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The charge density wave (CDW) system 17 -TaS,_,Se, was investigated using neutron scattering to determine
the nature of the in-plane and out-of-plane disorder. From the local structure analysis, it was deduced that the
in-plane star of David motifs are distorted with Se doping just like it was previously observed in 17'-TaS,. This is
due to random Ta displacements away from the ideal trigonal symmetry regardless of whether the CDW state is
commensurate, nearly commensurate, metallic, or insulating. In the chalcogen layer, the atoms are also distorted
with displacements in the perpendicular direction to the planes. The chalcogen distortions are most pronounced
in TaSSe that superconducts below 3.6 K in comparison to the distortions observed in TaS, and TaSe,. The
implications of the distortions on superconductivity and the effects on the electron pocket proposed to lead to the
superconducting state are not understood at present. Unlike in 17°-TaS, in which both 13c and 3c layer stacking
orders were previously reported, in the nearly commensurate metallic state of 17-TaSSe and the commensurate
CDW metallic state of TaSe,, no clear evidence for a stacking order is observed down to 2 K.

DOLI: 10.1103/PhysRevB.109.094118

I. INTRODUCTION

Lattice distortions intrinsically control the behavior, and
hence the utility, of electronic materials serving in a wide
array of applications [1-5]. Quasi-two-dimensional (2D) tran-
sition metal dichalcogenides (TMDs) are prone to electronic
instabilities, exhibiting incredibly rich phase diagrams with
emergent behaviors [6-8]. TMDs are important in a broad
scientific area and can find their way in many technologies
because of their tunable characteristics. Constructed on simple
stacking principles, layers of transition metal alternate with
the chalcogen ion [9,10]. TMD 1T-TaS,_,Se, is a proto-
type charge density wave (CDW) system where a cooperative
periodic modulation of the charge density and the crystal
structure, coupled with Mott-insulating and superconducting
phases, propagates across the entire phase diagram [11,12].
Moreover, 1T-TaS; is a quantum spin liquid candidate as well,
which is a highly entangled state [13,14]. With doping, three
main phases appear: the incommensurate CDW (ICDW), the
nearly commensurate CDW (NCCDW), and the commensu-
rate CDW (CCDW) [15]. The ICDW state is metallic and
appears below 540 K upon cooling from the high-temperature
metallic state. Coupled with this is a transition from the
P3m1 crystal symmetry shown in Fig. 1(a) to the P3 structure
[16-18]. This transition is driven by the Ta displacements
that yield the well-known star of David motifs. A typical star
lattice within the CDW supercell is shown in Fig. 1(b).

In the ICDW state, the stars do not order in-plane. Cooling
leads to the ICDW state becoming the NCCDW state, where
the +/13 - +/13 structural modulation appears with a 12° tilt
relative to the original ab plane. An expansion of the star
of David lattice occurs in-plane [16]. At the two ends of the
phase diagram, the /13 - +/13 structural modulation persists
with a rotation of 13.9° as it enters the CCDW state. On the
other hand, in the middle of the phase diagram, the NCCDW
state persists [15]. It is in this region that superconductivity
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emerges upon doping that coexists with the broad NCCDW
region as shown in the phase diagram by Ref. [15]. In this
work, we explore features in the local structure that are pre-
served across phase boundaries through isovalent doping, and
we search for variations in the local parameters that control
the crossover mechanism giving rise to the different states. In
addition, we search for stacking order as a function of doping.
Previously, in 17-TaS;, 13c as well as 3c layer stacking types
were observed as shown in Fig. 1(c). It is conceivable that it is
this layer stacking that drives the insulating transition [19,20].

Superconductivity emerges in 17-TaS, in a number of
different ways, such as by applying high pressure [6], by intro-
ducing disorders in the crystal [7], and by substitutions made
at the Ta atom and S atom sites [8,21]. It has been reported
that the substitution of S with Se in 17-TaS,_,Se, induces
superconductivity in the doping concentration 0.8 < x < 1.6
[15,21] with a maximum superconducting onset temperature
of 3.6 K at x = 1 is shown in Fig. 1(d). The interplay between
CDW order and superconductivity has been investigated in
many different dichalcogenide systems. Nonetheless, ques-
tions remain regarding the role of disorder and its implications
in the cooperative CDW state. The entanglement of CDW with
superconductivity is probed using neutron scattering and the
pair density function (PDF) analysis technique. Previously, we
observed a hysteresis in the local structure between cooling
and warming in 17-TaS, that couples to the hysteresis ob-
served in the resistivity during the CCDW-NCCDW transition
[22]. The observation of the local structural anomaly coupled
to the hysteresis in resistivity suggests a strong electron-
lattice coupling [22] in addition to the already observed
structural modulation with the \/ﬁ . \/1—3 pattern. In fact,
the +/13 - +/13 pattern does not change across the CCDW-
NCCDW transition; hence, the observed local disorder of
the stars couples directly to this transition. This finding may
have significant implications towards understanding the phe-
nomenon of CDW modulations and local correlations in this
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FIG. 1. (a) The unit cell of the high-temperature phase of
17-TaX, with the P3ml structure. (b) Below the CDW transi-
tion, in-plane and out-of-plane modulations are present. The v/13 -
/13 supercell in the CCDW phase gives rise to the star lattice.
(c) A schematic for the 13c and 3c stacking orders. (d) The low-
temperature DC magnetic susceptibility of 17-TaSSe showing the
superconducting transition.

class of materials. In the present work, we investigated the
out-of-plane layer stacking and the in-plane local structures in
bulk samples of Se-doped 17-TaS,_,Se, from room temper-
ature and below. 17-TaSe, and 17 -TaSSe are isostructural to
17-TaS, and form the \/1_3 . \/E superlattice. 17-TaSe, goes
from the ICDW phase to the CCDW phase at 473 K directly
without going through an intermediate NCCDW state. On the
other hand, 17-TaSSe goes from ICDW to NCCDW without
entering a CCDW state. This sample is superconducting as
shown in Fig. 1(d). With doping, it is observed that the local
star-of-David lattice is equally distorted in-plane as in pristine
17-TaS,. At the same time, from the diffraction studies, no
definitive evidence of a 13c or 3c layer stacking order has been
identified in 17-TaSSe or 17 -TaSe,.

II. MATERIALS AND METHODS

Powders of TaSe, and TaSSe were prepared using a solid-
state reaction. Neutron powder diffraction measurements were
performed to investigate the nature of the structure correla-
tions in the CCDW and NCCDW phases. The time-of-flight
neutron measurements were carried out at the Nanoscale
Ordered Materials Diffractometer NOMAD/BL-1B) and SE-
QUOIA (BL-17), a direct geometry spectrometer, at the
Spallation Neutron Source of Oak Ridge National Laboratory
at temperatures ranging from 2 to 300 K. An aluminium can
was used for the SEQUOIA measurements and the empty can
was subtracted from the data. The diffraction data from NO-
MAD were collected using a vanadium can and the data were
used for the Rietveld refinement that provides the structural
parameters for the periodic unit cell [23]. Preferred orientation
effects were considered in the Rietveld refinement and were

not significant. The same data were used for the PDF analysis
that provides information on the local arrangement of atoms.
The PDF analysis provides a real-space representation of the
local atomic correlations without assuming lattice periodicity.
Using the NOMAD data, the total structure function S(Q) was
obtained as a function of the momentum transfer Q. The S(Q)
was Fourier transformed into real space to obtain the G(r)
[24,25]. The instrument background and empty sample can
were subtracted from the S(Q) and the data were normalized
by vanadium. A maximum Q of 40 A~ was used. The G(r)
is a function of the probability of finding a particular pair of
atoms with an interatomic distance r [25].

III. RESULTS AND DISCUSSION

The Ta-based TMDs exhibit various polytypes based on
the arrangement of the transition metal and chalcogen ions
along the c axis. In this work, we focus on the 17" polytype of
TaX; (X = S or Se) with a hexagonal structure where the Ta
atoms are octahedrally coordinated with six X atoms. The Ta
atoms are sandwiched between X atom layers and the TaX,
layers are held together by weak van der Waals forces lead-
ing to the quasi-2D nature. The unit cell with P3m1 crystal
symmetry is shown in Fig. 1(a) for the 17 phase. This is
the high-temperature crystal symmetry that is associated with
the IT normal state of 17-TaX,, above the ICDW transition.
Upon cooling through the multiple CDW steps that 17-TaS,
is known for, periodic lattice distortions form an in-plane
V13 - /13 superlattice. The star-of-David forms when 12 Ta
atoms displace towards a central Ta atom, producing stars at
the corners of the trigonal unit cell [Fig. 1(b)]. The crystal
structure below the ICDW transition is identified to be in the
P3 symmetry, and this symmetry persists through the multiple
transitions observed upon cooling. The star lattice expands
to form a commensurate structure continuously through the
multiple CDW transitions, across the phase boundaries, and
no sharp changes occur in the structure at the temperatures
corresponding to the kinks observed in the transport [22,26].

The crystal symmetry remains the same across the phase
diagram with Se doping. This is observed in the refinement
of the neutron diffraction data collected at 2 K for TaSSe
and TaSe, shown in Figs. 2(a) and 2(b), respectively, from
NOMAD. The average model with P3 symmetry agrees well
with both data sets, and the goodness of fit R,, values were
calculated to be 0.073 for TaSSe and 0.067 for TaSe,. These
values are comparable to the agreement seen in TaS, as re-
ported in Ref. [22]. The lattice constants show typical thermal
expansion behavior [27]. Evidence for a layer stacking order
was clearly observed in the Mott-insulating 17-TaS, [27].
Previously, we identified two types of stacking order, 13c
and 3c. A schematic for these two is shown in Fig. 1(c).
The CDW phase is characterized by multiple satellite peaks
corresponding to the superstructure reflections [22]. With dop-
ing, however, it is not clear whether these stacking ordering
schemes survive. Both TaSSe and TaSe, were measured at
SEQUOIA and no evidence for the kind of superlattice reflec-
tions in response to stacking order seen in TaS, was observed.
Further single-crystal measurements are under way in search
of evidence of stacking.
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FIG. 2. The powder neutron diffraction results from NOMAD.
The structure function at 2 K for (a) TaSSe and (b) TaSe, are shown.
The data are compared to the average structure model with P3 sym-
metry. The temperature dependence of the powder diffraction data in
the low-Q region for (c) TaSSe and (d) TaSe, are shown. The Bragg
peaks are labeled as shown.

As a function of temperature, the diffraction patterns for
TaSSe and TaSe, change in the way shown in Figs. 2(c) and
2(d). Some of the Bragg peaks are labeled. No evidence of a
structural change is observed.

The temperature dependence of the local structures for
TaSSe and TaSe; is shown in Figs. 3(a) and 3(b), respectively.
The G(r)'s were determined using the neutron diffraction data
collected upon warming from 2 to 300 K on NOMAD. In
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TaSSe

®) 5 10 15 20
—2K 200K
—100K —300K

FIG. 3. The temperature dependence of the G(r)'s corresponding
to the local structures of (a) TaSSe and (b) TaSe,. No distinctive
new features appear as a function of temperature, which indicates the
absence of any phase transition in the measured temperature range.

FIG. 4. The experimental neutron PDF data at 2 K compared
with the calculated PDF based on the average model and the local
model for (a) TaSSe and (b) TaSe2. The partial PDFs describing the
individual atom pair correlations are shown as well. The in-plane
[panels (c) and (d)] and the out-of-plane [panels (e) and (f)] local
models for these systems showing the distorted star of David struc-
tures within the CDW superlattice at 2 K. The in-plane model shows
one superlattice unit cell where distorted stars are centered at the Ta
atoms on the corners of the unit cell. The blue hexagons are shown
to represent the Ta atom positions in the absence of any distortions.

TaSSe, the transition from the ICDW state to the NCCDW
state occurs at ~350 K. Thus, all the data shown are in the
NCCDW state. The local structure shows some small changes
across temperature that can be accounted for by thermal ef-
fects. Similarly, in TaSe, shown in Fig. 3(b), the ICDW to
CCDW transition occurs around 500 K, with no intermediate
phase and no insulating state either as observed in TaS,. Lo-
cally, the atomic structure changes very little within the given
temperature range. G(r) for longer r range for both TaSSe and
TaSe, is given in Supplemental Material [28].

The local atomic structure of 17-TaSSe at 2 K is shown
in Fig. 4(a) where the experimental G(r) is compared to two
models. The first model is calculated using the periodic cell
with the +/13 - +/13 structural modulation shown in Fig. 1(b).
The calculated G(r) based on this average model is plotted
with a green solid line. Clear differences are observed between
this model and the experimental PDF, which indicate that
the local structure is distorted beyond what the periodic star
lattice can account for. Note how the average model does not
reproduce the pair correlations that appear around 4 A. The
second model shown in the figure is calculated by lowering
the symmetry to P1 and allowing all atom positions to refine
to best fit the data. This model considers S and Se atoms to
be in alternate planes (z = 0.25 and 0.75, respectively). The
calculated G(r) based on this local model is plotted with a red
solid line. Also shown in this figure are the calculated partials
from the local model. From this we can see that the first set
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of peaks corresponds to Ta-S and Ta-Se bond correlations.
The second set of peaks corresponds to a double Ta-Ta peak,
in addition to Se-Se and S-S correlations. It is interesting
to note that there is only a single peak for the Se-Se and
S-S correlations, which indicates that the in-plane Se-Se and
S-S correlations are uniform. On the other hand, the Ta-Ta
correlations indicate that the Ta in-plane correlations are split.
Thus, the local correlations in the data around 4 A mostly
arise from new bond pairs that are not in the average structure.
Moreover, the splitting of the first PDF peak is absent in the
average model but clearly present in the local model.

The local model yields atomic displacements of the Ta and
S/Se atoms as they are shown in Fig. 4(c). Shown in Fig. 4(c)
is a superposition of the undistorted and locally distorted star
lattices. The in-plane differences are due to Ta distortions,
which break the local trigonal symmetry. The split of the Ta
correlations is also observed in the calculation of the Ta-Ta
partial shown in Fig. 4(a) deduced from the local model.
The distortions result from in-plane displacement of Ta atoms
and out-of-plane displacement of chalcogen atoms. Shown in
Fig. 4(e) is the unit cell of the local model that best fits the
data. The chalcogen layer is quite distorted, creating quite a
multitude of Ta-S and Ta-Se correlations as seen in the partials
of Fig. 4(a). From the partials we can deduce that the splitting
arises from two types of Ta-S and Ta-Se bonds. Interestingly
enough, the splitting is not because of two separate Ta-S and
Ta-Se bonds as expected, given that Ta-S bonds and Ta-Se
bonds are different in length due to the bigger Se atom. From
the partials it can be seen that the Ta-S and Ta-Se correlations
are split into two, which indicates that the out-of-plane bond-
ing of Ta with S or Se has at least two bond minima with both
S and Se. Details on refinement parameters for the average
and local model is given in Supplemental Material [28].

In contrast, the local atomic structure of 17 -TaSe, shown
in Fig. 4(b) exhibits a somewhat different pattern of distor-
tions in the Ta and Se correlations. First, local correlations
responsible for the fitting of the first peak show a broad, single
correlation of Ta with Se. This can also be seen from Fig. 4(f)
which shows that the chalcogen layer is not as distorted as
in TaSSe. Furthermore, multiple pair bonds are present in the
Ta-Ta partials, which suggests that the star lattice is locally
distorted [Fig. 4(d)] as was previously seen in TaS, [22] and
also in TaSSe. On the other hand, the Se-Se partial correlation
consists of a single peak, which indicates a more uniform
chalcogen layer. In contrast, the green solid line correspond-
ing to the average model does not fit the first correlation well
and falls short in the 4-5 A range. Thus, these local distortions
are needed to fit the data.

To examine the effect of the CCDW modulations in the
local structure, the G(r)’s for 17-TaS,, TaSSe, and TaSe, are
compared in Fig. 5. Shown in Fig. 5(a) are the data at 2 K, in
Fig. 5(b) are the data from 180 K, and in Fig. 5(c) are the data
for 300 K. At 2 and 180 K upon warming, TaS, and TaSe, are
in the CCDW state while TaSSe is in the NCCDW state. The
PDF functions are shifted because the lattice constant expands
with Se doping. As described above, all three exhibit Ta in-star
and chalcogen out-of-plane distortions. Most distinct are the
chalcogen ion distortions in TaSSe, which also happens to
be superconducting below 3 K as well. At 300 K, TaS, is
in the NCCDW state just as TaSSe is, while TaSe; is in the

—TaS, —TaSse — TaSe,
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FIG. 5. A comparison of local atomic structure determined from
the Fourier transform of the total S(Q) is shown for 17-TaS,, TaSSe,
and TaSe,. Data are shown at (a) 2 K, (b) 180 K, and (c) 300 K.
The G(r) shifts to higher r as the lattice expands with Se doping,
as expected. Overall the local structure shows similar features across
composition.

CCDW state. It is important to note that very little change
is observed across temperature which implies that the set
of distortions are present, regardless of the CCDW-NCCDW
transitions. Given the absence of any type of stacking order in
TaSSe and in TaSe,, we can draw two conclusions from this.
First, the absence of a layer stacking order is crucial to the
Mott-insulating state of this system. This has a direct effect
on the band structure and a gap can open or close based on the
stacking. Thus, the absence of stacking in TaSSe and TaSe,
may be linked to their metallic nature.

Second, the chalcogen distortions in TaSSe paint a very
different picture as to why superconductivity emerges in this
system. Previously, it has been assumed that the competition
of CCDW and superconductivity is important, and for su-
perconductivity to emerge, CCDW must be suppressed. This
is consistent with the appearance of the NCDW state across
the entire temperature range in TaSSe. However, locally, the
atomic structure across the CCDW state to the NCCDW
state and back to a CCDW state exhibits the same effects,
namely, in-plane Ta distortions in the stars and out-of-plane
chalcogen distortions. What is distinctly different in TaSSe are
the chalcogen distortions. Thus, two scenarios are possible.
In one, the chalcogen distortions may be the driver for the
suppression of the CCDW state that then makes way for super-
conductivity. In the other scenario, the chalcogen distortions
may actually be the conduit for superconducting pairing.

It is the case that TaSe, lacks any kind of stacking order
but still shows a CCDW state. The absence of a stacking
order is a strong indication as to what happens to the bands,
consistent with theoretical predictions [19,20,29]. Moreover,
TaSe, is metallic. Thus, the appearance of a CCDW state
does not automatically open a gap. If that were the case, the
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FIG. 6. The experimental neutron PDF data (blue) at 2 K is
compared with the calculated PDF (green) based on the model with
50% TaS, and 50% TaSe,. The difference curve is shown in red. The
average model is shown in panel (a) and the local model is shown in
panel (b).

gap should have appeared around 500 K. Hence, the CCDW
transition alone must not be responsible for the insulating
behavior of TaS,. Instead it is the combination of stacking
order and out-of-plane orbital ordering that leads to opening
of the Mott gap.

To examine the local lattice of TaSSe further, we combined
the average and local models determined for TaS, and TaSe,
and compared them to the experimental G(r) of TaSSe at
2 K. The results are shown in Fig. 6. In the experimental data
of TaSSe, the first peak shows an inflection that is not well
reproduced, neither by the average model nor by the local
model shown in Figs. 6(a) and 6(b), respectively. The second
major PDF peak corresponds to the Ta-Ta and chalcogen-
chalcogen correlations and that is reproduced reasonably well
in the average model but not in the local model. The results
indicate that TaSSe is not phase separated. Instead a new local
order is present which has been linked to the distortions of the

chalcogen layer. Thus the distortion of the chalcogen layer is
not simply from the difference in the size of S from Se; hence,
the effects are not steric.

To conclude, in TaSSe, significant distortions in the posi-
tions of chalcogen atoms were evident, as indicated by peak
splitting of Ta-S and Ta-Se correlations. The strong agreement
between the experimental PDF and an effective local model,
as indicated by the red line in Fig. 4(a), implies that the S
and Se out-of-plane local distortions are prominent in this
material. The substantial displacement of S and Se atoms is
intrinsic to TaSSe and not simply due to variation in the ionic
radius between the sulfur and selenium atoms.

At 180 K upon warming, the TaS, and TaSe, are still
in the CCDW state while TaSSe is in the NCDW state. A
comparison study of the doping dependence of G(r) is shown
in Fig. 5 at temperatures of 2, 180, and 300 K where TaS,
belongs to the CCDW phase, the CCDW-NCDW boundary,
and the NCDW phase, respectively. Particularly interesting
is the region r < 5 A. A clear peak splitting was observed
at r ~ 3.3 A for TaS, in the CCDW phase below 183 K. A
detailed investigation of this behavior is reported in Ref. [22].
In the measured temperature range, 2 to 300 K, 17-TaSe, is
in the CCDW phase and does not undergo a structural phase
transition. This is reflected in the PDF results, where we do not
see any significant changes in pair correlations as a function
of temperature upon warming [Fig. 3(b)]. The experimental
neutron PDF was compared to the calculated PDF based on
an average structure model. Differences were observed at the
low-r region, which suggests the presence of local distortions.
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