Journal of Physics: Condensed Matter

PAPER You may also like
. . H - Multiple charge density wave ases O
Atomic structure and Mott nature of the insulating monger Vs, manieied b raahens
. substrates
charge density wave phase of 1T-TaS, Ganbat Dusii, Byoung Ki Chol, Trinh Thi

- Hydrogenation-driven phase transition in

: ; o . single-layer TiSe,
To cite this article: V Petkov et al 2022 J. Phys.: Condens. Matter 34 345401 F lyikanat, A Kandemir, H D Ozaydin et al.

- Low-frequency noise spectroscopy of
charge-density-wave phase transitions in
vertical quasi-2D 1T-TaS, devices

View the article online for updates and enhancements. Ruben Salgado, Amirmandi
Mohammadzadeh, Fariborz Kargar et al.

physicsworld

Al in medical physics week

20-24 June 2022

Join live presentations from leading experts
in the field of Al in medical physics.

physicsworld.com/medical-physics

This content was downloaded from IP address 141.209.164.205 on 23/06/2022 at 16:10


https://doi.org/10.1088/1361-648X/ac77cf
/article/10.1088/1361-6528/ac06f3
/article/10.1088/1361-6528/ac06f3
/article/10.1088/1361-6528/ac06f3
/article/10.1088/1361-6528/ac06f3
/article/10.1088/1361-6528/ac06f3
/article/10.1088/1361-6528/aa94ab
/article/10.1088/1361-6528/aa94ab
/article/10.7567/1882-0786/ab0397
/article/10.7567/1882-0786/ab0397
/article/10.7567/1882-0786/ab0397
/article/10.7567/1882-0786/ab0397
/article/10.7567/1882-0786/ab0397
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstDUxpxGGVXTtX26tyfyWZgtdalvM_YLWSzzvfXH0vTx4FvPSpvcMxNiJIYrVe4WgWioxKavk-ZoyPalFXT8Rt-6-zVaLehrHRvagG8On4INC4ZChlLMaE-pS_VPQn4DJbt7df0jejEFdUPjseUYcGDEM20GzR7Q9R-NsmDGYIGUdXWodMIkPqSs0ElYHxoYoA0CVHjOndnzf_OXMKXnP6xETiNtlFdtxTpe-9d9euU4zPSs_vqAjZ6u_nOHSjxQgmKvOSvAC90FP6HHnykTilCMEwB2ymSVRE&sig=Cg0ArKJSzK6QM7o_zdRA&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

I0OP Publishing

Journal of Physics: Condensed Matter

J. Phys.: Condens. Matter 34 (2022) 345401 (9pp)

https://doi.org/10.1088/1361-648X/ac77cf

Atomic structure and Mott nature of the
insulating charge density wave phase

of 1T-T332

V Petkov'*®, J E Peralta!

, B Aoun” and Y Ren’**

! Department of Physics and Science of Advanced Materials Program, Central Michigan University,

Mt. Pleasant, MI 48858, United States of America
2 Fullrme Inc., San Antonio, TX, 78255, United States of America

3 X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439,

United States of America

4 Department of Physics, City University of Hong Kong, Kowloon, Hong Kong, People’s Republic of

China

E-mail: petkolvg@cmich.edu
Received 5 May 2022, revised 1 June 2022

Accepted for publication 10 June 2022
Published 23 June 2022

Abstract

®

CrossMark

Using x-ray pair distribution function (PDF) analysis and computer modeling, we explore
structure models for the complex charge density wave (CDW) phases of layered 1T-TaS, that
both well capture their atomic-level features and are amenable to electronic structure
calculations. The models give the most probable position of constituent atoms in terms of 3D
repetitive unit cells comprising a minimum number of Ta—S layers. Structure modeling results
confirm the emergence of star-of-David (SD) like clusters of Ta atoms in the high-temperature
incommensurate (IC) CDW phase and show that, contrary to the suggestions of recent studies,
the low-temperature commensurate (C) CDW phase expands upon cooling thus reducing lattice
strain. The C-CDW phase is also found to preserve the stacking sequence of Ta—S layers found
in the room temperature, nearly commensurate (NC) CDW phase to a large extent. DFT based
on the PDF refined model shows that bulk C-CDW 1T-Ta$S, also preserves the insulating state of
individual layers of SD clusters, favoring the Mott physics description of the metal-to-insulator
(NC-CDW to C-CDW) phase transition in 1T-TaS,. Our work highlights the importance of
using precise crystal structure models in determining the nature of electronic phases in complex

materials.

Supplementary material for this article is available online

Keywords: charge density waves, atomic structure, total x-ray scattering

(Some figures may appear in colour only in the online journal)

1. Introduction

Among other transition metal dichalcogenides (TMDs), 1T-
TaS; stands out with its remarkably rich pressure-temperature-
light phase diagram, exhibiting several distinct charge density

* Author to whom any correspondence should be addressed.

1361-648X/22/345401+9$33.00 Printed in the UK

wave (CDW) phases and phase transitions. The material is
built of layers of Ta-S trigonal prisms with a weak van-
der-Waals bonding between the layers (figure 1(a)). Even at
ambient pressure, a variety of phases appear upon cooling,
including a metallic incommensurate (IC) CDW phase below
550 K, a metallic nearly commensurate (NC) CDW phase
below 350 K and an insulating commensurate (C) CDW phase
below 180 K. The metal-insulator (MI) transition between the

© 2022 I0P Publishing Ltd
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Figure 1. (a) Fragment from the crystal structure of 1T-TaS,
comprising layers of Ta (brown)-S (yellow) prisms. In undistorted
1T-TaS; (b), Ta atoms form perfect hexagonal planes. In the
C-CDW phase of 1T-TaS,, Ta atoms form SDs organized in a

V13ay x v/13ap superstructure, whose projection down the c¢ axis is
shown in (c). Possible stacking sequences of layers of SDs in the
C-CDW phase are shown in (d). Here T'a and T'¢ are stacking
vectors corresponding to the case of SDs from adjacent layers being
positioned on top of each other and shifted by a lattice translation
2a, respectively. Broken red line connects Ta atoms at the center of
SDs from adjacent Ta—S layers in the case of Tc-type stacking.

NC-CDW and C-CDW phases is first order and, upon cool-
ing, accompanied by a large jump in resistivity that can be
reversed by an application of intense electrical current or light
pulse [1-5]. In the CDW phases, Ta atoms assemble in char-
acteristic star-of-David (SD)-shaped clusters, which form an
increasingly ordered 3D superstructure with decreasing tem-
perature (figure 1(c)). For comparison, Ta atoms in normal
metallic 1T-TaS, occupy the vertices of a perfect hexagonal
lattice (figure 1(b)).

Regardless of the extensive research effort over nearly four
decades, there is still an ongoing debate about the nature of the
insulating C-CDW phase. Generally, it has been regarded as a
Mott insulator phase, where thirteen 5d electrons, one from
each Ta atom in an SD, form six covalent bonds and a half-
filled band that does not exhibit a metallic but unusual insu-
lating character due to strong electron-electron interactions.
However, recently, this interpretation has been challenged by
several studies, which attribute the insulating behavior to the
emergence of a particular stacking order of Ta—S layers below
180 K, rendering the C-CDW phase a trivial band insulator
(figure 1(d)) [6-8]. To distinguish between the two interpret-
ations, precise knowledge of the atomic structure of CDW
phases of 1T-TaS; is needed. At present, this knowledge is
incomplete because the phases have been largely studied by
traditional crystallographic techniques that largely ignore the
presence of significant diffuse scattering in their diffraction
patterns arising from the presence of significant lattice dis-
tortions inherent to CDWs. Moreover, structure data determ-
ined by single-crystal diffraction experiments are presented
in supercells that are not necessarily amenable to electronic

properties calculation and interpretation. Here we use x-ray
pair distribution function (PDF) analysis to investigate the
atomic-level evolution of CDWs in 1T-TaS, over a broad tem-
perature range, including the IC- to NC- and NC- to C-CDW
phase transitions. We explore 3D structure models for the
CDW phases that comprise a minimum number of Ta—S layers
and refine them against the experimental PDF data. The mod-
els give the most probable position of constituent Ta and S
atoms in terms of small-size, repetitive unit cells, allowing
a convenient derivation of structural characteristics such as
bond distances, degree of structural coherence and interlayer
separation that are important for understanding the nature of
CDW transitions, observed hysteresis effects and so-called
‘hidden’ CDW phases [1, 2]. Also, the PDF-refined mod-
els provide a sound basis for electronic structure calcula-
tions, allowing us to probe the character of the insulating
C-CDW phase.

2. Synchrotron x-ray experiment, derivation of
atomic PDFs and Rietveld analysis of x-ray
diffraction (XRD) data

A high-quality 1T-TaS, sample was provided by 2DSemi-
conductors [9]. High-energy XRD data were collected on
the beamline 11-ID-C at the Advanced Photon Source at the
Argonne National Laboratory using x-rays with energy of
105.5 keV (wavelength A = 0.1173 A). The instrument was
calibrated using Si powder National Institute of Standarts and
Technology (NIST) standard. The sample was sealed in a
glass capillary and measured in transmission mode. Scattered
intensities were collected with a 2D amorphous Si detector.
Oxford Cryostream 700+ device was used to control the tem-
perature of the sample. Data were taken upon cooling the
sample from 400 K to 140 K and subsequently warming it up
to 250 K. Two sets of XRD patterns were collected at each tem-
perature. One of the patterns was collected with the detector
positioned 1000 mm away from the sample to achieve high-¢
resolution needed for Rietveld analysis, where the wave vec-
tor ¢ is defined as g = 4wsin(f)/\ and 6 is the Bragg angle.
Exemplary XRD patterns collected at different temperatures
are shown in figure 2(a). The patterns exhibit sharp Bragg
peaks and weak satellite reflections that change little and sig-
nificantly with temperature, respectively. As shown in previ-
ous studies, the former reflect the characteristic structure of
1T-TaS, built of layers of Ta—S trigonal prisms (figure 1(a)),
whereas the latter signal the appearance of an increasingly
ordered array of SDs (figure 1(c)) with diminishing temper-
ature [1, 10, 11]. The other pattern was collected with the
detector positioned 300 mm away from the sample to reach
g values as high as 30 A~!. This pattern was used to obtain
atomic PDFs with high real-space resolution, as described in
supplemental material [12]. All experimental atomic PDFs
obtained in this work are shown in figure 2(b). Comparison
between the experimental and computed data sets in figure 2(c)
indicates that atomic PDFs are sensitive to atomic correlations
involving Ta atoms from emerging SDs in 1T-TaS,.
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Figure 2. (a) High-energy XRD patterns for CDW phases of
1T-TaS; collected at different temperature upon cooling the sample.
Satellite reflections in the XRD pattern obtained at 400 K are
marked with blue stars. Vertical blue arrows highlight their
evolution with temperature. (b) Experimental atomic PDFs obtained
from XRD patterns collected upon cooling (blue line) and warming
(red line) the sample. The PDFs exhibit hysteresis effects in the
temperature range from 160 K to 200 K, i.e. appear different when
obtained at the same temperature once upon cooling and a second
time upon warming the sample. Computed PDF for normal

(S.G. P-3m1) 1T-TaS$; is also shown (black line) for comparison. It
is different from the experimental PDFs, in particular in the range of
r-values from 3 A to 6 A (outlined with a broken line), where near
neighbor Ta-Ta distances appears as PDF peaks. This is because Ta
atoms in normal 1T-TaS, do not while those in the CDW phases of
1T-TaS; cluster, as shown in figure 1. The difference between PDFs
of normal and C-CDW phases is highlighted in (c).

Experimental high-q resolution XRD patterns were subjec-
ted to Rietveld analysis based on the hexagonal (S.G. P-3m1)
structure of normal 1T-TaS,. The computations were done
with the help of software GSAS II [13]. Exemplary results
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Figure 3. (First and second row) Exemplary Rietveld fits (red line)
to high-energy XRD patterns (symbols) for 1T-TaS; collected at
different temperatures. The fits are based on the hexagonal

(S.G. P-3m1) structure characteristic to its normal metallic phase.
The residual difference (blue line) is shifted by subtracting a
constant. Good quality fits (Rwp ~ 6%—8%) are achieved without
applying corrections for preferred orientation, indicating that,
thanks to the careful sample preparation and 2D geometry of the
x-ray detector used, possible texture effects in the XRD patters are
largely eliminated. (Third row) Hexagonal lattice parameters a and ¢
for 1T-TaS; as a function of temperature resulted from Rietveld fits
to XRD data measured upon cooling (blue dots) and warming

(red squares). Data for the lattice parameters show a clear
discontinuity at about 180 K, where the NC- to C-CDW phase
transition takes place.

are shown in figure 3. As can be seen in the figure, sharp
Bragg peaks in the XRD patterns are reproduced very well
by the model, indicating that the material is single phase. In
line with prior findings [1], the refined lattice parameters show
discontinuities at 350 K and 180 K, reflecting the emergence
of NC-CDW and C-CDW phases upon cooling, respectively.
The presence of SD-like clusters of Ta atoms already at 400 K
and the emergence of a superstructure of well-defined SDs at
low temperature, however, are not immediately obvious from
traditional Rietveld analysis of XRD patterns. On the other
hand, atomic PDF analysis, which considers the Fourier trans-
form of XRD data in real space without a priory assump-
tion for the lattice symmetry, has proven very successful in
revealing well both the long-range crystal structure and devi-
ations from it, including emerging CDWs in low-dimensional
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systems [14, 15]. As shown below, it is also very sensitive to
the 3D arrangement of the SDs in 1T-TaS,.

3. PDF-guided modeling of CDW phases in 1T-TaS,

3.1. Scientific problem and approach to finding a solution to it

Above 350 K, satellite reflections in the XRD patterns are
relatively weak and diffuse (see the asterisks in figure 2(a))
because the IC-CDW that causes them lacks translational peri-
odicity. As such, it is impossible to be described by a unit
cell that is periodic in 3D. Below 350 K, the satellite reflec-
tions increasingly become sharp with decreasing temperature,
signaling the emergence of the NC-CDW phase. Similarly to
the IC-CDW phase, it is difficult to be described by a unit
cell periodic in 3D. Both the IC-CDW and NC-CDW phases,
however, could be described in superspace using a unit cell of
the ‘basic’ undistorted structure and modulation functions giv-
ing the displacements of Ta atoms from their positions in that
structure [11, 16]. The superspace approach reproduces well
both the Bragg peaks and satellite reflections but it does not
lend itself to electronic structure calculations, which require
3D periodicity, and are necessary to understand physical prop-
erties of IC-CDW and NC-CDW phases in good detail. Below
180 K, the CDW appears commensurate with the underlying
crystal lattice and the satellite reflections can be described in
various lattices [17-19], whose base is shown in figure 1(d).
However, positions of atoms in the typically very large unit
cells of these lattices are not well known and/or the lattices
appear non-periodic in a direction perpendicular to the layers
of SDs, leading to ambiguities in selecting a proper 3D peri-
odic unit cell for computing the electronic properties and inter-
preting the nature of emerged insulating state. To resolve the
ambiguities, we generated 3D periodic, small unit size mod-
els for the three CDW phases of 1T-TaS, using published data
for commensurate approximations to the phases and isostruc-
tural 1T-TaSe, [17, 20]. The models were refined against the
respective experimental PDFs, which, by definition, give the
probability of finding an atom at a certain distance from a given
atom. Thus, these models give the most probable positions of
atoms in the phases, allowing us to explore atomic-level fea-
tures relevant to their structure type and electronic properties
on a realistic basis. The computations were done with the help
of the software PDFgui [21].

3.2. Solution implementation

3.2.1 IC-CDW phase (350 K-550 K). = A commensurate,
i.e. 3D periodic approximation to the atomic structure of
NC-CDW phase of 1T-TaS, has been proposed in [16] using
single crystal data, including 836 satellite reflections. The
approximation features a @ = b = v/13a, and ¢ = 3¢,
hexagonal unit cell (S. G. P-3) comprising a stack of three
Ta-S layers, where a, and ¢, are the lattice parameters of
the undistorted lattice and Ta atoms are displaced from their
positions in that lattice in a manner resembling the forma-
tion of SDs. We used it to create an initial model for the
IC-CDW phase, the rationale being that the NC-CDW and

IC-CDW phase ought to share common structural features
because diffuse satellite reflections in the XRD pattern for
the latter appear ‘precursors’ of the better-defined reflections
observed in the XRD pattern for the former. The initial model
was successfully refined against the atomic PDF data meas-
ured at 400 K, which take into account observed Bragg peaks,
superlattice reflections and diffuse scattering arising from the
emergence of SD-like clusters in [C-CDW 1T-TaS,. As can be
seen in figures 4(a) and (b), the PDF-refined structure model
reproduces the experimental PDF data up to 100 A, where the
experimental data decay to zero due to the finite q-space res-
olution of the 2D detector used. The refined lattice paramet-
ers and atomic positions are given as supplemental material
[12]. The success of the refinement indicates that the 1T-TaS,
sample studied by us exhibits structural features typical for the
CDW phases of 1T-TaS, and atomic PDFs are capable of cap-
turing these features.

3.2.2. C-CDW phase (below 180 K).  Several model struc-
tures for the C-CDW phase of 1T-TaS; have been proposed
[17], including a structure based on a T, stacking sequence
alone (see figure 1(d)). Such a structure has been found suc-
cessful in describing the C-CDW phase of 1T-TaSe, using a
periodic unit cell with parametersa = b = v/134, and ¢ = 13c¢,
that comprises 13 Ta-S layers, i.e. a very large number of
atoms. We constructed a minimum size model approxima-
tion to the structure of the C-CDW phase of 1T-TaS, fea-
turing a single layer primitive unit cell (S.G. P-1) using a
similar approximation to the structure of the C-CDW phase
of 1T-TaSe,. It was successfully refined against the experi-
mental PDF data for 1T-TaS, collected at 140 K that take into
account Bragg peaks, superlattice reflections and diffuse scat-
tering arising from lattice distortions due to the formations of
an ordered array of well-defined SDs and likely orientational
disorder of the layers of SDs. As can be seen in figures 4(c)
and (d), the refined model reproduces very well the experi-
mental PDF data both at low and high-r distances extending
up to 100 A. The refined atomic positions and lattice paramet-
ers are given as supplemental material [12].

Another frequently considered model structure for the
C-CDW phase of 1T-TaS, features two layers stacked on top
of each other (T's stacking vector in figure 1(d)) where the
so-formed bilayers are further stacked by a random choice
of symmetry equivalent vectors of the 7. type shown in
figure 1(d) [17-19]. Because the disordered stacking of bilay-
ers does not obey translational symmetry in the direction per-
pendicular to the ¢ axis of the unit cell, an approximation to
the model is often employed where the stacking of the bilay-
ers follows a fixed T vector [18, 22]. Within this model pic-
ture, on average, half of the stacking vectors in the C-CDW
phase would appear as Ty vectors and the other half would
appear as T, vectors, where T's and T, vectors alternate along
the ¢ direction of the crystal lattice. A model approximation
to the structure of C-CDW phase featuring a T-type stack-
ing sequence alone was constructed, tested and refined against
experimental PDF data. It was, however, and found to perform
worse in comparison to the model featuring a T c-type stacking
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commensurate model approximation (S.G. P-3) that fits the experimental data well over a wide range of r-values. Fits in (c)—(h) are against
PDF data for the C-CDW phase obtained at 140 K. A model featuring a T'c stacking sequence (c), (d) outperforms models featuring a T's
sequence alone (e), (f) and a mixture of 7’4 and T stacking sequences (g), (h). Fits in (i)—(1) are against PDF data for the NC-CDW phase
obtained at 250 K. Only the fit in (i), featuring a C-CDW type structure, and fit in (1), featuring an IC-CDW type structure, approximate the
experimental data to an acceptable level. (m) Low- and (n) high-r part of PDF data obtained at 180 K upon cooling (blue) and a subsequent
warming (red) the sample. The PDF data sets in (n) do not while those in (m) agree well with each other, indicating the presence of
significant thermal hysteresis effects largely involving longer-range atomic correlations in NC-CDW 1T-TaS,. Higher-r PDF data

(b), (d), (), (h), (j), (1) are multiplied by a factor of four for clarity.

sequence alone (figures 4(e) and (f)). The result is in line with
the findings of density functional theory (DFT) studies [7]
indicating that the latter is more stable energetically in com-
parison to the former. A model approximation featuring a mix-
ture of T'a- and T c-type stacking sequences was also found to
perform worse in comparison to that featuring a T'c-type stack-
ing sequence alone (figures 4(g) and (h)). The result is in line
with recent scannig tunneling microscopy (STM) and trans-
mission electron microscopy (TEM) studies indicating that Ta
atoms in Ta—S layers constituting the C-CDW phase are well
ordered along the out-of-plane direction, i.e. that the C-CDW
phase is unlikely not exhibit a large variety of layer stacking
orders [6, 23-25]. Thus, according results of PDF analysis, a
model featuring a T'.-type stacking sequence appeared a better
approximation to the structure of C-CDW phase in compar-
ison to other frequently considered approximations based on a
T a-type stacking sequence.

3.2.3. NC-CDW phase.  Considering that the NC-CDW
phase is a precursor of the C-CDW phase, the PDF refined
model for the latter was used to produce an initial model for
the structure of the former. The model was tested and refined

against the PDF data for the NC-CDW phase obtained at
300 K. As shown in figure 4(i), the refined model reproduces
the experimental data at distances shorter than 60 A in very
good detail. The PDF-refined atomic positions and lattice para-
meters are given as supplemental material [12]. It, however,
fails to fit well the PDF data at high-r values (figure 4(j)). That
part of the PDF data is well fit (see figure 4(1)) by the model
approximation used to describe the IC-CDW phase, which is a
precursor of the NC-CDW phase. The latter model, however,
performs poorly at low-r distances (see figure 4(k)). Similarly
to the findings of prior studies [8, 10, 23, 24, 26], the result
indicates that the NC-CDW phase is discomensurate in a sense
that it is built of approximately 60 A in size lattice domains
exhibiting the structure of C-CDW phase, where the SDs are
well defined and Ta-S layers are largely stacked in a Tc-type
sequence, that are embedded in a matrix exhibiting the lattice
structure of the IC-CDW phase, where the SDs are less well
defined and, as discussed below, Ta—S layers are more densely
stacked in comparison to those in the domains.

Experimental PDFs obtained at 180 K once upon
cooling the sample down to 140 K and a second time
upon subsequently warming it to 180 K are shown in
figures 3(m) and (n). The PDFs agree very well at low-r
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arrows), where open circles and triangles correspond to the C-CDW-like and IC-CDW-like components of the NC-CDW phase, respectively.
Closed circles and triangle correspond to the C-CDW and IC-CDW phases at a temperature below the NC- to C-CDW and above the IC- to
NC-CDW phase transitions, respectively. Stack of three Ta—S layers in the IC-CDW (c) and C-CDW phases (d). The atomic planes of S
atoms are near straight in the former and undulating in the latter. That is because S atoms above SDs and those between SDs tend to move
outward and toward Ta planes in the C-CDW phase, respectively. Thus, the displacements of S atoms in adjacent layers appear to undulate
out-of-phase, where the period of the undulation is essentially the lattice parameter @ = /134, of the superstructure of SDs shown in

figure 1(c).

distances and show similar but near out-of-phase oscilla-
tions at distances longer than 60A. The observation indicates
that the C- to NC-CDW phase transition exhibits significant
thermal hysteresis effects that largely involve longer-range
atomic correlations between discomensurate domains.

4. Discussion

Evolution of Ta-Ta near neighbor distances in 1T-TaS, with
temperature, as computed from the respective PDF-refined
structure models, is presented in figure 5(a). As can be seen
in the figure, at 400 K, i.e. in the IC-CDW phase, Ta atoms
exhibit a broad distribution of near-neighbor distances indic-
ating that they are significantly displaced from their posi-
tions in normal 1T-TaS,. The distances become more dis-
tinct and characteristic to SDs with diminishing temperature.
Evolution of interlayer distances in 1T-TaS, with temperature,
also computed from the respective PDF-refined structure mod-
els, is shown in figure 5(b). Three-layer fragments from the
IC-CDW and C-CDW models are shown in figures 5(c) and
(d), respectively. The fragments are obtained by folding large-
scale (~150 A x 150 A x 150 A) model configurations refined
against PDF data sets obtained, respectively, at 400 K and
140 K into smaller 30 A x 30 A x 30 A atomic confi gurations,

where the large-scale configurations are obtained by reverse
Monte Carlo simulations described in supplemental material
[12]. As such, the fragments provide a statistically more rep-
resentative picture of the arrangement of Ta—S layers in the
metallic [C-CDW (figure 4(c) to become 5(c)) and insulating
C-CDW (figure 4(d) to become 5(d)) phases of 1T-TaS, than
a single unit cell model would do.

As data in figures 5(b) and (c) show, layers in IC-CDW
1T-TaS,, where Ta atoms exhibit signatures of clustering lead-
ing to an asymmetric broadening of first neighbor Ta—Ta dis-
tances (figure 5(a)), are straight and, at 400 K, positioned
about 5.9 A apart. As data in figures 5(b) and (d) show,
layers in C-CDW 1T-TaS,, where Ta atoms are clustered in
well-defined SDs leading to splitting of first neighbor Ta—Ta
distances into three distinct components (figure 5(a)), are
undulating and, at 140 K, positioned about 5.93 A apart. The
undulation largely involves sulfur planes enclosing the array
of SDs in Ta planes and shows a period of repetition of about
12 A, which is close to the C-CDW wavelength observed
by scanning tunneling microscopy [10, 24]. It is then plaus-
ible to associate the metallic state exhibited by the IC-CDW
phase and IC-CDW-phase-like regions in the NC-CDW phase
with the relatively closely packed, straight Ta—S layers shown
in figure 5(c) wherein the SDs do not form a well-defined
superstructure [27]. Then, the less closely packed, undulating



J. Phys.: Condens. Matter 34 (2022) 345401

V Petkov et al

A+

(a)

0.2

~/\: > K
— AN
n e

> 00 A ¥ > oo /h‘ \y-1 A > Nl )

2 _/“‘\/ \ 2 I \'\_/-/ g oo/ <
] |

E -0.1 & -01 E \ :C: -0.1 < ~
T MU /\ B -
r—'—\‘\‘—~ | e : /-
_0_3,\/ \\/ AA \I\[\ [ -03 ] Ny
o /\ ] A b o P\ /

r M K A raAa L H A r M K r A L H A

k k k

Figure 6. DFT band structure for a C-CDW monolayer (a), bulk C-CDW (b) and bulk IC-CDW 1T-Ta$; (c). The band structure for the
monolayer features a relatively narrow band at the Fermi level and a band gap at the zone boundary A point in the order of 0.18 eV (black
arrow), which is in line with the findings of ARPES studies [24]. The band gap is seen to shrink in bulk C-CDW due to interlayer coupling.
States above Fermi level could appear populated at high-temperature and empty below 180 K [27], due to diminished temperature and
orbital overlap, contributing to the insulating state of C-CDW phase [26, 30]. A small indirect band gap of 0.08 eV in bulk C-CDW is
indicated with a magenta arrow. Bulk IC-CDW shows metallic properties. Blue shaded rectangles in (a) and (b) highlight the valence band

of monolayer and bulk C-CDW 1T-Ta$S,.

Ta—S layers in figure 5(d), where, by contrast, the SDs form
a well-defined superstructure, appear a good approximation to
the atomic structure of the insulating C-CDW phase and C-
CDW-phase-like domains in the NC-CDW phase of 1T-TaS,.
As can be seen in figure 5(b), the interlayer separations in the
two fractions of the NC-CDW phase increasingly diverge upon
cooling the sample from 350 K down to 180 K, inevitably
leading to accumulation of significant lattice strain [10, 25].
The NC- to C-CDW phase transition is seen to involve a sud-
den increase in the interlayer separation in the two fractions of
the NC-CDW phase by, respectively, 0.5%—1% (figure 4(b)),
which would relieve the accumulated lattice strain, and not a
decrease in that separation, as suggested in [28]. Importantly,
the transition does not seem to involve a dramatic change in
the layer stacking order, which largely retains its character on
both sides of the transition (see figure S3 and the successful
fits to the PDFs for the NC- and C-CDW phases in figure 4
based on the same model approximation).

This model picture helps understand the response of the
C-CDW phase of 1T-TaS, to external stimuli. In particular,
upon warming, the less dense in terms of layer stacking
C-CDW phase may remain stable to a higher temperature
(red lines in figure 5(b)) in comparison to the temperature at
which it emerged from the denser in terms of layer stacking
NC-CDW phase on cooling (black lines in figure 4(b)), res-
ulting in pronounced hysteresis effects (figures 4(m) and (n)).
Depending on the rate of warming induced by increasing tem-
perature or the intensity of short laser pulses, various mix-
tures of the distinct layer structures seen in figures 5(c) and
(d) can emerge. In this sense, the mixtures may be viewed at
as a trivial outcome of the particular thermal or optical treat-
ment conditions and not as some ‘hidden’ CDW phases. When
high pressure is applied, Ta—S layers in the insulating C-CDW
phase would be forced to come closer together, which would
inevitably lead to a destruction of their undulation and related
superstructure of SDs and, hence, restoration of the metallic
state [4].

5. Conclusion

The lack of 3D periodicity and significant lattice distortions
inherent to CDW phases often makes it difficult to describe
them in terms of small size 3D periodic unit cells needed for
physical properties calculations and interpretation. Therefore,
3D periodic approximations to the actual crystal structure of
the phases are often considered based on plausible assump-
tions. Unfortunately, the approximations are not necessarily
tested and refined against experimental data sensitive both to
local lattice distortions and their ordering over long-range dis-
tances that are characteristic to the CDW phase being studied,
posing limits to their applicability. The problem can be allevi-
ated by using atomic PDF analysis, which takes into account
all components of experimental diffraction data and, there-
fore, is sensitive to all structural features of CDWs, be they
3D periodic or not. The approach allows us to discriminate
between competing approximations, created by e.g. reducing
superspace models, DFT computations and/or educated guess-
ing, providing a sound basis for first-principles calculations.
In particular, first-principles calculations using an approx-
imation featuring a T's-type stacking sequence suggest that
the C-CDW phase of 1T-TaS; is a trivial band insulator and
the emergence of that sequence during the NC- to C-CDW
phase transition is responsible for its metal-to-insulator char-
acter [22, 26]. On the other hand, atomic PDF analysis con-
ducted here finds that an approximation with a similar level of
complexity, i.e. a minimum number of Ta—S layers in the unit
cell, featuring a Tc-type stacking is superior to the T's-type
stacking sequence approximation to the structure of C-CDW
phase. Therefore, we argue that the former should not be aban-
doned in favor of the latter but given full consideration in cal-
culating and interpreting electronic properties. Results from
DFT + U calculations for the electronic band structure of a
C-CDW monolayer and bulk C-CDW phase computed from
the PDF-refined approximation featuring a 7T'¢-type stacking
sequence (table S3) are shown in figure 6. The band structure
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of bulk IC-CDW is also shown as computed from the PDF-
refined structure data in table S1. Details of the calculations are
given as supplemental material [12]. In line with the findings
of prior experimental and DFT studies [26, 29-31], the elec-
tronic band structure of a C-CDW monolayer is seen to exhibit
anarrow band at the Fermi level. The band has a weak in-plane
dispersion (I'-M—-K-TI" line), likely due to a weak in-plane SD
hybridization [26], which is consistent with the agreed Mott
insulating character of the monolayer [27]. The in-plane dis-
persion increases and the direct band gap at the zone boundary
A point (I'-A line) narrows in bulk C-CDW 1T-TaS,, indicat-
ing that the coupling between T'¢-type stacked layers weak-
ens the Mott behavior. Given the lack of a significant energy-
momentum dispersion along the c axis (I'-A line), it may be
concluded that bulk C-CDW 1T-TaS, is neither trivial band
insulator nor metallic in the layer stacking direction but largely
preserves the Mott insulating state of individual layers. Then,
from a structural point of view, the emergence of an insu-
lating state upon cooling may be associated with the concur-
rent disappearance of the metallic IC-CDW component of the
NC-CDW phase and the emergence of a 3D superstructure of
SDs preexisting in the increasingly insulating C-CDW com-
ponent of the NC-CDW phase with decreasing temperature,
accompanied by a relief of lattice strain and not necessarily
a dramatic change in the layer stacking order. Indeed, recent
fully self-consistent DFT calculations also indicate that the
Mott insulating nature of the C-CDW phase is independent of
the stacking order [30]. The result underlines the importance of
using precise crystal structure approximations in determining
the nature of CDW phases. Other complex electronic phases
from the TMD family, and beyond, could benefit from studies
involving the experimental approach adopted here.
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