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in 17-TaS; by Scanning Tunneling Microscopy
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A variable-temperature scanning tunneling microscope has been used to elucidate the structure of the
nearly commensurate (NC) charge-density-wave (CDW) phase in 17-TaS;. Between 230 and 350 K
the NC CDW phase consists of a hexagonal array of commensurate domains separated by diffuse
domain walls where the CDW phase and amplitude change. The average domain period and size in-
crease continuously as the temperature is lowered over this range. Microscopic details of this growth

process are discussed.

PACS numbers: 71.45.Lr, 61.16.Di, 64.70.Kb

Weakly interacting incommensurate systems such as
charge-density waves (CDW) and gases physisorbed
onto surfaces have been the focus of considerable
theoretical'~> and experimental®~'! effort since these sys-
tems can exhibit a variety of distinct structures. In par-
ticular, when the period of an incommensurate superlat-
tice is close to registry with the atomic lattice, the
ground state of the system may consist of commensurate
domains separated by domain walls (where the phase
changes) rather than a uniformly incommensurate struc-
ture.'>#'"" To date, experimental support for domain-
like incommensurate phases has rested mainly on the ob-
servation of second- and higher-order diffraction satel-
lites. These measurements are by nature indirect and
their interpretation has been controversial for several in-
commensurate structures including the nearly commen-
surate (NC) CDW phase in 17-TaS,.”® Determination
of the detailed structure and temperature dependence of
such domain phases is, however, crucial for testing and
developing theoretical models of these interesting incom-
mensurate systems. In this Letter we present new results
obtained with a scanning tunneling microscope (STM)
that directly characterize the temperature dependence of
the intralayer structure of the NC hexagonal-domainlike
CDW phase in 17-TaS;. We show that between 230
and 350 K the NC CDW phase consists of a hexagonal
array of commensurate domains separated by diffuse
walls where the CDW phase and amplitude change. We
also demonstrate that both the period and domain size
increase significantly as crystals are cooled over this tem-
perature interval. Notably, microscopic details of this
continuous growth process have been elucidated from the
analysis of real-space CDW-lattice images.

The NC CDW phase is one of four distinct tem-
perature-dependent CDW phases in 17-TaS,.%!'? These
include a hexagonal incommensurate (IC) phase (543 to
353 K), the NC phase (353 to 183 K on cooling and 283
to 353 K on warming), a triclinic incommensurate phase
(223 to 283 K on warming), and a low-temperature com-
mensurate (C) phase. Early theoretical work by Nakan-

ishi and Shiba predicted that the NC phase would have a
hexagonal domain structure.® Experimental stud-
ies®13-17 have, however, been proposed to support ei-
ther this theoretically predicted domain structure or a
structure in which the CDW superlattice phase and am-
plitude are uniform. None of these investigations have
been able to determine unambiguously the structure of
this phase, although we have recently shown by STM
that at 298 K the intralayer CDW structure of 17-TaS,
consists of a hexagonal array of domains and is not uni-
form.'”

Single-crystal samples of 17-TaS, were grown over
a three week period by iodine transport in a 950°
to 880°C temperature gradient.'” The CDW phase-
transition temperatures for these crystals were deter-
mined by variable-temperature resistivity measurements
and are found to agree with reported values.®'? The
STM used in these studies is based on a commercial
instrument '® that has been modified '® to carry out vari-
able-temperature experiments. The samples were
cleaved in an air or argon atmosphere and covered with
oil. The temperature was measured using a calibrated
thermocouple placed next to the sample and is believed
to be accurate to within +0.5°C. Images were record-
ed in the constant-current mode using platinum-iridium
(80-20) alloy tips. The digital image data were pro-
cessed and analyzed as described previously. '”:"?

A series of grey-scale images recorded between 240
and 360 K with a bias voltage of 10 mV and a tunneling
current of 2 nA are shown in Fig. 1. Similar results were
observed when the temperature was either lowered or
raised over this temperature range. In the smaller im-
ages both the CDW (period = 12 A) and the atomic lat-
tice (period=3.35 A) are resolved. A novel feature of
the images of the NC phase [Figs. 1(a)-1(c)] is the
periodic modulation in the CDW vertical corrugation
that defines domains consisting of relatively high-
amplitude CDW maxima that are separated by regions
(domain walls) in which the CDW amplitude is lower. '’
Images recorded in the constant-height mode at room
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FIG. 1. A series of STM images of 17-TaS; recorded with a
2-nA tunneling current and a +10-mV bias voltage at sample
temperatures of (a) 242 K, (b) 298 K, (c) 349 K, and (d) 357
K. The images are of (a) 300%300, (b) 175x%175, and (c), (d)
155%155 A? areas. The insets in (b) and (c) are 300%300 A2
as in Fig. 1(a). The domain center positions for an ideal hex-
agonal structure are marked with white dots in (a) and are
clearly different from the center positions of the two domains
in the upper right corner. Lines drawn through the CDW
maxima of two adjacent domains in (b) highlight the one-
lattice-period CDW phase shift that occurs between domains.

temperature also exhibit these same features, in contrast
to the results reported in Ref. 16. The approximately
circular domains of high-amplitude CDW maxima are
arranged in a hexagonal superstructure with a period
that depends strongly on temperature [see insets of Figs.
1(b) and 1(c)]. The variation in the amplitude of the
CDW maxima within the domains, 0.07 £0.05 A, is
significantly smaller than the (0.6 +0.2)-A decrease in
the CDW amplitude that occurs at the domain walls.?
This decrease in amplitude at the domain-wall regions
has been observed for every sample examined and is also
independent of temperature (230-350 K). In addition,
evaluation of atomic-resolution images demonstrates that
at all temperatures between 230 and 350 K the CDW
undergoes a well-defined one-lattice-period phase shift
across the domain walls. This phase change is highlight-
ed by lines through the CDW’s in two adjacent domains
in Fig. 1(b). The one-lattice-period phase shift repre-
sents an important feature that distinguishes this
domainlike phase from a uniformly NC phase. Further-
more, images of the IC phase [Fig. 1(d), T =357 K] ex-
hibit the expected ®'® uniform triple CDW structure and
show no evidence for domainlike features, in contrast to
our results for the NC phase; hence, it is unlikely that
the domain structure in Figs. 1(a)-1(c) is due to imag-
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FIG. 2. The CDW-atomic-lattice orientation angle as a
function of temperature. The STM data were obtained from
measurements made locally within domains (®) and by averag-
ing across several domains (0). The error bars represent * 1
standard deviation. The discontinuity at the NC-IC transition
(353 K) is not shown.

ing artifacts.

The observation of a reproducible decrease in the
CDW amplitude and an abrupt one-lattice-period phase
change at the domain walls is consistent with the
theoretical analysis of the hexagonal-domain phase in
17-TaS; (Ref. 3) and our recent room-temperature mea-
surements.'” In addition, a general requirement for a
domainlike phase is that the superlattice (CDW or gas
overlayer) is commensurate with the atomic lattice in the
domains. For 17-TaS, the commensurability condition
is met with a well-defined 13.9° rotation of the CDW
superlattice. Since the CDW superlattice and atomic
lattice have been simultaneously imaged in this study we
have been able to evaluate the CDW-lattice orientation
locally within single domains. Results from the analysis
of an extensive series of images recorded at temperatures
between 240 and 350 K are shown in Fig. 2. We find
that within a given domain the CDW-lattice angle is
close to the commensurate value of 13.9° and that this
angle is independent of temperature.?' In addition, we
have determined that the “average” CDW-lattice orien-
tation angle defined using a CDW vector that spans
several domains exhibits a significant temperature de-
pendence (Fig. 2). Previously, similar temperature-
dependent variations in the orientation angle have been
proposed to support a uniform NC phase structure;’'®
however, from our work it is apparent that this con-
clusion is due to the inability to resolve the phase change
that occurs between domains. '’

One of the most interesting features evident from the
analysis of images recorded between 230 and 350 K is
the strong temperature dependence of the hexagonal
domain structure. The temperature-dependent changes
in the hexagonal-domain period are clearly evident when
comparing Fig. 1(a) with the insets of Figs. 1(b) and
1(c) since these three images (recorded at 242, 298, and
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349 K, respectively) all cover 300x300 A? arcas. We
have summarized the domain-period and domain-size
versus temperature data in Fig. 3. The period increases
linearly from 58 *+ 3 to 94 + 4 A between 349 and 230 K
with a clear discontinuity at the first-order IC-NC tran-
sition (353 K). This discontinuity has not been shown in
Figs. 2 and 3, however. We also find that the domain
size, which is characterized by the number of commensu-
rate CDW maxima per domain,?? increases on cooling.
It is likely that the energetic contribution from lock-in of
the CDW to the atomic lattice in the domains drives
the growth process. Although temperature-dependent
changes of a striped-domain CDW phase in 2H-TaSe;
have been reported,®'® we note that the observed growth
(melting) of the hexagonal domain structure in 17-TaS;
on cooling (warming) occurs over an order-of-magnitude
larger temperature range and in this respect is quite
remarkable. Furthermore, our images in which the
CDW'’s and atomic lattice are simultaneously resolved
can be used to assess directly microscopic details of the
growth and melting process.

First we consider the domain walls. Nakanishi and
Shiba have predicted that the boundaries between
domains should sharpen as the temperature is de-
creased.’ In contrast, we observe diffuse domain walls
that are 2-3 CDW periods wide (ca. 24-36 A) and
nearly independent of temperature.?> Sharp domain
walls on the order of a single CDW period are not exper-
imentally observed near the NC-C transition and, in
fact, are not expected since there is a significant strain
energy associated with the CDW and lattice distortions
required to form such a domain wall.?* We have also
considered the atomic details of the CDW phase shift
across a domain wall. Two structural models for the
lattice-period phase change that occurs across 2-CDW-
period-wide domain walls are shown in Fig. 4; other pos-
sibilities that involve greater distortions of the CDW
have been considered?* but will not be discussed here.
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FIG. 3. A plot of the NC-CDW-phase domain period (@)
and domain size (A) vs temperature. The domain size is
characterized by the number of commensurate CDW maxima
per domain (Ref. 22). The discontinuity at the NC-IC transi-
tion (353 K) is not shown.
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Notably, statistical analysis of the distances experimen-
tally determined between the closest CDW maxima in
adjacent domains [Fig. 4(c)] demonstrates that Fig. 4(a)
more accurately depicts the details of the phase change
across a domain wall.

This analysis indicates that only discrete values are
possible for the separation between adjacent domains.
Hence, continuous growth of the domain structure on
cooling requires that there be fluctuations in the domain
size and domain-wall width. Experimentally, we find
that the average domain period changes continuously, al-
though at a given temperature the distribution of periods
about the average is non-Gaussian. Further analysis of
the domain structure shows that this non-Gaussian dis-
tribution is due to local fluctuations in the domain-wall
width and domain size, and that the NC CDW phase is,
in fact, quasiperiodic and not rigorously hexagonal [for
example, see Fig. 1(a)]. On the basis of these results we
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FIG. 4. (a),(b) Two model structures for the one-lattice-
period CDW phase shift that occurs between adjacent
domains. The shaded circles in (a) and (b) represent the
atomic lattice. Each commensurate CDW maximum [located
at the solid circles in (a) and (b)] is associated with 13 lattice
sites that form a star-shaped cluster; the lattice distortions for
one cluster are indicated by arrows in (a). The expected com-
mensurate positions for a CDW maximum associated with ei-
ther the left or right domain are represented by half-filled cir-
cles in the boundary region. These positions highlight the
different distortions of the CDW (compression and stretching)
that give rise to the phase shift in (a) and (b). (c) Normalized
frequency of the experimentally determined distance between
CDW maxima at the edges of adjacent domains.
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suggest that continuous growth and melting of this
domainlike CDW phase occurs via localized distortions
or fluctuations of the hexagonal structure which re-
sults in a quasiperiodic packing of the commensurate
domains.?

In summary, a variable-temperature tunneling micro-
scope has been used to elucidate the intralayer structure
of the hexagonal-domain NC CDW phase in 17-TaS,.
We demonstrate that between 230 and 350 K the in-
tralayer structure of this phase consists of commensurate
domains separated by diffuse domain walls in which the
CDW undergoes a well-defined one-lattice-period phase
shift and the amplitude decreases by 0.6 A. The domain
period and size also increase (decrease) continuously on
cooling (warming) over this temperature range. In addi-
tion, we have shown that only discrete domain-wall
widths are likely, and that the continuous changes of
domain structure between 230 and 350 K occur via local
fluctuations in the domain-wall width and domain
period.
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FIG. 1. A series of STM images of 17-TaS; recorded with a
2-nA tunneling current and a +10-mV bias voltage at sample
temperatures of (a) 242 K, (b) 298 K, (c) 349 K, and (d) 357
K. The images are of (a) 300% 300, (b) 175x175, and (c), (d)
155%155 A? areas. The insets in (b) and (c) are 300%300 A?
as in Fig. 1(a). The domain center positions for an ideal hex-
agonal structure are marked with white dots in (a) and are
clearly different from the center positions of the two domains
in the upper right corner. Lines drawn through the CDW
maxima of two adjacent domains in (b) highlight the one-
lattice-period CDW phase shift that occurs between domains.
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FIG. 4. (a),(b) Two model structures for the one-lattice-
period CDW phase shift that occurs between adjacent
domains. The shaded circles in (a) and (b) represent the
atomic lattice. Each commensurate CDW maximum [located
at the solid circles in (a) and (b)] is associated with 13 lattice
sites that form a star-shaped cluster; the lattice distortions for
one cluster are indicated by arrows in (a). The expected com-
mensurate positions for a CDW maximum associated with ei-
ther the left or right domain are represented by half-filled cir-
cles in the boundary region. These positions highlight the
different distortions of the CDW (compression and stretching)
that give rise to the phase shift in (a) and (b). (c) Normalized
frequency of the experimentally determined distance between
CDW maxima at the edges of adjacent domains.



