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The quasi-two-dimensional 17'-TaS, displays a unique two-step charge density wave (CDW) transition, from
incommensurate (ICDW) to nearly commensurate (NCDW), and from NCDW to commensurate (CCDW), which
is reflected in the stepwise resistivity behavior. In this work, we show that the hysteresis observed in the resistivity
across the NCDW-to-CCDW transition is coupled to a local structure anomaly, evident from the pair density
function analysis of neutron and x-ray diffraction data. We find that upon cycling the system from high to
low temperatures (through the NCDW-CCDW transition) and collecting data on warming, local distortions in
the in-star Ta and out-of-plane S atoms become evident, disrupting the trigonal symmetry of the star of David
structures, without breaking the lattice periodicity, and preserving the underlying P3 symmetry. When the system
is warmed up from the NCDW to the ICDW state, the local distortions are absent and the stars are symmetric,
indicating that it is the thermal cycling through the NCDW-CCDW that locks in the distortions. Furthermore,
we verify the temperature dependence of the two types of stacking along the ¢ axis: at low temperatures, the
layer stacking exhibits a 13c, order that disappears upon warming through the NCDW transition, while across
the NCDW and ICDW phases, the layer stacking is 3c,. The 3c, order gradually disappears in the ICDW state.

DOLI: 10.1103/PhysRevB.107.184109

Charge density waves (CDW) are electronic instabilities
that propagate through the lattice and often drive the system
to a new crystal periodicity as they spontaneously break the
symmetry [1]. The new superlattice modulations introduce a
gap in the electron density of states. The mechanism behind
this phenomenon, however, has been a subject of ongoing
debate, especially in the quasi-two-dimensional (2D) transi-
tion metal dichalcogenides (TMDs) 1T-MX, (M = Ti, Ta and
X =8, Se, Te) [2-9]. Several scenarios have been proposed to
explain the origin of the gap that include band filling due to
layer pairing, electron-phonon coupling, or electron-electron
correlations leading to a Mott state [3,10-15]. Given their
layered nature, the out-of-plane coupling is important to un-
derstand the electronic characteristics of these materials, with
band structure calculations having shown that opening a gap
at the " point depends on the orbital order and out-of-plane
stacking [16,17]. Moreover, density functional theory (DFT)
predicts that the metal-insulator transition (MIT) arises not
from the in-plane superstructure but from the out-of-plane or-
dering of the superstructure [18]. To this end, the temperature
dependence of the crystal structure of 17-TaS, is essential and
is investigated by combining single crystal x-ray diffraction
with the local structure analysis of neutron powder diffraction.

TMDs are fertile ground for probing coexisting and/or
competing nontrivial quantum effects arising from CDW or-
der [3,19], superconductivity [20-25] and possibly a quantum
spin liquid (QSL) [26-31]. Although a model system to
study many-body electron and phonon interactions, TMDs
are exploited for engineering applications [4] and exhibit a
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multitude of phase transitions and crossovers between prox-
imate states upon cooling, chemical doping [32,33], layer
stacking, applied strain, or pressure [4,6,34—40]. Such is the
case for 17-TaS, with the crystal structure shown in Fig. 1(a),
where the compound is a host of multiple CDW transitions
[3,41]. Although not superconducting at ambient conditions,
superconductivity appears in 17-TaS, under pressure or when
doped with selenium (Se) [42—-44].

1T -TaS, undergoes a unique transformation from the high-
temperature crystal phase to a commensurate CDW state that
can potentially lead to a quantum triangular antiferromagnet
(AFM) [see Fig. 1(a)]. Such an AFM state has not been ob-
served thus far. The CDW order is accompanied by periodic
lattice distortions that effectively change the long-range order
and can be measured by diffraction techniques. Upon cooling,
1T -TaS, exhibits three CDW transitions: At very high temper-
atures, the trigonal structure with P3m1 symmetry [Fig. 1(b)]
goes through an ICDW phase around Ticpw ~ 540 K due to a
Fermi surface instability [45]. Further cooling leads to a tran-
sition from the ICDW to NCDW at 7' ~350 K, at which point
the ~/13a +/13a structural modulation first appears with ~12°
tilt relative to the ab plane. Below 180 K, the V13a+/13a
structural modulation changes to a rotation of 13.9° relative
to the plane and the CDW becomes commensurate [see the
commensurate lattice comprising six pointed stars of David in
Fig. 1(a)]. The star formation results when 12 Ta atoms move
towards the central Ta atom [2,41,46]. As shown previously,
the CDW transitions coincide with distinct kinks in the trans-
port [shown in Fig. 1(d)] [3,42]. On cooling below 350 K,
a jump is observed in the resistivity. This temperature corre-
sponds to the ICDW-NCDW transition. Upon further cooling,
a second jump is observed around 180 K, which corresponds
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FIG. 1. (a) Schematic diagram of the V13a - v/13a supercell in
the CCDW phase. Stars of David are colored green. The uncompen-
sated Ta spin, § = 1/2, is shown by blue arrows at the center of the
stars. The 17 unit cell and superlattice unit cell are marked by a small
black and a large green rhombus, respectively. (b) The high temper-
ature unit cell with the P3m1 symmetry of the 17 phase. (c) The
low temperature unit cell showing 13¢ stacking in CCDW phase.
(d) The resistivity as a function of temperature on a single crystal
sample in logarithmic scale. The multiple CDW phase transitions are
seen in both cooling and warming. (e) The magnetic susceptibility
as a function of temperature at an applied field of 17" and ambient
pressure shows a paramagnetic response at low temperatures. (f) The
in-plane lattice constant a as a function of temperature changes the
slope around the NCDW-CCDW transition. (g) The c-lattice constant
showing discontinuity around the CCDW-NCDW steps and at the
NCDW-ICDW steps.

to the NCDW-CCDW transition. The resistivity curve con-
tinues to rise as the CCDW state becomes more insulating.
The bulk susceptibility shown in Fig. 1(e) indicates that this
system is paramagnetic down to the lowest temperature.

The SODs consists of 13 atoms with 12 Ta atoms at the ver-
tices surrounding one lone Ta atom at the center responsible
for half-filling of one of the bands. The 12 atom pairs form six
occupied bands while the 13th atom is left with one unpaired
spin in the 5d1-d§ half-filled band [10,15,47]. The spin-%
resides on a triangular lattice shown in Fig. 1(a) that is in-
herently frustrated and quantum fluctuations prevent magnetic
ordering down to the lowest temperature [27]. The half-filled
band is nominally metallic, but it is evident from the resistivity
that the system becomes insulating. Whether 17°-TaS,; is a
Mott insulator or a band insulator has been highly debated
in recent years because the insulating ground state can be
explained in terms of out-of-plane stacking without needing to
invoke electron correlations. In this work, we show that upon
cycling the system from high to low temperatures, in-plane
Ta distortions become evident due to faults in the SODs that
locally break the trigonal symmetry but not globally. If, on the

other hand, the system is not cooled down to low temperatures
prior to measurement, the local distortions are absent. Cou-
pled with the local distortions, we observe out-of-plane sulfur
distortions just as in other studies [10,41] that exhibit the
same thermal hysteresis as the Ta ions. Furthermore, the layer
stacking order has been highly debated over the years. Here,
we confirm that a 13c¢ order is present at low temperatures that
is replaced by a 3¢ layer stacking in going through the NCDW
transition. The 13c¢ layer stacking gradually disappears across
the CCDW-NCDW transition while the 3¢ stacking order
appears in the NCDW state and gradually dissipates across
the ICDW phase. Powders and single crystals were prepared
using solid-state reaction and chemical vapor transport, re-
spectively. Synchrotron x-ray and neutron powder diffraction
measurements were performed to investigate the structure
through the multiple CDW steps. X-ray powder diffraction
measurements were carried out at room temperature using the
high-energy beamline (105.7 keV) at the 11-ID-C beamline
at the Advanced Photon Source of Argonne National Labo-
ratory. The time-of-flight (TOF) neutron measurements were
carried out at the Nanoscale Ordered Materials Diffractometer
(NOMAD/BL-1B) and SEQUOIA (BL-17), a direct geom-
etry spectrometer, at the Spallation Neutron Source (SNS)
of Oak Ridge National Laboratory (ORNL) at temperatures
ranging from 2 to 500 K. The aluminium can was used for
SEQUOIA measurements and the empty can data were sub-
tracted from the data. The Vanadium empty can subtraction
was done for the NOMAD data. The diffraction data from
NOMAD were used for the Rietveld refinement and the pair
distribution function (PDF) analysis. The PDF provides a real-
space representation of the local atomic correlations without
assuming lattice periodicity. Preferred orientation effects were
considered in the Rietveld refinement and were not significant.
Single crystal x-ray measurements were carried out using
a Bruker D8 Venture single crystal diffractometer (Mo-A =
0.71 A) with a Photon III detector and a cryostream that
allowed data collection at temperatures between 80 and 500 K.
Unit cell refinement and data integration were performed with
the Bruker APEX3 software. Single crystal samples were used
for the transport measurement and data were collected from 5
to 370 K using Quantum Design Physical Property Measure-
ment System (PPMS). The susceptibility measurements were
done under applied magnetic field of 17'.

Shown in Figs. 1(f) and 1(g) are plots of the temperature
dependence of the a- and c-lattice constants from neutron
diffraction data collected on warming. The nonmonotonic be-
havior observed in the thermal expansion of both the a- and
c-lattice constants is not typical, with breaks in the slope ob-
served at the CCDW-NCDW and NCDW-ICDW transitions as
we see in the transport [Fig. 1(d)]. The discontinuity observed
in the a-lattice constant is at or about the CCDW-NCDW
transition (between 180 and 300 K). Similarly, in the c-lattice
constant, a jump is observed between 180 and 300 K, indicat-
ing a negative thermal expansion. The ¢ parameter undergoes
sharp decrease at the CDW transition temperatures with a
hysteresis behavior that is comparable to the resistivity be-
havior [48]. On further warming, between 300 and 400 K, the
c-lattice constant remains constant with a small drop around
350 K (at the NCDW-ICDW transition), after which it rises
with temperature above 400 K in the ICDW phase. The lattice
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FIG. 2. Single crystal x-ray diffraction precession image of
(a) the (hkO) plane and (d) the (Okl) plane in the reciprocal lattice of
1T-TaS; is shown. The weaker supercell reflections, which represent
the +/13a +/13a lattice, can be seen in between the bright spots.
The data were collected at 150 K. (b) The integrated intensity of
superlattice peaks in the (hk0) plane as a function of temperature.
(¢) The diffraction predicted by the ~/13a +/13a superlattice model
is shown in the hkO plane. (e) The integrated intensity of one of
the peaks in the (hOl) plane at I=—1/3 as a function of temperature
as it undergoes charge density wave transitions. (f) The superlattice
reflections along / = £1/3 are shown. The data were measured upon
warming from 150 to 500 K.

constants were obtained from the Rietveld refinement of the
diffraction data [Fig. 4(a)]. The data were fit using the low
temperature symmetry P3 that supports the v/13a +/13a su-
perlattice. Several superlattice peaks were observed with the
reorientation and expansion of the unit cell from the high
temperature phase. The R factor from the refinement is 0.04.
Above 300 K, the P3m1 symmetry fits the data well [3,41].
The periodic lattice distortions in the CDW phase is ob-
served in the x-ray diffraction results on a single crystal
of TaS,. While changes of the stacking order as a function
of temperature have been reported in the literature [41,49],
there have been no reports on the detailed temperature de-
pendence of the CDW satellite peaks. In this work, we show
the temperature evolution of the in-plane and out-of-plane
satellite peaks corresponding to the CDW modulation and
stacking order. The single crystal x-ray diffraction data were
collected on warming from 150 K up to 500 K. In-plane and
out-of-plane structural features are mapped to the changes
in the resistivity. Precession images collected at 150 K are
shown in Fig. 2. At temperatures above the NCDW-ICDW
transition, only the primary Bragg peaks from the P3ml are
visible. Below this transition, in addition to the primary Bragg
peaks, superlattice reflections begin to appear. Figure 2(a)
is a plot of the hkO-plane in the CCDW phase. The Bragg
peaks and superlattice reflections can be reproduced by using
the v/13a+/13a R13.9° structure. The comparison with the
simulation shown in Fig. 2(c) is exact (not drawn to scale).
The temperature dependence of the integrated intensity of
two superlattice reflections in the hkO plane is plotted in
Fig. 2(b). The in-plane +/13a +/13a R13.9° structure settles
below 200 K, at the NCDW-CCDW boundary, and the transi-
tion to this phase or out of this phase occurs continuously with
temperature. By 400 K, above the NCDW-ICDW transition,
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FIG. 3. (a) Powder elastic scans in the low Q region measured
at BL-17 at SNS shown as a function of temperature. The satellite
peak at Q ~ 0.62 A~ verifying the temperature dependence of 13¢
stacking is shown in the inset. (b) Diffraction data obtained from
BL-1B at higher Q showing the temperature dependence of satellite
peaks corresponding to CDW modulation and stacking ordering.

the superlattice reflections become indiscernible, indicating
that the SODs are either nonexistent or quite diffuse that they
do not form a pattern.

Figure 2(d) is a plot of the precession image in the Okl
plane. Here, we observe additional satellites at every Bragg
peak at 1/3 that arise from the 3c type of ordering in the
out-of-plane direction. The satellites in the c direction ap-
pear at [ = £1/3. The temperature dependence of one such
peak is shown in Fig. 2(e). Starting from low temperatures,
the 1/3 superlattice intensity is steady until the temperature
reaches the hysteresis region of the NCDW-ICDW border, at
which point the intensity drops. The drop continues through
the ICDW transition temperature and gradually disappears by
480 K. Thus, it is clear that the 1/3 satellite exists above
400 K, in the ICDW phase. The 3¢ stacking order persists
at 150 K which is slightly below the CCDW transition. Our
results suggest that the in-plane and out-of-plane stacking or-
dering occurs gradually with temperature. Shown in Fig. 2(f)
is a plot in the Okl plane, providing a closer look at the 1/3
peaks. Cuts at constant / = £1/3 as in the smaller figures of
Fig. 2(f) reproduce the Bragg peaks projected on the hkO
plane.

The temperature dependence of stacking order was in-
vestigated further using neutron time-of-flight scattering
measurements at low temperatures. Our findings present ex-
perimental evidence supporting the existence of two distinct
types of stacking order as the material undergoes CCDW to
NCDW transition. First, measurements on SEQUOIA of the
SNS using an E; of 11.5 meV showed a satellite peak at
0~ 0.62 A-! [Fig. 3(a)] at 5 K. The data were integrated
along the elastic line only. The peak corresponds to a stacking
order of 13c as predicted in Refs. [41,49]. This broad peak
corresponds to the first order satellites of the (00/) peaks in
the CCDW phase with 13¢ stacking order, and is a compos-
ite peak corresponding to multiple / values as shown in the
Supplemental Material [50]. This peak, as shown in the inset
of the figure, disappears upon reaching temperatures above
180 K on warming. Notably, another satellite peak emerges in
close proximity to the original peak at 300 K. The additional
peak at QO ~ 0.69 A~!, observed at 300 K, corresponding to
a 3¢ stacking order [49,51]. The satellite peaks in the low Q
region are labeled in Fig. 3 as a signature of 3¢ or 13¢ stacking
order. Second, shown in Fig. 3(b) are the low-Q data from
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FIG. 4. (a) Structure function determined from neutron diffraction data at 2 K. The data is compared to the /13a +/13a average model.
(b) The experimental neutron PDF as a function of temperature. (c) The experimental neutron PDF data at 2 K compared with the calculated
PDF based on the average model and local model. The partial PDFs describing the individual atom pair correlations are shown as well. (d) The
in-plane and the out-of-plane local model showing the distorted star of David (SOD) structures within the CCDW superlattice at 2 K. The blue
hexagons are shown to represent the Ta atom positions in the absence of any distortions. The Sulfur atoms (yellow spheres) displace away from
the symmetry-restricted planes. (e) The experimental x-ray PDF data at 300 K compared with the calculated PDF based on the average and
local model. (f) The Ta-Ta correlation corresponding to peak 1, calculated from the local model and average model. The atom pair is shown
in the inset. (g) The evolution of the peak around 3.4 A is shown from 2 to 480 K using the data measured upon (left) warming and (right)
heating. The peak splitting is labeled as peak 1 and peak 2, corresponding to the peaks on the left and right, respectively. (h) The position of
peak 1 and peak 2 are shown as a function of temperature upon warming and heating. The predicted position based on the average structure is

shown for reference.

NOMAD as a function of temperature. Two satellite peaks
are observed in the data, at Q = 1.61 A-! and 2.01 A-!
corresponding to first order satellite peaks of (01/). They are
present at all temperatures in the measured range from 5 to
300 K. The peak around Q = 1.62 A~! is a composite peak
of first order satellites of (01/) and (10/) which are centered
at 1.59 A~', 1.607 A~', and 1.622 A" in the 13c¢ stacking
order (the values are given in Supplemental Tables SII-SIII).
On the other hand, in 3¢ stacking, the Q = 1.62 Al peak
corresponds to the first order satellites of (004), (017), and
(107) in the NCDW phase. There are many such satellites of
3¢ and 13c¢ in the higher Q region that are close to each other,
but the peak at Q ~ 0.62 A~' is unique and shows a clear
temperature dependence of the stacking order at the CCDW-
NCDW crossover. Thus we conclude that when the structure is
cooled all the way down to 5 K, the 13¢ stacking forms and is
stable up to the CCDW-NCDW crossover temperature around
180 K. Above this temperature, the 13¢ order disappears and
we see evidence of 3c¢ stacking. Details on predicted peak
positions and a comparison with data at 2 and 300 K are shown
in Tables S II and S III [50].

On further probing the atomic structure to investigate
how the CDW modulations are evident in the local atomic

correlations, we observed a local structural anomaly that is
coupled to the hysteresis observed in the resistivity. The neu-
tron powder diffraction data collected at NOMAD of the
SNS [shown in Fig. 4(a)] and x-ray powder diffraction data
collected at 11-ID-C of the APS were Fourier transformed
to obtain the pair distribution function (PDF). Probing the
local structure with x-rays and neutrons provided constraints
to the real-space model that enabled a detailed picture of the
changes emerging with the phase transitions. Previous x-ray
PDF studies confirmed the presence of SOD formation [52],
however, we report the anomalous distortions within the star
clusters and quantify the temperature dependence of such
distortions from 2 to 480 K. The G(r)’s as a function of
temperature denoting the atom pair correlations are shown in
Fig. 4(b). The notable differences in PDF arises at lower r
region, and we do not see any discernible changes in G(r)
at higher r range. Changes are observed as a function of
temperature, which we elaborate on next. Shown in Fig. 4(c)
is a plot of the neutron G(r) determined at 2 K and compared
to a model calculated using the atomic coordinates and unit
cell dimensions of ~/13a +/13a superlattice structure. We call
this the “average model” as it is based on the symmetry that
describes the periodic unit cell. It is evident, however, that the
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periodic lattice of the /13a +/13a alone does not adequately
describe the local atomic structure [Fig. 4(c)]. Differences are
observed between the two, and the discrepancy around 3 to
4.5 A is the most striking. The discrepancy is also evident
in the x-ray G(r) data of Fig. 4(e) at 300 K. A better fit to
the local structure is obtained by allowing Ta and S atoms
displacements leading to the distortions shown in Fig. 4(d).
In-plane SOD arrangements are distorted away from the ideal
hexagonal geometry, while out-of-plane S distortions lead to
a modulation that runs parallel to the plane. Figure 4(f) is a
plot of the local Ta-Ta correlations at ~3.3 A obtained from
the fitting of the G(r) data compared to the Ta-Ta bond ob-
tained from the average structure [see inset of Fig. 4(f)]. This
Ta-Ta correlation is indicated by a black arrow in the partial
PDF shown in Fig. 4(c). While the particular Ta-Ta bond
does not change with temperature in the average structure,
locally, it is shorter and changes with temperature, as shown in
Fig. 4(f).

Also shown in Figs. 4(c) and 4(e) at 2 K (CCDW) and
300 K (NCDW), respectively, is a comparison of the cal-
culated G(r) based on the local model of Fig. 4(d). The
agreement is very good. In this model, the SODs are faulty
in real space, where the Ta atoms move within the plane
and locally break the P3 symmetry. The Ta distortions are
continuous as a function of temperature, with the maximum
atom displacements observed at 2 K [Fig. 4(f)]. The hexagonal
lattice shown in the background of the stars corresponds to the
average symmetry of P3. Thus it is clear that the symmetry-
breaking local distortions occur, but such distortions are not
sufficient to break the long-range symmetry because the dis-
tortions average out in all orientations in the crystal. Also
shown in this figure are the out-of-plane S distortions where a
quasiperiodic modulation propagates in the direction tangen-
tial to the ¢ axis.

Shown in Fig. 4(g) is the temperature dependence of the
G(r) in a narrow range between 3 and 3.8 A, with the two
peaks identified as Peak 1 and Peak 2. The left panel is for
data collected on warming after the sample was cooled all the
way down to 2 K. The right panel shows data collected on
heating above 300 K. From the partial plots of Fig. 4(c), it
can be seen that Ta-Ta and S-S pair correlations contribute

to the total PDF in this region. The temperature dependence
of peaks 1 and 2 are shown in Fig. 4(h). The peak splitting
primarily arises from the local Ta-Ta correlations and sec-
ondly from S-S correlations. In comparison to the average
model, where only one broad correlation peak is observed
in that region at all temperatures, the real space correlations
are split, and the split changes with temperature. For data
collected on warming, it is clear that the faulty arrangement
of the stars is retained through the NCDW transition. For data
collected on heating from 300 K, there is no memory of the
faulty stars and only one broad correlation is observed. At
300 K, the data on warming and heating is different because
of the structural hysteresis. Thus the resistivity behavior on
warming is most likely associated with structural hysteresis.
Stacking of the CDW ordered planes plays a key role in the
formation of the gap at the Fermi level [17]. It has been
theoretically proposed that hybridization of the d,? orbitals
along ¢ can lead to a gap at the I" point. The temperature
dependence of the local distortions, formation of the su-
perlattice, and out-of-plane stacking order provide evidence
for strong electron-lattice coupling that may hold the key
to the gap opening in the density of states. Moreover, the
band-filling scenario is not consistent with our observations
because of the presence of distortions. Instead, a more likely
scenario must involve electron-phonon and electron-electron
correlations.
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