore conclude that the nature of the transi-
tion is the same at the surface as in the bulk, suggesting
that the CDW structures should be identical.

B. C phase

Before discussing the more interesting NC and T
phases, we present results on the C phase (T < 183 K), to
which the NC and T phases are closely related. Figures
3(e) and 3(f) display the raw and filtered data taken at 150
K. Again, both the CDW and the underlying lattice are
visible. Moreover, it is evident that the CDW is com-
mensurate with the lattice, since the lattice structure
within each CDW maxima appears to be identical.

In the C phase as well as the other CDW phases we
find that the CDW supercell can be rotated counterclock-
wise (a rotated in the notation of Wilson et al.l), as it is
in Fig. 3(e), or clockwise (S rotated), relative to the lat-
tice. It is well known from x-ray diffraction experiments
that these two related superstructures can coexist in the
same sample. On one occasion we found adjacent areas
of a and B rotation, but were unable to image the domain
boundary. In all other cases, we have observed only one
type of rotation across the entire surface area accessible
to our microscope (about 1 um?).

C. NC phase

The comprehensive study by Scruby et al.'’ suggested
that in the NC phase the CDW forms a structure where
the component of the wave vector q parallel to the basal
plane is almost, but not quite, commensurate with the lat-
tice. Between 331 and 250 K, ¢, the angle of rotation of
the CDW with respect to the lattice was found to change
continuously from 11.6° to 13.1° 13.9° being the angle of
a commensurate CDW.

Inspired by the finding of higher-order harmonics of
the fundamental CDW wave vector by advanced x-ray
techniques, Nakanishi and Shiba?>?® proposed a domain-
like discommensurate (DC) CDW structure for both the
NC and T phases. They suggested that in the NC phase a
honeycomb domain structure with domains having an es-
timated diameter of 20a, to 25a, (a;=3.346 A is the lat-
tice constant) and a diffuse domain boundary supercedes
the CDW structure and is responsible for the higher-
order harmonics. In contrast to the interpretations of
Scruby et al.,' the CDW in this case should be com-
mensurate within a given domain. From the even more
detailed x-ray report on asymmetric satellite reflection in
the T phase’ they concluded that this honeycomb domain
superstructure is squeezed into a triclinic 3 X 1 stretched
honeycomb domain superstructure?® of roughly the same
size. Later, Tanda and Sambongi described the stretched
honeycomb structure in more detail.®

Given these detailed experimental results and theoreti-
cal predictions we have imaged the CDW structure in the
NC phase at various temperatures to determine the
correct model. The STM is the ideal instrument to dis-
tinguish between the models of Nakanishi et al.?>?® and
Scruby et al.'’ because it can image the CDW locally.
Although the difference between the incommensurate an-

R. E. THOMSON et al. 38

FIG. 4. Low-pass filtered STM image of 17-TaS, in the NC
phase. The bar below the picture is 10 A. Notice the gradual
variation of the atomic lattice structure superimposed on the
CDW maximum indicating that the picture is not of a com-
mensurate domain. The image was taken at 295 K with 4-nA
tunneling current and the sample biased at —0.25 mV.

gle and the commensurate angle is relatively small, rang-
ing from about 1° to 3°, we would expect to be able to see
the commensurate domains from a visual inspection of
the raw data: When the CDW is commensurate each
CDW maximum (or minimum) contains an identical ar-
ray of atoms. This commensuration is confirmed in pic-
tures published by Giamgattista et al.’ of the commensu-
rate phase of 4Hb-TaSe, as well as by our own data at
143 K [Fig. 3(]. However, our images in the NC phase
do not show any regions where the CDW maxima appear
identical. This dissimilarity can be seen clearly in Fig. 4,
a typical filtered image of the NC phase at room tempera-
ture. Figure 3(d) serves as a second example. The
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FIG. 5. Locally measured angle, ¢, of the CDW relative to
the atomic lattice: For a detailed description of the angle mea-
surement see the Appendix. The point at 143 K is in the C
phase and is equal to 13.9° to within our estimated error. The
remaining points are in the NC phase and are always less than
the commensurate angle of 13.9°.
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FIG. 6. 1T-TaS, in the NC phase showing variations in apparent amplitude of the CDW. The bars below the pictures are 25 A.
(a) Image taken at 251 K in a N, atmosphere with 7-nA tunneling current and — 10 mV bias applied to the sample. Several extended
areas of the image appear to have an anomalously strong CDW compared to the rest of the image. (b) Image taken at 210 K with the
sample immersed in liquid n-pentane with a 4-nA tunneling current and the sample biased at + 0.25 mV. Here there appear to be

very localized areas where the CDW is enhanced or suppressed.

configuration of the atoms superimposed on the CDW
maxima varies slightly from one maxima to the next
across both pictures.

A more rigorous test for commensurate domains is
provided by a local measurement of the angle of the
CDW relative to the lattice. We usually take images that
are from 50 to 100 A. Thus, if commensurate domains of
the size predicted exist (70 to 85 A in diameter), we

should be able to take an image almost completely within
one domain. A large sampling of images should yield at
least one or two which exhibit the commensurate angle,
¢=13.9°, in all three directions. This is not what we
found. On the contrary, in analyzing 10 images of sam-
ples in the NC phase we found none in which the angle in
even one direction approached 13.9° (see the Appendix
for a detailed description of how the angle was mea-

FIG. 7. 1T-TaSe, in the T phase. The CDW is clearly observed in long narrow domains separated by walls where the CDW ampli-
tude is suppressed. The bars below each picture are 25 A. (@ Image taken at 225 K while the sample was immersed in n-pentane
with 5-nA tunneling current and the sample biased at + 20 mV. (b) Image taken on a different sample at 237 K while the sample was
immersed in n-pentane with a 3-nA tunneling current and the sample biased at —4 mV.
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sured). Moreover, if the discommensurate domain model
were correct, we would expect the average angles of
different pictures to vary significantly, depending on
whether the image was centered on a domain or on a
boundary between domains. All the images we analyzed
exhibited very similar average angles, however, as shown
in Fig. 5 by the small standard deviations on our data
points.

It should be mentioned that although we do not see the
domains predicted by Nakanishi et al. where ¢, the angle
of the CDW, defines the domain, and where the ampli-
tude of the CDW is predicted to vary only at these
domain walls, we do see variations in the apparent ampli-
tude of the CDW in the NC phase as well as in all the
other phases. For example, in Fig. 6(a), an image taken
at 250 K in the NC phase, one can see large areas where
the CDW appears much stronger than in others. In Fig.
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6(b), the enhanced or depressed areas appear to be more
localized. We found these areas where the CDW is
enhanced or suppressed to be randomly distributed
throughout the sample. They appeared in all the samples
we tested including samples in the C phase where they
appeared most frequently and were extremely stable from
scan to scan. We suggest these variations are due to de-
fects, impurities, or surface contamination.

D. T phase

After our thorough study of the NC phase where we
found no evidence of the predicted domain structure, we
were surprised to find domains in the T phase similar to
those predicted. In four out of five extensive sets of im-
ages obtained on three samples we found long narrow
sections in which the CDW amplitude is large. Figure 7
shows two typical examples of this structure, taken on

FIG. 8. 17-TaS, in the T phase. (a) Raw data: Image was take at 236 K with the sample immersed in n-pentane; tunneling current
was 5 nA and the sample was biased at —4 mV. The bar below the image is 25 A. (b) Computer analysis of (a) showing the locations
of the position of the CDW minimum inside the two domains. Notice the phase slip of one atomic lattice unit across the domain
wall. This is most easily observed by viewing the model at a glancing angle along the direction of the CDW minimum. (c) Projected

view of the data shown in (a).
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different samples. In any one sample, the domain walls
are found to run approximately parallel across the entire
area of the surface we are able to sample (=1 um?). In-
side any one of these domains the CDW maxima (or
minima) appear to be almost identical, leading us to con-
clude that the CDW is commensurate inside the domain.

To determine the relationship of the CDW in one
domain to that in an adjacent domain, we made a com-
puter model of an image to clarify the CDW positions.
We first generated a lattice image and used it to deter-
mine the best skewing transform (see Appendix). On top
of this ideal lattice grid we then plotted the centers of the
CDW minima. Figure 8(a) shows the raw data and Fig.
8(b) the computer image generated in this way. Viewing
Fig. 8(b) at a glancing angle along the direction of the
CDW minima rows, one sees that the commensurate
CDW in the left domain has suffered a phase slip of one
lattice spacing relative to the commensurate CDW in the
center domain. This is further illustrated by Fig. 8(c)
which is a projected view of Fig. 8(a). Here the com-
mensurate domains are clearly visible as the three areas
where the CDW has a larger amplitude. [In Fig. 8(b)
only two of these domains were plotted.] The phase slip
that occurs at the discommensuration is also clearly
shown by the jogs that occur in the lines of CDW maxi-
ma. The structure seen in this picture is thus exactly that
proposed by McMillan for discommensurate phases. >’

The size of the observed domains does not agree as well
with the theory. Although there is some difficulty in
determining the exact location of the domain walls, we
estimate the long narrow domains to be approximately
60-70 A across for samples at 234 K. From their own
x-ray diffraction data and the theory by Nakanishi and
Shiba,?® Tanda and Sambongi calculate this distance at
225 K to be about 40 A.° However, the orientation of the
stripe domains relative to the CDW is in good agreement.
We measure this angle to be =26°, while Tanda and Sam-
bongi report it to be 28.3°.°

V. CONCLUSION

We have observed the CDW in 17-TaS, in all four
phases where it is present. Since the atomic beam
diffraction?? and low-energy electron diffraction?! experi-
ments indicate strongly that the CDW structure at the
surface has the same periodicity as the bulk CDW, we be-
lieve that our findings also hold for the bulk CDW. This
is supported by the very good agreement between the
transition from the I to NC phase observed at the surface
with the STM and the bulk transition as reflected in the
resistance measurement.

We found the incommensurate CDW in the I phase
and the commensurate CDW in the C phase to be exactly
as expected from diffraction data. We observed the near-
ly commensurate CDW in the NC phase to be uniformly
incommensurate with no apparent commensurate domain
structure. By way of contrast, in the 7 phase we found
long narrow stripe domains very similar to those predict-
ed for this phase by Nakanishi and Shiba?® and described
by Tanda and Sambongi.’
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APPENDIX: DATA ANALYSIS

To measure the angle of rotation (¢) of the CDW accu-
rately with respect to the lattice we correct the raw STM
images for distortion. This is a skewing of the image
caused by a combination of slight inaccuracies in the set-
tings of the scanning voltages, x and y drives which were
not identical, and steady (time-independent) thermal
drift. (Images obtained at temperatures well above room
temperature also showed a curving of the image caused
by time-dependent thermal drift.) We corrected the im-
ages so that the underlying atoms formed a perfect hex-
agonal array. To measure ¢ to better than 1°, it is impor-
tant to perform these corrections as accurately as possi-
ble. This was achieved by using a lattice averaging tech-
nique to improve the precision with which the atomic lo-
cations are determined.

First we perform a 2D Fourier transform of the image.
Figure 9(a) shows a typical image of 17-TaS, taken at
room temperature, and Fig. 9(b) shows its Fourier trans-
form. Retaining only those spots which correspond to
the atomic lattice and eliminating the remaining points in
the Fourier transform, we obtain Fig. 9(d). When we
transform these selected Fourier components back to real
space, we obtain Fig. 9(c). We use this image to calculate
the correct 2 X2 linear transform to map the lattice onto
a perfect hexagonal structure as accurately as possible.
To determine the locations of the CDW maxima as accu-
rately as possible we generate a CDW image by choosing
only the lowest-order spots in the Fourier transform and
transforming those back to real space, as shown in Figs.
9(e) and 9(f). It is also possible to generate a filtered im-
age by selecting both sets of points simultaneously [Figs.
9(g) and 9(h)].

Once we have calculated the correct skewing trans-
form, we apply it to both the lattice and the CDW im-
ages. These two corrected images are used to measure
the relative angle between rows of atoms and rows of
CDW maxima. Because the correction is not perfect, the
angle we measure between the CDW and the lattice is
usually slightly different depending on which of the three
equivalent directions along which we measure it. The
differences in the angles in a single picture ranged from
0.1° to about 1°. However, the average of these three an-
gles from many different pictures taken at the same tem-
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FIG. 9. Fourier filtering of an image of 17-TaS, in the NC phase. The bar at the bottom of the series is 10 A. (a) Raw data: Im-
age was taken at 295 K with 4-nA tunneling current and the sample was biased at —0.25 mV. (b) Fourier transform of the raw data.
(c) Lattice image obtained by selecting only the first-order lattice spots in the Fourier transform as shown in (d). (e) Image of the
CDW generated by selecting only the lowest order CDW spots in the Fourier transform as shown in (). (g) Highly filtered picture of
the data generated by adding both (d) and (f) to obtain (h), and transforming back to real space.

perature was constant. For ten pictures taken at room
temperature, the mean average angle was 12.06° and the
standard deviation of the averages was only 0.2°. For this
reason we believe that the differences in the measured an-

gle in the different directions in a single picture were an
artifact caused by our inability to create a perfect correc-
tion for the skewed data, and not a real aspect of the
data.
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FIG. 3. Raw data and filtered images of 17-TaS,. The bar below each picture is 10 A. (a) Raw and (b) low-pass filtered image tak-
en at 360 K in the I phase. The image was taken in air with 7.5-nA tunneling current and the sample biased at —4.8 mV. (c) Raw
and (d) filtered image taken at 350 K just after the transition to the NC phase. The sample was under silicone oil and the image was
taken with 5-nA tunneling current and the sample biased at —13 mV. (e) Raw and (f) filtered image taken at 143 K in the C phase.
The sample was immersed in #-pentane and the image was taken with 5-nA tunneling current and the sample biased at + 20 mV.



FIG. 4. Low-pass filtered STM image of 17-Ta$S, in the NC
phase. The bar below the picture is 10 A. Notice the gradual
variation of the atomic lattice structure superimposed on the
CDW maximum indicating that the picture is not of a com-
mensurate domain. The image was taken at 295 K with 4-nA
tunneling current and the sample biased at —0.25 mV.



FIG. 6. 17-TaS, in the NC phase showing variations in apparent amplitude of the CDW. The bars below the pictures are 25 A.
(a) Image taken at 251 K in a N, atmosphere with 7-nA tunneling current and — 10 mV bias applied to the sample. Several extended
areas of the image appear to have an anomalously strong CDW compared to the rest of the image. (b) Image taken at 210 K with the
sample immersed in liquid n-pentane with a 4-nA tunneling current and the sample biased at + 0.25 mV. Here there appear to be
very localized areas where the CDW is enhanced or suppressed.



FIG. 7. 1T-TaSe, in the T phase. The CDW is clearly observed in long narrow domains separated by walls where the CDW ampli-
tude is suppressed. The bars below each picture are 25 A. (a) Image taken at 225 K while the sample was immersed in n-pentane
with 5-nA tunneling current and the sample biased at + 20 mV. (b) Image taken on a different sample at 237 K while the sample was
immersed in n-pentane with a 3-nA tunneling current and the sample biased at —4 mV.



FIG. 8. 17-TaS, in the T phase. (a) Raw data: Image was take at 236 K with the sample immersed in n-pentane; tunneling current
was 5 nA and the sample was biased at —4 mV. The bar below the image is 25 A. (b) Computer analysis of (a) showing the locations
of the position of the CDW minimum inside the two domains. Notice the phase slip of one atomic lattice unit across the domain
wall. This is most easily observed by viewing the model at a glancing angle along the direction of the CDW minimum. (c) Projected
view of the data shown in (a).



FIG. 9. Fourier filtering of an image of 17-Ta$; in the NC phase. The bar at the bottom of the series is 10 A. (a) Raw data: Im-
age was taken at 295 K with 4-nA tunneling current and the sample was biased at —0.25 mV. (b) Fourier transform of the raw data.
(c) Lattice image obtained by selecting only the first-order lattice spots in the Fourier transform as shown in (d). (e) Image of the
CDW generated by selecting only the lowest order CDW spots in the Fourier transform as shown in (f). (g) Highly filtered picture of
the data generated by adding both (d) and (f) to obtain (h), and transforming back to real space.



