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Using high-energy x-ray scattering and large-scale three-dimensional (3D) structure modeling, we investigate
the relationship between the crystal lattice, charge density wave (CDW), and superconducting (SC) orders in
transition metal dichalcogenides (TMDs). In particular, we systematically substitute Te for Se in Ta-Se-Te
solid solutions, determine changes in their crystal lattice, and relate them to changes in the CDW transition
temperature, TCDW, and SC critical temperature, Tc. We find that strong lattice distortions such as buckling of Ta
layers are detrimental to the CDW and SC orders. The presence of a perfect lattice order in two dimensions is a
prerequisite to the emergence of CDWs but insufficient to achieve a SC ordered state. For the SC order to emerge,
the Ta sublattice should also appear periodic in 3D. Local chemical disorder may promote the SC order, and
the perfectness of Ta coordination polyhedra is a factor contributing to its strength. A hierarchical relationship
among the crystal lattice, CDW, and SC orders thus appears to exist in TMDs in a sense that different degrees
of crystal lattice order-disorder promote and maintain the CDW and SC orders to a different extent, offering an
opportunity to control the latter through modifying the former by rational design. Our findings are a step towards
a better understanding of the correlation between lattice and electronic degrees of freedom in TMDs. We also
demonstrate an efficient experimental approach to study them in fine detail.
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I. INTRODUCTION

Layered transition metal dichalcogenides (TMDs) exhibit
a variety of lattice structures and collective electronic states,
including charge density waves (CDWs) and superconduct-
ing [1–6]. Intensive research conducted so far indicated that
the CDW and SC orders in TMDs compete unless they mu-
tually exclude each other. In particular, studies found that
TCDW decreases, while Tc increases in the hexagonal (2H)
polymorphs of TMDs from 2H-TaSe2 through 2H-TaS2 and
2H-NbSe2 to 2H-NbS2. In addition, it has been found that in
2H-NbSe2, 2H-TaS2, and 2H-TaSe2, TCDW decreases while
Tc increases under pressure. On the other hand, the trigonal
1T -NbSe2, 1T -TaS2, and monoclinically distorted 1T ′-TaTe2

polymorphs show stable CDW phases at low temperature
and no SC. In both 1T -TaS2 and 1T ′-TaTe2, however, high
pressure modifies the crystal lattice and SC emerges [7–13].
Studies on structurally distorted 2H-NbSe2 concluded that
CDWs may assist SC to a certain extent [14]. Altogether,
these studies also indicated that changes in the lattice struc-
ture and/or its perfectness affect the competing CDW and
SC orders differently, offering an opportunity to investigate
the latter through carefully tuning the former. This oppor-
tunity has been explored in a number of studies on ternary
TMDs, where one of the chalcogenide species has been sys-
tematically replaced by another with a goal to modify the
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lattice structure such that the CDW order is suppressed and
SC order induced. The studies took advantage of the fact
that some TMD polymorphs and polytypes coexist at certain
compositions and temperature [15–19], allowing us to make
solid solution of different parent phases and study concurrent
variations of the CDW and SC orders as the underlying lattice
structure evolves. In particular, studies on 1T -TaSe2−xSx and
1T -TaSe2−xTex systems indicated that the CDW state is sup-
pressed and SC emerges in the middle of the phase diagram
[20–22]. The effect was explained in term of chemical order-
ing effects and buckling of Ta planes, respectively. Studies
on rhombohedral 3R-TaSe2−xTex solid solutions attributed the
observed increase in Tc in comparison to 2H-TaSe2 to the
difference in the stacking sequence of the TMD layers [23].
Studies on 2H-TaSe2−xSx solid solutions [24] reported the
emergence of a strong SC order with S doping and broadly
explained it in terms of increased structural disorder. In all
these studies, the lattice structure features presumed to be
behind the emergence and rise of a SC order have not been
clearly revealed but inferred from weak changes in the con-
trast of scanning tunneling microscopy images, broadening
of Bragg diffraction peaks and/or smearing of CDW related
superstructure reflections. The reason for the observed asym-
metry of Tc(x) with the variation of x has not been revealed
either. It is important to understand the factors that influence
the CDW and SC orders in TMDs, in particular Tc, because
room temperature superconductors of future technologies will
most likely be assembled from pre-selected lattice struc-
tures with a particular chemistry taking advantage of basic
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FIG. 1. Fragments of the 2H (hexagonal), 3R (rhombohedral), 1T (trigonal), and 1T ′ (monoclinic) TMD phases. Side view is shown in
the first row and top view is shown in the second row. Both 2H and 3R phases are built of layers of regular trigonal prisms. The difference is in
the stacking sequence of the layers. It is ABAB and ABCABC type with the 2H and 3R phase, respectively. Both 1T and 1T ′ phases are built of
layers of octahedra. The difference is in the perfectness of the octahedra. They are regular and distorted in the 1T and 1T ′ phase, respectively.
TM atoms are in light brown and chalcogenide atoms are in red.

mechanisms that lead to the enhancement of their useful
properties.

Here we shed light on the influence of the lattice struc-
ture and perfection on the CDW and SC orders in TMDs by
studying an exemplary Ta-based ternary TMD system using
advanced x-ray scattering techniques and large-scale atomistic
modeling [25,26]. We find that strong lattice distortions, such
as buckling of Ta planes, are indeed detrimental to both the
CDW and SC orders. Furthermore, we find that while perfect
lattice order in two dimensions (2D) is enough for the CDW
order to emerge, three-dimensional (3D) periodicity of Ta
sublattice is necessary to achieve a SC ordered state. This
could occur for markedly different degrees of substitution
of the two chalcogenide species for one another and type
of Ta coordination polyhedra, leading to a highly irregular
evolution of Tc(x) with x. Thus, a hierarchical relationship
appears to exist among the crystal lattice, CDW, and SC orders
in TMDs. We chose to study this relationship in Ta-Te-Se
solid solutions extending between the stable polymorphs of
their end members, that is 2H-TaSe2 and 1T ′-TaTe2, where
the crystal lattice, CDW, and SC orders have been observed to
vary strongly [23]. The variation is to be expected because not
only the type of crystal lattice in the end members but also the
size and electronegativity of constituent Se and Te atoms are
significantly different. This renders ternary the (2H-TaSe2)-
(1T ′-TaTe2) system, hereafter referred to as TaSe2−xTex, very
suitable for the purposes of our study. Moreover, the isoelec-
tronic substitution of Te for Se in the studied solid solutions
allows us to concentrate largely on the effect of the lat-
tice structure and perfectness on the CDW and SC orders
in TMDs.

In particular, at atomic level, the end member 2H-TaSe2

may be looked at as a stack of Ta-Se layers held together

by weak van der Waals interactions (Fig. 1). In a layer,
one Ta atomic plane is sandwiched between two Se atomic
planes, forming strong ionic bonds within a local trigonal
prismatic unit. In the high-temperature normal state, hexag-
onal 2H-TaSe2 is a bad metal with a pseudogap and c-axis
resistivity 20–50 times larger than the in-plane resistivity. It
undergoes a transition to an incommensurate (I)CDW phase
at T(I)CDW ∼ 122 K with a modulation close to a 3a × 3a
superstructure, where a is the plane lattice parameter. Upon
further cooling, 2H-TaSe2 undergoes another transition into
a commensurate (C) 3a × 3a CDW phase at T(C)CDW ∼ 90 K,
before finally becoming a superconductor at very low tem-
perature (Tc ∼ 0.14 K). In the CDW phase, Ta atoms appear
displaced from their position in the underlying hexagonal
lattice forming a 2D repetitive pattern of small, hexagonlike
clusters [27–32].

The end member 1T ′-TaTe2 is also a bad metal. At atomic
level, it may be looked at as a stack of Ta-Te layers where each
layer is formed by a Ta atomic plane sandwiched between
Te atomic planes, forming strong ionic bonds within a local
octahedral unit (Fig. 1). In contrast to the uncommon trigonal
1T -TaSe2 polymorph (Fig. 1), where Ta-Se octahedra are
perfect, Ta-Te octahedra in 1T ′-TaTe2 are distorted, leading to
an overall monoclinic distortion of the crystal lattice. It is con-
sidered that the distortion is due to the lower electronegativity
of Te in comparison to Se, resulting in a relative weakening
of Ta–Te bonds and partial charge transfer from Te to Ta.
The structure is stabilized by metal-type Ta-Ta interactions,
leading to the emergence of a CDW phase characterized by
a 3a × 1a superstructure featuring zigzag chains of Ta atoms.
Upon cooling, 1T ′-TaTe2 undergoes a structural phase tran-
sition at about 170 K, where the double-zigzag chains of
Ta atoms break down to strings of “butterfly”-like clusters.
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No SC has been observed down to 0.05 K [33–38]. Little is
known about the lattice structure of TaSe2−xTex solid solu-
tions though.

II. EXPERIMENT

A. Sample preparation

Polycrystalline TaSe2−xTex solid solutions, where x = 0,
0.2, 0.66, 1, 1.66, and 2, were made by conventional solid-
state synthesis. In particular, high-purity powders of Ta (Alfa
Aesar, 99.97%), Te (Alfa Aesar, 99.99%), and Se (Alfa Aesar,
99.999%) were mixed in appropriate stoichiometric ratios and
thoroughly ground, pelletized, and heated in sealed evacuated
silica tubes at 700 °C for 24 h. Subsequently, the as-prepared
powders were reground, repelletized, and sintered again at
1000 °C for 48 h. The compositions reflect sections of the
TCDW and Tc vs composition x-phase diagram where the CDW
and SC orders have been found to evolve markedly in different
directions [23].

B. Synchrotron x-ray-diffraction (XRD) experiments and
Rietveld analysis of the XRD patterns

The polycrystalline powders were subjected to XRD ex-
periments using synchrotron x rays with energy of 105.7 keV
(λ = 0.1173 Å). Data were collected at several temperatures
ranging from 400 to 100 K at the beamline 11-ID-C at the
Advanced Photon Source at the Argonne National Labora-
tory. The instrument was calibrated using Si powder (NIST)
standard. Samples were sealed in glass capillaries and mea-
sured in transmission geometry. An empty glass capillary
was measured separately. Scattered intensities were collected
with a 2D amorphous Si detector. Oxford Cryostream 700+
device was used to control the temperature of the samples.
Two sets of XRD patterns were collected at each temperature.
One of the patterns was collected with the detector positioned
1000 mm away from the sample to achieve high-q resolu-
tion, where the wave vector q is defined as q = 4π sin(θ )/λ
and θ is the Bragg angle. This pattern was used to perform
Rietveld analysis using the software GSAS II [39]. Experimen-
tal XRD patterns for TaSe2−xTex solid solutions and results
from the analysis are summarized in Fig. 2. As can be seen
in the figure, Rietveld fits confirm the average hexagonal
and monoclinic structure of the end members 2H-TaSe2 and
1T ′-TaTe2, respectively. The Se-rich TaSe1.8Te0.2 solid so-
lution was found to exhibit the structure of the uncommon
rhombohedral 3R polymorph of TaSe2 (shown in Fig. 1)
whereas the XRD pattern for TaSe1.66Te0.34 could be barely
reproduced by a structure model featuring a mixture of hexag-
onal 2H and monoclinic 1T ′ phases. The average crystal
structure of TaSe1Te1 appeared to be of the trigonal 1T type
shown in Fig. 1. The Te-rich solid solution TaSe0.34Te1.66

showed features consistent with the monoclinic-type structure
of 1T ′-TaTe2. As discussed below, the not quite conclusive
Rietveld analysis of the XRD patterns for the solid solutions,
except for 3R-TaSe1.8Te0.2, are largely due to the fact that they
exhibit distinct Ta–Se and Ta–Te bonding distances, which
are difficult to account for using lattice structure models con-
strained to traditional crystallography.

FIG. 2. Rietveld fit (red line) to high-energy XRD patterns (sym-
bols) for TaSe2−xTex solid solutions collected at room temperature.
In particular, the XRD patterns for TaSe2 and TaSe1.8Te0.2 can be rea-
sonably well fit with structure models based on the 2H and 3R phases
shown in Fig. 1, respectively. The XRD pattern for TaSe1.66Te0.34

can be reproduced by a model featuring a majority 2H (blue bars)
and a minority 1T (green bars) phases. The diffraction pattern for
TaSe1Te1 can be reasonably well fit with a structure model based on
the 1T phase shown in Fig. 1. Those for TaSe0.34Te1.66 and TaTe2 can
be reasonably well fit with a structure model based on the 1T ′ phase
shown in Fig. 1. The residual difference between the experimental
and computed XRD patterns (blue line) is shifted by a constant factor
for clarity. Vertical bars designate Bragg peaks in the XRD patterns
of the respective solid solutions.

C. Atomic pair-distribution analysis of synchrotron XRD data

The other pattern was collected with the detector posi-
tioned 300 mm away from the sample to reach q values as
high as 30 Å−1. This pattern was used to obtain atomic pair-
distribution functions (PDFs) with high real-space resolution
as follows: At first, the separately measured signal arising
from the glass capillary and sample environment, including
air scattering, was subtracted from the respective pattern.
Then, corrections for absorption in the sample and inelastic
(Compton scattering) were applied following long-established
procedures using an improved version of the software RAD

[40]. The resulting data were scaled into absolute units and
converted to the so-called reduced structure factor q[S(q)−1].
Finally, using a Fourier transform, the reduced structure fac-
tor was converted to a total atomic PDF. Total PDFs for
TaSe2−xTex (0 � x � 2) solid solutions obtained at different
temperature are summarized in Fig. 3. As defined, atomic
PDFs peak at distances separating frequently occurring pairs
of atoms, and the area under the peaks are proportional to
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FIG. 3. Experimental total atomic PDFs for TaSexTe2−x solid solutions obtained at different temperature (black line). Experimental Ta-
differential atomic PDFs obtained at room temperature (red line) are also shown.

the relative number of those pairs. This renders atomic PDFs
very sensitive to details of crystal lattices in TMDs, including
crystal lattice distortions [25,26,32].

To increase further the sensitivity of atomic PDFs for lat-
tice features involving Ta atoms, we carried out resonant XRD
experiments at the K edge of Ta. The experiments were carried
out at the beamline 1-ID-C at the Advanced Photon Source at
the Argonne National Laboratory at room temperature. The
instrument was calibrated using Si powder (NIST) standard.
The sample was measured twice, one time using x rays with
energy of 67.406 keV (λ = 0.1839 Å) and a second time using
x rays with energy of 67.106 keV (λ = 0.1847 Å).

The first energy is 10 eV and the second energy is 310 eV
below the K-absorption edge of Ta (67.416 eV). Scattered
intensities were collected to wave vectors of 28 Å−1 using
an energy-sensitive liquid N2-cooled Ge detector coupled to
a multichannel analyzer. The analyzer allowed us to discrim-
inate between the scattered x rays intensities in terms of their
energy. By setting “energy windows” incorporating several
neighboring channels of the analyzer, only elastic/coherent
intensities scattered from the samples were obtained. Sep-
arately measured XRD data from an empty glass capillary
were subtracted from the intensities, which were subsequently
corrected for absorption in the sample using long-established
procedures [40]. The higher-energy XRD pattern (10 eV be-
low the K edge of Ta) was subtracted from the lower-energy
XRD pattern (310 eV below the edge), and the difference was

Fourier transformed into the so-called Ta-differential atomic
PDF. Since the intensity difference between the patterns is
largely due to the difference in the x-ray scattering factor
of Ta atoms at the two energies, Ta-differential PDFs reflect
only atomic correlations involving Ta atoms, that is, Ta-Ta
and Ta-chalcogenide atomic correlations. The resulting Ta-
differential PDFs are shown in Fig. 3. For reference, the
contribution of Ta-Ta atomic pairs to Ta-differential PDFs is
about 50%. It is only 30 % in the case of total PDFs. More de-
tails of resonant high-energy XRD experiments and derivation
of differential atomic PDFs can be found in Refs. [41,42].

Inspection of the PDFs in Fig. 3 indicates that the crystal
lattices in the solid solutions with x >0.2 appear more dis-
torted in comparison to 2H-TaSe2 and 3R-TaSe1.8Te0.2. This
is because peaks in the PDFs for the former are less sharp in
comparison to corresponding peaks in the PDFs for the latter.
To investigate the reason, in Fig. 4(a) we compared the low-r
part of the experimental total PDFs obtained at room temper-
ature. As can be seen in the figure, the first PDF peak, i.e., the
first coordination sphere in 2H-TaSe2 and 3R-TaSe1.8Te0.2 is
well-defined and narrow, indicating the presence of a unique
Ta-chalcogenide bond length. By contrast, the first peak in
the PDFs for the other compositions appear either rather
broad, as is the case with the end member 1T ′-TaTe2 and
TaSe0.34Te1.66, or split into two components, as is the case
with TaSe1.34Te0.66, and TaSe1Te1 solid solutions, indicating
the presences of different Ta-chalcogenide bond lengths. The
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FIG. 4. (a) Evolution of the first two peaks in the experimental total PDFs for TaSe2−xTex solid solutions with Te content, x. The first peak
reflects Ta–chalcogenide bonding distances and appears split into two components for the solid solutions with x = 0.66 and x = 1, indicating
the presence of short Ta–Se and long Ta–Te bonding distances. The distances change little with x (see arrows). The second PDF peak largely
reflects chalcogenide–chalcogenide bonding distances that are seen to increase gradually with x. (b) Experimental (black line) and model
(broken magenta line) total PDFs for TaSe2−xTex solid solutions obtained at room temperature. The model PDFs are a properly weighted
average of the experimental PDFs for the end members TaSe2 and TaTe2. The model and experimental PDFs disagree, indicating that the solid
solutions are single phase and not mixtures of segregated TaSe2 and TaTe2 phases. (c) Magnetic susceptibility for TaSe2−xTex solid solutions.
Data are normalized against the respective values measured at 200 K. The magnetic susceptibility for the end members TaSe2 and TaTe2

exhibits a well-defined transition at about 120 and 170 K, respectively (see arrows), reflecting the onset of CDW order. No such transition is
observed with the solid solutions.

evolution of the first peak in the PDFs for TaSe2−xTex solid so-
lutions indeed resembles very much that of the first peak in the
PDFs for single-phase InxGa1−xAs solid solutions exhibiting
distinct In–As and Ga–As bonding distances [43]. Here the
presence of different Ta–Te bonding distances in 1T ′-TaTe2

reflects the strong periodic lattice distortions characteristic to
its room-temperature CDW phase [33]. The presence of two
types of bonding distances in Ta-Te-Se solid solutions has
been assumed but never clearly proven by experiment as done
here. Atomic PDFs computed as a properly weighted average
of the experimental PDFs for the end members are compared
with the experimental PDFs for the solid solutions in Fig. 4(b).
The comparison shows that the solutions are not mixtures of
segregated 2H-TaSe2 and 1T ′-TaTe2 phases but assemblies of
interfused Ta-chalcogenide coordination polyhedra exhibiting
bonding distances that evolve with the relative Se to Te ratio.

D. Magnetic measurements

Experimental data for the magnetic susceptibility of
TaSe2−xTex solid solutions are shown in Fig. 4(c). Data were
obtained on a standard physical property measuring system
instrument from Quantum Design using the vibrating sample
magnetometer mode of operation. They confirm the well-
known changes in the atomic and electronic structure of the
end members taking place at about 120 and 170 K, respec-
tively, where they undergo a phase transition to CDW phases
persisting to very low temperature, thus preventing the emer-
gence of SC [11,23,33,37]. Data for the solid solutions do not
show such transitions down to 5 K, indicating that their room-
temperature atomic structure persists to very low temperature.

The smooth evolution of the respective atomic PDFs in Fig. 3
with decreasing temperature indicates the same.

III. 3D LATTICE STRUCTURE MODELING

Due to the presence of lattice distortions and a variety
of Ta-chalcogenide coordination spheres, a description of
TaSe2−xTex solid solutions in terms of some average crystal-
lographic unit cell may not be necessarily accurate enough to
capture their specific lattice structure in good detail [22,23].
Therefore, we constructed large-scale atomistic models for
TaSe2−xTex solid solutions and refined them against the re-
spective total and Ta-differential PDFs using reverse Monte
Carlo computations [44]. The advantage of such model-
ing over crystallography-constrained Rietveld/PDF analysis
is the ability to test and refine lattice structures involv-
ing distinct chalcogenide species that are known to induce
different coordination environments, e.g., trigonal prismatic
for Se and octahedral-like for Te, and also exhibit different
TM-chalcogenide bonding distances. Large-scale 3D struc-
ture models for TaSe2−xTex solid solutions were based on
approximately 100 Å × 100 Å × 100 Å configurations com-
prising from 80 000 to 90 000 Ta, Se, and Te atoms in
due proportions. The initial configurations represented cuts
from the crystal lattices found plausible by Rietveld analy-
sis of the respective XRD patterns. For each composition,
the initial configuration was refined against the total and
Ta-differential data sets obtained at 300 K and a model for
the room temperature lattice structure was produced. The
model was used as an initial guess for the lattice structure
at 250 K and refined further against the respective PDF data.
Following the same approach, we built a sequence of models
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FIG. 5. RMC fits (red line) to experimental total and Ta-differential atomic PDFs (symbols) for TaSe2−xTex solid solutions obtained at room
temperature. The residual difference (blue line) is shifted by a constant factor for clarity. The goodness-of-fit indicator for the fits is about 10%.

tracking the evolution of the lattice structure and distortions
in TaSe2−xTex solid solutions upon cooling from room tem-
perature down to 100 K. Note that this temperature range
includes TCDW for the end members 2H-TaSe2 and 1T ′-TaTe2.
During the refinement, restraints for bonding distances and
coordination numbers in the model configurations were im-
posed. In particular, Ta, Se, and Te atoms were restrained not
to approach each other closer than the sum of the respec-
tive ionic radii. Also, Ta-chalcogenide and chalcogenide-Ta
first coordination numbers were restrained to stay close to 6
and 3, respectively, thus accounting for the specifics of the
crystal structure types exhibited by TMDs. The refinements
were done using a new version of the computer program
RMC++ [45]. Exemplary RMC fits to atomic PDFs obtained
at room temperature are shown in Fig. 5. Exemplary RMC

fits to atomic PDFs obtained at 100 K are shown in Fig.
S1 in the Supplemental Material (SM) [46]. As can be seen
in the figures, the RMC models obtained here reproduce the
experimental PDF data in very good detail. Fragments of the
RMC refined model structures for TaSe2−xTex solid solutions
at 100 K are shown in Fig. 6. Results of analysis of the models
in terms of chalcogenide-Ta-chalcogenide and Ta–Ta–Ta bond
angles are shown in Fig. 7. The angles provide information for
the type and distortion of Ta-chalcogenide polyhedral units.
Also shown in Fig. 7 are Ta-Ta-Ta-Ta dihedral angles in Ta
planes. These angles provide information for deviations of
Ta atoms from their expected positions in the undistorted
hexagonal TM layers found in 2H , 3R, and 1T polymorphs
of TMDs, in particular buckling of the layers [47]. Partial Ta-
Ta and chalcogenide-chalcogenide PDFs computed from the
models are shown in Fig. 8(a) and Fig. S2 in the SM, respec-
tively. The functions describe, respectively, the arrangement
of atoms in Ta and chalcogenide (Se and/or Te) sublattices in
TaSe2−xTex solid solutions. These lattice structural character-
istics are known to affect strongly the CDW and SC orders
in TMDs [1,11].

IV. DISCUSSION

The stacking sequence of chalcogenide and TM atomic
planes in TM-chalcogenide layers and the type of resulting
TM-chalcogenide coordination polyhedra have a profound
effect on the electronic properties of TMDs, including the
emergence of CDW and SC orders [15,48]. Two factors have
been found to determine the type of chalcogenide polyhedra
about TM atoms in TMDs to a large extent. Those are the
ionicity of TM-chalcogenide bond and relative size(radii) of
TM and chalcogenide ions. The iconicity, i.e., distribution of
charge, in TMDs is largely determined by the electronegativ-
ity of the constituent atoms. The radii of TM and chalcogenide
ions in TMDs also vary as a function of the electronegativity
difference of the constituent atoms. The implication is that,
because of their dependence on the system’s chemistry, these
radii cannot be assigned some assumed universal values but
have to be evaluated carefully for the particular TMD system
under consideration. This is particularly true for TMDs where
the bonding is not entirely ionic in character. Gamble [49]
has proposed an elegant method to evaluate the preference
of TMDs for trigonal-prismatic vs octahedral coordination of
TM atoms. It is based on the ratio, R+

TM/R−
Ch, of the actual radii

of TM (R+
TM) and chalcogenide (R−

Ch.) ions in the TMD system
under consideration, as determined from experimental diffrac-
tion data. The critical radius ratio at which chalcogenide ions
on opposite sides of a TMD layer (see Fig. 1) would come into
contact is R+

TM/R−
Ch. = 0.527 for an ideal trigonal-prismatic

coordination. For TMDs based on Nb and Ta, the trigonal-
prismatic structure is maintained until that ratio is larger than
0.49 [49,50]. The octahedral coordination would be adopted
when the R+

TM/R−
Ch. ratio is below 0.49, thereby permitting a

closer approach of large chalcogenide ions to the TM cations
and hence the attainment of R+

TM to R−
Ch. bond length dictated

by the system’s chemistry and electronegativity difference.
Note that when the trigonal prismatic voids are filled with
TM atoms the planes of TM and chalcogenide atoms forming
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FIG. 6. Fragments representing side view of the layers of poly-
hedra in TaSe2−xTex solid solutions at 100 K as obtained by RMC

modeling guided by experimental atomic PDFs. The structure type
of each model, 2H , 3R, 1T, or 1T ′, is given on top of the respective
fragment. As the modeling results show, layers in 2H -TaSe2 and
3R-TaSe1.8Te0.2 are made of well-defined trigonal prisms. Layers in
2Hdis-TaSe1.34Te0.66 are made of heavily distorted trigonal prisms.
Layers in 1T -TaSe1Te1 are made of well-defined octahedra. Layers
in 1T ′-TaSe0.34Te1.66 and 1T ′-TaTe2 are made of distorted octahedra
(distorted trigonal antiprisms). Top view of an individual Ta atomic
plane in TaSe2−xTex solid solutions is given beneath the respective
fragment. The plane is obtained by mapping out all Ta planes in
the respective 3D model onto a single Ta plane. Thick black lines
connect Ta atoms to highlight their local arrangement. In particular,
Ta atoms in the end members 2H -TaSe2 and 1T ′-TaTe2 are clustered
in hexagons and strings of butterflylike clusters, respectively. Local
clustering of Ta atoms in double chains is also seen in the model
for 1T ′-TaSe0.34Te1.66. On the other hand, Ta atoms in the models
for 3R-TaSe1.8Te0.2 and 1T -TaSe1Te1 make near-perfect hexagonal
planes. Notably, the Ta layer in the model for TaSe1.34Te0.66 appears
heavily distorted. Ta atoms are in light brown, Se atoms are in green,
and Te atoms are in red.

FIG. 7. (a), (b) Chalcogenide–Ta–chalcogenide bond angles for
TaSe2−xTex solid solutions at 100 K (blue line), as extracted from
the respective RMC refined models. Chalcogenide–Ta–chalcogenide
bond angles for undistorted trigonal prismatic (magenta bars) and
octahedral (black bars) coordination found with the 2H and 1T
TMD phases, respectively, are also shown. (c), (d) Ta–Ta–Ta bonding
(green) and Ta-Ta-Ta-Ta dihedral (magenta) angles for TaSe2−xTex

solid solutions at 100 K. The end member 2H -TaSe2 and the
solid solutions poor in Te (left-hand side of the plot) exhibit
trigonal-prismatic Ta coordination. The trigonal prisms are regular in
2H -TaSe2 and TaSe1.8Te0.2, as indicated by the narrower distribution
of chalcogenide–Ta–chalcogenide bond angles in (a). The prisms
in TaSe1.34Te0.66 appear very distorted, as indicated by the very
broad distribution of chalcogenide–Ta–chalcogenide bond angles in
(a). The end member 1T ′-TaTe2 and the solid solution rich in Te
(right-hand side of the plot) exhibit octahedral Ta coordination. The
octahedra in TaSe1Te1 are fairly regular, as indicated by the narrow
distribution of chalcogenide–Ta–chalcogenide bond angles in (b).
The octahedra in TaSe0.34Te1.66 and 1T ′-TaTe2 are quite distorted,
as indicated by the nonuniformity of chalcogenide–Ta–chalcogenide
bond angle distribution in (b). Ta–Ta–Ta bond angles in 2H -TaSe2

(c), TaSe1.8Te0.2 (c), and TaSe1Te1 (d) are narrow, reflecting the 2D
pattern of Ta hexagons in these solid solutions. The distribution
of Ta–Ta–Ta bond angles in TaSe1.34Te0.66 (c), TaSe0.34Te1.66 (d),
and 1T ′-TaTe2 (d) is not uniform, reflecting the distortions of Ta
hexagons in these solid solutions. The distribution of Ta-Ta-Ta-Ta
dihedral angles in TaSe1.34Te0.66 (c) is very smeared, reflecting the
buckling of Ta planes. These planes appear fairly flat in the other
solid solutions, as indicated by the uniformity of the respective Ta–
Ta–Ta–Ta bond angle distributions (c) and (d).
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FIG. 8. (a) Partial Ta-Ta PDFs for TaSe2−xTex solid solutions computed (black line) from refined RMC models and ideal crystal lattices (red
line) discussed in the text. The first peak reflects first neighbor Ta-Ta distances. It appears spilt for 1T ′-TaTe2 and 1T ′-TaSe0.34Te1.66 (see the
arrows) reflecting the local clustering of Ta atoms, as shown in Fig. 6. The first peak in the PDF for TaSe1.34Te0.66 is rather broad, reflecting the
presence of strong distortions in Ta planes, as shown in Fig. 6. The first peak in the PDF for 2H -TaSe2 is asymmetric, reflecting the presence
of hexagonlike clusters, as shown in Fig. 6. The first peak in the PDFs for 3R-TaSe1.8Te0.2 and 1T -TaSe1Te1 is well defined, reflecting the
absence of Ta clustering, as shown in Fig. 6. Blue arrows emphasize the evolution of average Ta–Ta bonding distances in TaSe2−xTex solid
solutions with the relative Te content. Note that interlayer Ta-Ta distances alone extend to about 7 Å. Distances at higher-r values reflect
both Ta-Ta intra- and interlayer correlations. Only for 3R-TaSe1.8Te0.2 (x = 0.2) and 1T -TaSe1Te1 (x = 1) solid solutions Ta-Ta PDFs are
lined up with the Ta-Ta PDFs for the respective undistorted lattices at higher-r distances, indicating that Ta sublattices in these solid solutions
are periodic in 3D. This is not the case with the end members and other solid solutions. (b) Ratio of the average radius of Ta cation, R+

Ta

and chalcogenide ion, R−
Ch for TaSe2−xTex solid solutions (symbols). The radii are determined from the position of the first peak in the total

and chalcogenide-chalcogenide PDFs, respectively, as explained in the SM. Horizontal bars reflect variations in that ratio arising from the
presence of distinct Ta–chalcogenide and chalcogenide–chalcogenide bonding distances in the respective solid solutions, as explained in the
SM. Hatched rectangle highlights the critical ratio R+

Ta/R−
Ch of 0.49 corresponding to the stability limit of TMDs with octahedral (<0.49) and

trigonal-prismatic (>0.49) Ta coordination [47–50]. Broken lines emphasize the increasing instability of the trigonal-prismatic and distorted
octahedral coordination of Ta atoms in TaSe2−xTex solid solutions with the increase and decrease of Te content, respectively. Likely due to
the instability, the coordination polyhedra in 1T -TaSe1Te1 appear as near-regular octahedra. Note that undistorted and distorted octahedra in
Te-rich solid solutions may be viewed as undistorted and distorted trigonal antiprisms, respectively. Overall, Te-poor and Te-rich solid solutions
appear on two different branches of the evolution of R+

Ta/R−
Ch ratios with Te percentage, each reflecting a particular coordination environment.

The presence of such branches may be expected because of the different electronegativity of Se and Te [47–50]. (c) Observed Tc for TaSe2−xTex

solid solutions (blue bars) [1,11,21–23]. The correlation between the data sets in (a), (b), and (c) is discussed in the text.

TM layers are not close packed, while close packing does
result from the filling of octahedral voids. Values of the radius
ratio R+

Ta/R−
Ch. for TaSe2−xTex solid solutions studied here, as

evaluated from experimental Ta-chalcogenide [Fig. 4(a)] and
chalcogenide–chalcogenide bonding distances (Fig. S2), are
summarized in Fig. 8(b). More details for the derivation of
radius ratios R+

Ta/R−
Ch. can be found in the SM. Analysis of the

RMC refined structure models for TaSe2−xTex solid solutions
at 100 K shows that, below TCDW, Ta atoms in the CDW phase
of 2H-TaSe2 form a 2D superstructure of hexagon shaped
7-atom clusters (see Fig. 6). Also, Ta-Se trigonal prisms in
2H-TaSe2 appear somewhat distorted because of the indepen-
dent displacement of Ta and Se atoms along and perpendicular
to Ta-Se layers, respectively, as indicated by the broadening
of Se–Ta–Se bond angle distribution (Fig. 7). The layers of
Ta atoms, however, remain fairly flat, as indicated by the
narrow distribution of Ta-Ta-Ta-Ta dihedral angles around
0◦/180◦. Overall, the Ta sublattice does not appear lined up
with the average crystal lattice over long-range distances, i.e..
the translational periodicity of Ta sublattice is broken in 3D,
as documented by the disagreement between the positions of
higher-r Ta coordination spheres computed from the respec-

tive RMC model and undistorted 2H lattice [Fig. 8(a)]. This
2D periodic lattice distortion and related charge localization
(CDW) are rather stable and, as shown in many studies, a
SC order barely emerges in 2H-TaSe2 at extremely low tem-
perature (Tc = 0.14 K) [1,8,11]. At a relatively low level of
doping with Te, i.e., for x = 0.2, the trigonal-prismatic 3R
polymorph of TaSe2 appears more stable than the 2H poly-
morph, as indicated by the increased R+

Ta/R−
Ch. ratio [Fig. 8(b)].

Because Te (ionic radius of about 1.85 Å; see Fig. S2) is
larger than Se (ionic radius of about 1.72 Å; see Fig. S2),
Ta-chalcogenide coordination polyhedra in TaSe1.8Te0.2 ap-
pear a bit expanded in comparison to those in 2H-TaSe2

[compare Ta-chalcogenide bonding distances in Fig. 4(a)]. As
a result, distances between Ta atoms in adjacent polyhedra
also appear increased [compare Ta-Ta PDFs in Fig. 8(a)].
This quenches Ta-Ta interactions and the periodic 2D lattice
distortions characteristic to the CDW ordered phase of the end
member 2H-TaSe2 disappear in 3R-TaSe1.8Te0.2 (Fig. 6).

In particular, Ta atoms in TaSe1.8Te0.2 are not clustered
but appear arranged in a perfect hexagonal pattern (see the
characteristic Ta–Ta–Ta bond angles of 60◦, 120◦, and 180◦
in Fig. 7) along noncorrugated Ta planes (see Ta-Ta-Ta-Ta
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dihedral angle distribution in Fig. 7), ultimately forming a
3D lattice lined up with the average 3R-crystal lattice [see
Ta-Ta partial PDF in Fig. 8(a)]. As a result of the restored
translational periodicity, 3R TaSe2−xTex (0.1 < x < 0.3) solid
solutions are found to exhibit a SC order where Tc increases
with x [Fig. 8(c)] [11,23].

Further doping with Te, i.e., for x = 0.66, destabilizes the
trigonal-prismatic coordination of Ta [Fig. 8(b)] because the
increasing in number larger Te2− ions could not come close
enough to Ta4+ ions and attain the R4+

Ta to R2−
Te bond length

dictated by the electronegative difference between Ta and
Te atoms. This renders the crystal lattice of TaSe1.34Te0.66

solid solution heavily distorted (Fig. 6) at atomic level. In
particular, Ta coordination polyhedra both appear distorted
(see chalcogenide–Ta–chalcogenide bond angle distribution
in Fig. 7) and exhibit two sets of bonding distances [Fig. 4(a)].
Because of reasons discussed above, on average, distances
between nearby Ta atoms increase further in comparison to
TaSe1.8Te0.2 [see Fig. 8(a)], indicating no Ta-Ta interactions.
However, Ta planes appear heavily corrugated (see the broad
distribution of Ta-Ta-Ta-Ta angles in Fig. 7) and Ta sub-
lattice strongly deviates from the crystal lattices of known
2H , 3R, and 1T polymorphs of TMDs [see Ta-Ta PDFs in
Fig. 8(a)], hardly exhibiting a periodic pattern. Not surpris-
ingly, TaSe2−xTex solid solutions where 0.4 < x < 0.7 do
not show collective electronic states such as CDWs and SC
[1,11,23].

When Se and Te atoms in TaSe2−xTex solid solutions are in
near-equal percentages, the intrinsic for the end members trig-
onal prismatic (2H-TaSe2) and distorted octahedral/trigonal
antiprismatic (1T ′-TaTe2) coordinations of Ta atoms would
be very unstable to coexist side by side [see the diverging
ionic radius ratios in Fig. 8(b)]. As a result, the octahedral
TM coordination is adopted instead to achieve a close-packed
structure, thus minimizing atomic-level strain energy (see
chalcogenide–Ta–chalcogenide bond angles in Fig. 7). Re-
gardless of the presence of two sets of Ta–chalcogenide
bonding distances [see Fig. 4(a)], Ta atoms appear arranged
in a perfect hexagonal pattern (see Ta–Ta–Ta bond angles in
Fig. 7) along flat Ta planes (see Ta-Ta-Ta-Ta dihedral angles
distribution in Fig. 7). Also, for reasons discussed above, on
average, Ta atoms appear pushed even further apart [see Ta-Ta
PDFs in Fig. 8(a)] indicating no Ta-Ta interactions. More-
over, Ta atoms form a 3D periodic lattice lined up with the
average 1T -type crystal lattice [Fig. 8(a)]. Not surprisingly,
TaSe2−xTex solid solutions with x = 1 ± 0.3 are found to
exhibit a SC order [Fig. 8(c)] [8,21,23].

Because of the considerably distorted octahedral Ta coor-
dination (see chalcogenide-Ta–chalcogenide bond angles in
Fig. 7) nearby Ta atoms appear closer to each other in Te-rich
TaSe2−xTex solid solutions, i.e., for x = 1.66, in comparison
to TaSe1Te1 [see Fig. 8(a)], indicating increased Ta-Ta inter-
actions and clustering (Fig. 6). Regardless of the distortion
of Ta coordination polyhedra, Ta planes are flat, thus main-
taining a considerable CDW order (see Ta-Ta-Ta-Ta angle
distributions in Fig. 7). A similar picture is seen with the end
member 1T ′-TaTe2 where Ta coordination polyhedra appear
even further distorted, Ta atoms interact strongly, and form
a 2D periodic pattern of butterflylike clusters (Fig. 6). The
translational periodicity of Ta sublattice is broken in 3D [see

the respective Ta-Ta PDFs in Fig. 8(a)], precluding the emer-
gence of SC order [21,23,33,34].

Positive external pressure is known to increase consider-
ably Tc in both 2H-TaSe2 and 1T ′-TaTe2 [10–13]. Positive
external pressure would promote the emergence of a more
close-packed lattice structure in 1T ′-TaTe2 by diminishing the
distortions of building octahedral units, and therefore dimin-
ish Ta-Ta interactions, accompanied by an increase in Ta-Ta
separations and 3D periodicity of Ta sublattice. This would
promote the emergence of SC as the positive chemical pres-
sure induced by substituting smaller Se atoms for larger Te
atoms in Te-rich TaSe2−xTex solid solutions does. Increasing
positive external pressure would also promote the emergence
of a more close-packed lattice structure in 2H-TaSe2 by in-
creasingly modifying the trigonal-prismatic coordination of
Ta atoms towards a more octahedral-like coordination. Effec-
tively, this would at least frustrate Ta-Ta interactions, which
are much weaker than Ta-Ta interactions in 1T ′-TaTe2. In
addition, it would increase some Ta-Ta separations at the
expense of others and therefore increasingly restore the 3D
periodicity of Ta sublattice, thus promoting the emergence
of SC order. As the results of our study show, unless the
3R phase is directly stabilized, a similar effect takes place in
Se-rich 2H-TaSe2−xTex solid solutions (0.66 < x < 1) when
larger Te atoms are substituted for smaller Se atoms. This
is because the resulting negative chemical pressure and re-
lated local lattice disorder are increasingly counteracted by
the need to attain proper Ta–Te bonding distances and the re-
sulting strong tendency of Ta and chalcogenide atomic planes
to pack as close as possible in Ta-chalcogenide layers. For
Se-rich 1T - TaSe2−xTex solid solutions, the substitution of
larger Te atoms for smaller Se atoms in the chalcogenide
coordination octahedra of Ta atoms will simply increase
the separation between Ta atoms centering adjacent octahe-
dra, quench Ta-Ta interactions, and trigger the emergence of
SC order at a given degree of substitution, as observed by
experiment [21,23].

V. CONCLUSION

Results of our study show that the emergence of collective
electronic states in TMDs, such as CDWs and SC, depends
strongly on the type of underlying lattice structure and its per-
fectness. TMDs exhibiting strong lattice distortions, including
buckling of TM planes, do not exhibit CDW and SC orders.
TMDs exhibiting high lattice order in 2D can host electronic
states periodic in 2D such as CDWs. 3D periodic order of
the TM sublattice is necessary for the TMDs to exhibit a SC
order. The SC order can appear both in TMDs with trigonal
prismatic and in TMDs with octahedral coordination spheres
comprising different chalcogenide species in different pro-
portions. Evidently, at least in Ta-Se-Te solid solutions, the
SC order does not depend critically on the degree of chalco-
genide substitution. Indeed, a SC order has been observed
in all Se ternary TMD solid solutions where the TM sub
lattice alone has been doped with other metal species, such
as Ta1−xTMxSe2 solid solutions (TM = Mo or W) [51].

Distortions of TM coordination polyhedra due to the
presence of distinct TM-chalcogenide bonding distances,
however, appear to degrade the SC order to a certain extent, as
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a comparison between structure [Fig. 4(a)] and Tc [Fig. 8(c)]
data for 3R-TaSe1.8Te0.2 and 1T -Se1Te1 indicates. This re-
sult does not necessarily contradict Anderson’s theorem that
Tc may not be suppressed by nonmagnetic impurities [52].
Merely, and in line with other studies [53–57], it indicates that
in TMDs there are possibilities for electronic correlation and
hence Tc degradation behavior due to local lattice distortions,
in particular significant bond-length disorder, and minimiza-
tion of such distortions may be important for raising Tc. The
presence of local lattice distortions due to TM-chalcogenide
bonding effects and different Ta coordination polyhedra that
evolve irregularly with the chalcogenide substitution may also
well explain the asymmetry of Tc(x) vs x evolution observed
with other ternary TMD solid solutions [20–24]. What ap-
pears to be of a critical importance to the SC order is the
3D periodicity of TM sublattice and separation between TM
atoms, where an increased separation signals diminished TM-
TM interactions and a potential for the emergence of SC order
provided the 3D periodicity of TM sublattice also increases
[compare data in Figs. 8(a) and 8(c)].

Lastly, results of the present study show that the crystal
lattice in TMDs can simultaneously accommodate different
coordination polyhedra and distortions that promote collective
electronic states requiring different translational periodicity,
e.g., 2D or 3D, to a different extent. These lattice imper-
fections can be modified and the states induced as desired,
including one by one. Advanced x-ray scattering techniques
can provide atomic-level feedback on such an effort, helping
exploit fully the great potential of TMDs for practical appli-
cations.
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