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ABSTRACT: Transition metal subchalcogenides involve electron-
rich metals and can facilitate an in-depth understanding of the
relationships among quantum properties such as superconductivity,
charge density wave, and topological band structures. However,
effective experimental routes toward synthesizing transition metal
subchalcogenides are still lacking, hindering the development of new
quantum materials. Herein, we propose a eutectic polytelluride flux
strategy as an excellent solution to address phase discovery and crystal
growth in transition metal subtelluride systems. We report new phases
easily and selectively synthesized using a eutectic “K3Te4”
polytelluride flux upon adjusting the ratio of Nb metal to flux in
the starting materials (K/Nb/Te = 3:x:4). Using a high Nb content in
the solvent (x = 2 and 1), crystals of KNb3Te3O0.38 and K0.9Nb3Te4
are obtained. Both subtellurides exhibit diverse Nb clusters, including face-sharing and edge-sharing Nb6 octahedral columns and zig-
zag Nb chains. Reducing the Nb content to x = 0.33 leads to the formation of a layered compound, K1.06NbTe2. This compound
comprises a NbTe6 trigonal prism with K intercalated between the layers. Single crystals of known binary Nb tellurides can also be
grown using another eutectic flux “KTe3.2”, and the obtained NbTe2 exhibits a new polymorphism with extra trimerization along the
b-axis in the Nb−Nb bonded double zig-zag cluster. Precise control over the structural dimensionality and oxidation state, combined
with the facile crystal growth process, makes our synthetic strategy an efficient route to explore quantum materials in transition metal
subchalcogenides.

■ INTRODUCTION
Metal-rich subvalent compounds have both metal−metal and
metal−main group (such as oxide, chalcogenide, and halide)
bonding interactions in their structures. In these compounds,
the average valence state of the metal atoms is generally smaller
than that expected from the N-8 rule.1,2 Extraordinary
structural chemistry and exotic physical properties are often
observed in the subvalent compounds, which can be ascribed
to the non-integer oxidation state of the metal atoms and low
concentration of valence electrons. Over the past decade,
subvalent materials, particularly those containing transition
metals, have drawn considerable research attention because a
variety of quantum properties have been discovered.3−10

K2Cr3As3, with one-dimensional (1D) Cr octahedral clusters
discovered by Bao et al., exhibits unconventional super-
conductivity.3 TlMo3Se3 with a similar 1D Mo octahedral
column is considered as the topological superconductor with a
Dirac cone near the Fermi level in its electronic band
structure.11,12 KMn6Bi5 which exhibits a unique 1D Mn
pentagonal antiprism structure is an antiferromagnetic metal; it
exhibits superconductivity when the antiferromagnetism is
suppressed under high pressure.13,14 In addition to the 1D

subvalent metal clusters, two-dimensional (2D) metallic motifs
also exhibit interesting quantum properties. For example, a 2D
metallic Kagome lattice, such as the ferromagnetic Weyl semi-
metal Co3Sn2S2 and topological superconductors AV3Sb5 (A =
K, Rb, and Cs), allows a combination of superconductivity,
topological band structure, and charge density wave (CDW) to
be achieved.4,15−17 Even in the well-studied transition metal
dichalcogenides (TMDCs), the Weyl semimetal state, CDW,
and superconductivity can be obtained in a distorted
octahedral configuration with metal−metal bonding interac-
tions in their structure.8,18 This suggests that subvalent features
have formed in these layered binary compounds. The
development of numerous compounds within this family of
potential quantum materials depends on progress in new phase
discovery and related synthetic chemistry.
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Subchalcogenides have not been extensively investigated
when compared to oxides and halides. Particularly, transition
metal-based compounds have recently been recognized as
outstanding quantum materials that exhibit high carrier
mobility, giant magnetoresistance, anomalous Hall effect, and
topological surface states.4,7,9,19 The potential application of
metal chalcogenides in thermoelectrics, catalysts, and detectors
is an exciting prospect.15,20−22 Although polycrystalline
subchalcogenides can be synthesized using a traditional
solid−state reaction, the process of preparing large single
crystals for quantum property characterization remains
challenging. Therefore, more work needs to be done to fully
comprehend the characteristics of metal subchalcogenides.23

The chemical vapor transport (CVT) method has been widely
used to grow crystals of transition metal subchalcogenides,
such as TlMo3Se3, Nb3Te4, and TMDCs (such as MoTe2 and
WTe2),

24−27 but only thermodynamically stable phases can be
obtained as products. The kinetically stable phases, with
unusual structures, are often missed.
The flux synthesis paradigm is a promising method used to

address many materials discovery bottlenecks. For example,
alkali metal chlorides (such as NaCl, KCl, or their mixture)
and main-group metals with low melting points (such as In,
Pb, Sn, and Bi) can be used as fluxes to overcome the
refractory properties of transition metals during the synthesis
and crystal growth of new samples.28−32 Recently, Zhou et al.
demonstrated that the mixed hydroxide and halide flux could
be an efficient solvent to synthesize a variety of new
chalcogenides.33−35 Alkali-metal polychalcogenides, which
contain chalcogen−chalcogen bonding ligands (Qx

2−) in
their structures (Q = S, Se, and Te), have been proven to be
a feasible flux for the discovery of chalcogenide materials.36−38

In the synthesis process, raw transition metals are dissolved by
molten alkali-metal polychalcogenides. By adjusting the
composition (x) in Qx

2−, the oxidation state of the metal
can be controlled to achieve specific states. This concept has
served as a source of inspiration for us to explore new phases
and novel structures by utilizing polychalcogenide flux in
transition metal subchalcogenides.
The Nb telluride system is a typical quantum material

“library,” which exhibits a combination of CDW, super-
conductivity, and topological band structures.25,39,40 In this
study, we selected Nb−Te as a representative system and

demonstrated that alkali metal polytelluride flux is a powerful
tool for the exploratory synthesis and crystal growth of
subvalent Nb tellurides. Our work indicates that utilizing the
eutectic polychalcogenide flux strategy is an effective approach
for generating subchalcogenides with unique structures within
Nb telluride systems. Three new Nb tellurides (KNb3Te3O0.38,
K0.9Nb3Te4, and K1.06NbTe2) were synthesized utilizing a
“K3Te4” flux close to the eutectic melting point. KNb3Te3O0.38
and K0.9Nb3Te4 are typical sub-chalcogenides; the former is
composed of 1D face-sharing octahedral Nb6 clusters
surrounded by Te nets. Conversely, the latter exhibits a
unique structure containing both 1D edge-sharing Nb6
octahedral columns and Nb zig-zag chains. K1.06NbTe2 is a
K-intercalated TMDC with edge-sharing NbTe6 trigonal
prisms in the layers. By adjusting the Nb content in the
starting materials, we were able to finely control the oxidation
state of Nb in the final products, resulting in a precise, selective
synthesis. Our resistivity measurements and DFT calculations
indicated that K0.9Nb3Te4 and K1.06NbTe2 are semimetals with
large band dispersions, and KNb3Te3O0.38 showed semi-
conductor-like behavior in low-temperature ranges (<29 K)
and flat bands near Fermi level. Single crystals of binary Nb
tellurides can also be selectively synthesized using the eutectic
flux “KTe3.2”. In addition, a new polymorph of NbTe2 was
observed using single-crystal X-ray diffraction (SCXRD), in
which the structure obtained from the flux method revealed
further distortion of the Nb coordination environment
compared to that obtained by the CVT route.

■ RESULTS AND DISCUSSION
First, it is useful to provide a brief review of the known Nb−Te
binary and K−Nb−Te ternary systems reported to date. An
experimental description of the Nb−Te binary phase diagram,
which contains four binary Nb tellurides (namely, Nb5Te4,
Nb3Te4, NbTe2, and NbTe4), was recently published.

41 Figure
1a shows that subvalent Nb5Te4 is composed of an edge-
sharing NbTe5 pyramid with Nb9 centered-cubic clusters
forming 1D face-sharing columns in its structure.42 Nb3Te4 is
also a subchalcogenide, which exhibits a 1D structure with
distorted NbTe6 octahedra connected by edge- and face-
sharing types, forming very large 1D channels (Figure 1b).43

Nb−Nb dimers can be observed in two edge-sharing
octahedra, thus leading to the formation of Nb zig-zag chains

Figure 1. Crystal structures of the reported binary Nb tellurides observed in the Nb−Te binary system: (a) Nb5Te4, (b) Nb3Te4 (c) NbTe2, and
(d) NbTe4.
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parallel to the c-axis. NbTe2, a member of the 2D TMDC
family, adopts a layered structure with stacked edge-sharing
NbTe6 octahedra (Figure 1c).

44 Despite the +4 oxidation state
of Nb obtained from its chemical formula, the Nb atoms are
trimerized into Nb double zig-zag chains along the b-axis, thus
suggesting that NbTe2 is also subvalent with metallic bonds in
its structure. With the content of Nb decreased, the Nb−Nb
bonds are also elongated from Nb5Te4 (2.909 and 2.948 Å),
Nb3Te4 (2.973 Å) to NbTe2 (3.33 Å). Finally, 1D NbTe4 is
composed of NbTe8 square antiprisms that are face-connected
in columns (Figure 1d).45 Moreover, the Nb−Nb metallic
bonds are no longer observed in NbTe4 because of the high
concentration of Te in this compound. Notably, a Nb-rich
phase comprising of Nb3Te, which exhibits a β-W-type
structure, can only be synthesized via a high-pressure route.
Hence, it is not located in the thermodynamic phase
diagram.46 For K−Nb−Te ternary systems, only KxNb3Te4
has been reported. It is obtained by intercalating potassium
into the empty channels of the binary Nb3Te4 precursor with
the original P63/m structure and unchanged Nb−Nb bonds.47

Synthesis of Ternary K−Nb−Te Systems. In this study,
the potassium polytelluride flux serves as both the reagent and
solvent, enabling the oxidation of Nb metal into the desired
oxidation state. Figure 2a displays the K−Te binary phase

diagram, illustrating the occurrence of KTe and K2Te3, which
contain Te−Te dimers and Te−Te−Te trimers, respectively.
The synthesis process utilizes these Te−Te bonds to partially
oxidize the Nb metal. To obtain subvalent Nb tellurides with a
lower Nb-oxidation state, thus it is advisable to avoid using a
Te-rich flux with numerous Te−Te bonds. Given the high
melting point of Nb metal, we chose a flux composition close

to the eutectic point (K0.45Te0.55@396 °C), labeled “K3Te4”
for our synthesis. Subsequently, an exploratory synthesis was
performed using a molar ratio of K/Nb/Te = 3:x:4, and a
detailed description of the synthetic method is provided in the
experimental section of the Supporting Information. Pre-
synthesis of potassium polytelluride flux as a precursor was not
required to obtain the ternary phase. Therefore, K ingots and
Te pellets were directly added to the crucible for the reaction,
as shown in Figures 2b and S1. This significantly shortened the
reaction time and reduced the number of variables.
A variety of crystals can be obtained by adjusting the x

values in the starting materials. Figure 2c shows that when x =
2, the products obtained are black needle-like crystals.
Scanning electron microscopy (SEM) image revealed that
the crystals are approximately 2 mm in length with hexagonal
prism morphology. On reducing the x value to 1, the hexagonal
prisms disappear and very thin ribbon-shaped crystals with
lengths <1 mm are observed in the product. Although both
crystals exhibit 1D features, the ribbon-shaped crystals can be
easily distinguished from the hexagonal prisms during SEM
analysis (Figure S2). When x is further decreased to 0.33,
plate-like crystals with a metallic luster are obtained.
Composition analysis of the three types of crystals is
performed on their fresh surfaces using X-ray energy dispersive
spectroscopy (EDS) and the results confirm the ternary nature
of these three types of crystals with a chemical ratio of K/Nb/
Te = 1:3:3, 1:3:4, and 1:1:2 for the 1D prism (x = 2), 1D
ribbon (x = 1), and 2D plate (x = 0.33) samples, respectively
(Figure S3). Elemental mapping confirmed the homogeneous
distribution of K, Nb, and Te in all three samples.

Crystal Structures. SCXRD analysis was used to solve the
structures of the three samples. Crystallographic data are listed
in Tables S1−S9 in the Supporting Information. The
hexagonal prism crystal (x = 2, denoted as the 133-type
phase) was found to adopt a TlFe3Te3-type structure in the
P63/m space group with infinite (Nb3Te3)∞ chains formed
along the c-axis (Figure 3a,b). The Nb clusters consist of

stacked Nb3 triangles with each triangle rotated 60° relative to
its neighbor, thus forming face-sharing octahedral columns
(Figure 3c). Notably, the same structural configuration of the
1D metal octahedral columns has been observed in Fe-, Mo-,
Ni-, and V-based subvalent compounds in previous stud-
ies.23,49−51 However, the Nb6 octahedral clusters observed here
seem to be unique. Based on the average structure obtained
from SCXRD, the Nb−Nb bond lengths are identical in the ab
plane (2.996(1) Å), and comparable to those in elemental Nb
(2.86 Å) (Figure S4). The comparable bond lengths indicate

Figure 2. (a) K−Te binary phase diagram obtained from the database
of Factsage 8.1 software48 and the structure of KTe and K2Te3. The
composition of the “K3Te4” flux is marked in the phase diagram,
which is close to the eutectic melting point of KTe and K2Te3. (b)
Schematic of the synthetic route used in this work to obtain diverse
subvalent Nb clusters and NbTe polyhedra in newly discovered
tellurides. (c) Optical photograph and SEM image of the product
prepared from starting materials with x = 0.33, 1, and 2.

Figure 3. (a) Crystal structure of KNb3Te3O0.38 viewed along the
chain direction. (b) Side view of the double-wall nanowire structure.
(c) V6 octahedron with interstitial O. Chemical coordination of (d) V
and (e) K.
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the formation of Nb−Nb metallic bonds in the 1D
subchalcogenide. The Nb−Nb distance between the different
Nb3 planes was 2.945(1) Å, which is shorter than that
observed in the ab plane. Additionally, each Nb atom was
coordinated to four telluride anions, thereby forming a NbTe4
see-saw motif with Nb−Te bond distances of 2.930(1) and
2.897(1) Å, respectively (Figure 3d). Consequently, the Nb6
octahedral (or Nb3 triangle) clusters are surrounded by Te
cladding, thus exhibiting a double-walled nanowire motif
(Figure 3b). The K+ cations are coordinated to nine telluride
anions in a tri-capped trigonal prism, thus separating the
(Nb3Te3)∞ nanowires from each other (Figure 3e). The
interactions between the different nanowires are negligible
when considering the large distances between the nearest Te
anions (4.151(1) Å).
Surprisingly, our SCXRD measurements revealed interstitial

oxygen atoms with a partial occupation at the center of the Nb6
octahedron. Thus, the final composition was determined to be
KNb3Te3O0.38 for this 133-type phase. Interstitial oxygen is an
unintentional effect that may originate from the oxidized
surface of the raw materials (Nb powder and/or potassium
ingot). We speculate that the incorporation of oxygen at the
center site can stabilize the Nb6 cluster octahedron by reducing
the anti-bonding character, like the V-based 133 system
described in our previous work.52 The interstitial oxygen atoms
in the Nb6 octahedra resulted in trimerization along the chain
direction in the local structure by defining a Nb3 triangle as the
monomer. The atomic pair distribution function (PDF)
obtained from the synchrotron X-ray total scattering pattern
reveals that the extracted G(r) functions collected at 300 K
provide a better fit using the trimer model compared to the
trimer-free model (Figure 4ab). The improved refinement of

the peaks in the r range of 4.5−6 Å can be ascribed to the
compressed Nb−Te(2) distance and elongated Nb−Te(3)
distance in the trimer model, where Nb−Te(2) and Nb−
Te(3) represent the second and third nearest neighboring
Nb−Te pairs, respectively. This oxygen-induced local dis-
tortion is also observed in the V-based analog, KV3Te3Oδ.

52

The local trimerization in the Nb-based 133-type phase

persists over the temperature range from 400 to 87 K, as
shown in the temperature-dependent PDF data in Figure S5.
The ribbon crystal (x = 1, denoted as the 134-type phase)

exhibits a unique structure, as shown in Figure 5a. It

crystallized in the monoclinic C2/m space group with lattice
parameters of a = 18.238(10) Å, b = 3.591(2) Å, c = 15.339(9)
Å, and β = 123.997(18)°. The refined chemical formula is
K0.9Nb3Te4, which is consistent with the EDS results. Three
types of polyhedra are observed in this structure: NbTe6
octahedra, NbTe4 pyramids, and NbTe4 see-saws (Figure
5b). The NbTe6 octahedron with an edge-sharing connection
represents a dimer model and the Nb−Te bond lengths range
between 2.742(7) and 2.941(7) Å, thus suggesting a highly
distorted configuration. These (Nb2Te10) octahedral dimers
are separated by two types of NbTe4 polyhedra in layers:
NbTe4 see-saw face-shared with the octahedron with Nb−Te
bond distances of 2.860(7) and 2.920(5) Å, and the NbTe4
pyramid corner-shared with see-saw and edge-shared with each
other with Nb−Te bond lengths of 2.793(4) and 2.777(6) Å.
The K+ cations are partially occupied (refined as 0.90(1) from
SCXRD) and intercalated between the layers in this structure.
A very large displacement parameter of K is observed along the
b-axis using SCXRD. This large parameter suggests that the
alkali metal cations are highly disordered along this direction.
It needs to be mentioned that the quality of K0.9Nb3Te4
crystals is relatively low compared with the other two
compounds, which can be implied by the much smaller size
shown in Figure 2. In addition, the K0.9Nb3Te4 crystals are very
air sensitive and data collection was very challenging. The
presence of high residuals and high weighted agreement factor
during the refinement are presumably due to partial oxidative
degradation of the crystals. Hence, we had to omit some bad
reflections using the Olex2 program during the refinement.
Notably, two types of 1D Nb cluster columns are also

formed in this 134-type phase. Figure 5c shows the Nb atoms
in the pyramid and see-saw bond with each other, thus
resulting in edge-sharing Nb6 octahedral columns along the b-
direction. Figure S4 shows that the octahedra are strongly
compressed along the axial direction with an axial Nb−Nb
distance of 2.907(10) Å. Moreover, compression led to long
equatorial Nb−Nb distances of 3.591(3) and 4.122(9) Å. The
Nb−Nb bond lengths from the pole to the equator are
3.115(6) and 3.077(4) Å, respectively (Figure S4). To the best
of our knowledge, this edge-sharing Nb6 octahedral cluster
motif is unusual and has not been reported in other transition
metal subchalcogenides to date. These edge-sharing Nb6
octahedral columns are surrounded by Te anions, which

Figure 4. PDF fitting of KNb3Te3O0.38 with the (a) trimer-free and
(b) trimer model over the low r range (2.5−6.2 Å) at 300 K. The red
and blue circles correspond to the experimental data, and the black
and red lines represent the calculated data based on the structural
models. The trimer-free and trimer structural models in the local
range are shown on the right-hand side.

Figure 5. (a) Crystal structure of K0.9Nb3Te4. (b) Three polyhedra in
the structure including NbTe6 octahedra, NbTe4 pyramids, and
NbTe4 see-saws. (c) 1D Nb clusters formed along the b-axis in the
structure.
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exhibit a 1D configuration like that of the 133-type structure
(Figure S6). The Nb atoms in the dimeric (Nb2Te10)
octahedra form zig-zag chains along the b-axis and the Nb−
Nb bond length in this zig-zag motif is 3.089(7) Å, which is
longer than that in Nb3Te4 (2.97 Å). These two types of 1D
Nb clusters are arranged alternately in the layers, thus resulting
in very strong in-plane anisotropy.
In terms of Nb clusters found in halides and chalcogenides,

previous studies have shown that the Nb clusters in halides are
typically isolated in the structures. These include the Nb2 pairs
in Nb2I8, the Nb3 triangles in Nb3I8, and the Nb6 octahedra in
Nb6I11.

53,54 The Nb clusters in the present compounds are all
part of 1D type chains. These chains consist of face-sharing
and edge-sharing Nb6 octahedra, as well as Nb zig-zag chains.
Additionally, we have observed that the unusual edge-sharing
octahedral cluster structure present in K0.9Nb3Te4 has been
observed in other metal sub-valence compounds, namely,
Gd2Cl3 and NbMo4O6.

55,56

The 2D plate-like crystals obtained from the starting
composition [K/Nb/Te = 3:0.33:4 (9:1:12)] crystallize in
the hexagonal lattice (P6̅m2 space group) with lattice
parameters of a = 3.666(2) and c = 10.145(7) Å. The
structure can be considered as TMDC NbTe2 with intercalated
K (Figure 6a), wherein the structural motif is a NbTe6 trigonal

prism. This structure is different from the octahedral
coordination observed in binary NbTe2. The Nb−Te bond
length is determined to be 2.795(5) Å. K+ cations with a
honeycomb structure are intercalated between the prismatic
layers (Figure 6b). The SCXRD analysis reveals two Wyckoff
positions for K in the structure with a partial occupation of
0.64 and 0.42, respectively, thus suggesting a chemical
composition of K1.06NbTe2 for this layered phase. The distance
between K(1) and K(2) is only 2.117(1) Å. This phenomenon
has also been observed in some alkali-metal-intercalated metal
sulfides and selenides.57,58 Structural transformation from
octahedral to trigonal prismatic coordination in NbTe2 after
the intercalation of K can be expected as K1.06NbTe2 is
isoelectronic to 2H-type MoTe2 composed of a MoTe6
trigonal prism.59 Based on Rouxel’s theory, Te−Te intralayer
interactions (<4 Å) generally exist in transition metal
ditellurides. These interactions lead to an overlap of the p
orbitals of Te, and consequently, the electron transfer from the
p orbitals of Te to the d orbitals of the transition metal.60

Figure S7 shows that the Te−Te bonding distances in
K1.06NbTe2 are longer than those in binary NbTe2. This

implies that p−d electron transfer is weakened upon K
intercalation.
By fixing the valence states of K and Te at +1 and −2, the

oxidation states of Nb in the 133-, 134-, and 112-type phases
were determined to be +1.92, +2.37, and +3, respectively. The
precise tuning of the structural dimensionality and oxidation
state of Nb in the final products was achieved by varying the
ratio between Nb metal and the “K3Te4” polytelluride flux, as
clearly demonstrated. This suggests that the synthesis process
allows for the precise selection of these subchalcogenides. In
addition, we attempted to synthesize the three new Nb
tellurides using the traditional solid−state reaction, but only
the 133-type phase could be synthesized without flux, as shown
in Figures S8 and S9. This highlights the ability of the eutectic
polytelluride flux to access new synthesis pathways and
kinetically stable compounds in transition metal tellurides.
Although we cannot entirely dismiss the possibility of

hydrogen being present in our compounds, it is important to
note that this is a common concern not only for our research
but also for numerous other compounds described in the
literature. The late John Corbett extensively addressed this
issue and demonstrated that many compounds indeed contain
hydrogen, which can contribute to their stability.61−64

However, proving the existence of hydrogen requires extensive
experimental work beyond the scope of this paper.

Electrical Resistivity Measurements. We give a brief
description of the temperature-dependent resistivity for the
KV3Te3O0.38 and K1.06NbTe2 crystals (shown in Figure 7). The

needle-like KV3Te3O0.38 crystal exhibit a resistivity (ρ) of 6.66
× 10−4 Ω cm at 300 K, which is comparable to those of other
133-type systems.50,52 The resistivity exhibits metallic behavior
at high temperatures (>29 K), below which ρ increases upon
cooling. This semiconducting-like behavior below 29 K may be
ascribed to defects and disorder in the crystals induced by the
interstitial oxygen atoms.52 The plate-like K1.06NbTe2 crystals
exhibit metallic behavior over the complete temperature range
studied, with a ρ value of 5.27 × 10−4 Ω cm at 300 K. Linear
behavior of ρ is observed from 300 to 100 K, and the residual
resistivity ratio (RRR = ρ(T = 300 K)/ρ(T = 2 K)) is
approximately 2.6. The data from 20 to 2 K show a T2

dependence, which can be fitted using the equation ρ(T) = ρ0
+ AT2 with the residual resistivity ρ0 and the slope A as 207 μΩ
cm and 0.0193 μΩ cm/K2, suggesting a Fermi-liquid
behavior.65 It should be mentioned that the attempt to

Figure 6. (a) Crystal structure of K1.06NbTe2. (b) The K honeycomb
lattice with short K−K distance.

Figure 7. Temperature dependence of resistivity for KNb3Te3O0.38
(133-type) and K1.06NbTe2 (112-type) single crystals from 300 to 2
K. The data for K1.06NbTe2 at low temperatures from 20 to 2 K are
well-fitted with the formula ρ(T) = ρ0 + AT2 (inset).
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measure the resistivity of K0.9Nb3Te4 failed in our lab due to
the small size of the crystals.
Theoretical Electronic Structures. In Figure 8, we show

the calculated densities-of-states (DOS) and band structures of
KNb3Te3O0.38 (133-type), K0.9Nb3Te4 (134-type), and
K1.06NbTe2 (112-type). Regardless of the chemical composi-
tion, the DOS shows strong hybridization between the Nb 4d
and Te 5p states. The band structures of both K1.06NbTe2 and
K0.9Nb3Te4 indicate a semimetallic ground state with the
former showing a larger band dispersion around the Fermi
level. KNb3Te3O0.33 (133-type) exhibits quasi-1D metallic
behavior with a larger number of states at the Fermi level than
the other two compounds. Near the Fermi level, the bands are
almost flat resulting in large effective masses. Moreover, the
Fermi surface is nearly gapped along the A-L-H-A direction in
the kz = 1/2 plane. A small electron pocket exists along Γ-A.
Hence, a small change in oxygen content (δ) will shift the
chemical potential and the number of carriers available for
transport. All the interesting features in resistivity and
electronic bands require further characterizations in future
studies (such as heat capacity, magnetism, and magneto-
resistance), to deeply understand the novel behavior of these
newly discovered compounds.
To understand the bond character of the Nb-clusters in

these new compounds, we performed a crystal orbital
Hamiltonian population (COHP) using the LOBSTER
code.66−69 The convention is to plot the negative COHP
(−COHP, which is unitless) so that bonding interactions are
positive, whereas antibonding interactions are negative, as
shown in Figure S10. In KNb3Te3O0.38, two different Nb6
cluster octahedra are present: the oxygen-centered and the
oxygen-free Nb-clusters. The COHP shows that the Nb−Nb
bonds of the oxygen-centered Nb-cluster exhibit a nonbonding
character, while the Nb−Nb bonds of the oxygen-free Nb-
cluster are strongly bonding at the Fermi level. This result
confirms the stability of the 1D Nb telluride KNb3Te3O0.38. In
K0.9Nb3Te4, at the Fermi level, the Nb−Nb bonds in the zig-
zag chain and the longer Nb−Nb bonds along the chain
direction show nearly nonbonding character, while the Nb−
Nb bonds within the ab plane exhibit strong bonding
character. Conversely, the shorter Nb−Nb bonds along the
chain exhibit antibonding character, leading to internal bond
stresses and suggesting that local structural distortion may
occur in this subtelluride. Lastly, the COHP of K1.06NbTe2
shows nearly nonbonding interaction near the Fermi level,

which is assigned to the absence of the Nb-cluster in this
compound.

Formation of Binary Nb−Te Systems. Potassium is
assumed to be incorporated into the product when K
polychalcogenides are used as the flux in their synthesis.
However, based on the concept reported in this study to
control the oxidation state of Nb, binary Nb telluride with a
relatively high valence state can be expected upon varying the
composition of the flux toward being Te-rich. In this section,
the composition of the flux is selected to be “KTe3.2”, which is
close to another eutectic point (K0.24Te0.76@253 °C) on the
Te-rich side of the K−Te binary system (Figure 9a). Two
types of crystals are obtained upon varying the Nb content (x)
in the starting materials (K/Nb/Te = 1:x:3.2). When x = 1, the
product is plate-like crystal sheet, while when x is decreased to
0.6, the product is rod-shaped (Figure 9b). EDS measurements

Figure 8. Calculated DOS and band structures of KNb3Te3O0.33 (133-type), K0.9Nb3Te4 (134-type), and K1.06NbTe2 (112-type).

Figure 9. (a) Phase diagram of the K−Te binary system with “KTe3.2”
flux marked inside. (b) Optical photograph of the products with x = 1
and 0.6. PXRD patterns obtained for the (c) NbTe2 and (d) NbTe4
crystals. (e) Relationship between the oxidation states of Nb in the
final products and the Nb content (x) in the starting materials. It is
noted that the NbTe4 is not plotted here considering its polytelluride
nature.
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indicate that the products are binary compounds in the Nb−
Te system, namely, NbTe2 and NbTe4 for x = 1 and 0.6,
respectively, with a negligible amount of K in the samples
(Figures S11 and S12). The crystal with x = 1 is easily
exfoliated and the PXRD pattern of its cleaved surface reveals a
highly preferred orientation (Figure 9c). The layer distance is
calculated as ∼6.62 Å, which is comparable to the data
reported for binary NbTe2.

44 This further confirms the
successful synthesis of the K-free compound. The PXRD
pattern of the ground rod crystals with x = 0.5 fits well with the
pattern reported for NbTe4 (ICSD 43282) (Figure 9d), further
indicating the synthesis of this binary telluride. Based on the
above results, the dependence of the Nb-oxidation state in the
crystals on the Nb content in the starting materials is shown in
Figure 9e (K3Te4 flux in red points and KTe3.2 in blue). It is
evident that as the Nb content increases, the oxidation state of
Nb in the products decreases. Additionally, KTe3.2 flux
demonstrates a greater capacity to oxidize the transition
metal. For the formation of a subchalcogenide with metal−
metal interactions in its structure, the starting material’s
transition metal content relative to the flux used must be
adequately high. This is noted that NbTe2 can be classified as a
subtelluride, owing to the Nb−Nb bonding interactions
present in its structure.
The fact that binary products exist in the Nb−Te system is

well established. However, it is worth noting that this study
presents a novel approach to growing single crystals of NbTe2
using the flux method. The results of this study point to the
value of alternative synthesis routes for stabilizing new
polymorphs of other metal ditellurides. It is noteworthy that
the NbTe2 crystals produced in this study have a distinct
structure from the NbTe2 synthesized through the CVT
method as reported in the literature (denoted as C−NbTe2).
C−NbTe2 has been reported to exhibit a distorted octahedral
configuration at room temperature with a double zig-zag chain
motif along the b-axis.44 Herein, two different Wyckoff
positions for Nb are observed. The Nb(1) atoms are located
in the center of the Nb cluster, thereby forming the middle
string of the double zig-zag chain. Each Nb(1) atom is
connected by four Nb(2) atoms, which form the outer strings
of the double zig-zag chain (Figure 10). Based on the SCXRD,
the crystal structure of NbTe2 obtained using flux method

(denoted as f-NbTe2) is determined, and the crystallographic
data are listed in Tables S10−S12. The f-NbTe2 crystallizes in
the monoclinic C2/m space group, similar to that previously
reported, but the lattice parameters are refined as a =
14.639(7) Å, b = 10.904(4) Å, c = 9.253(4) Å, and β =
110.308(16)°, thus resulting in a lattice volume of 1385.1(1)
Å3, which is thrice that of C−NbTe2. Figure 10 shows that in
contrast to the chains in C−NbTe2 with equal Nb(1)−Nb(1)
distances (3.642 Å), f-NbTe2 exhibits extra clustering where
the trimerization of the Nb atoms occurs along the b-axis. The
Nb(1) atoms split into two occupations in f-NbTe2, thus
leading to a sequence of two short Nb−Nb distances (3.488
Å), followed by a long Nb−Nb distance (3.928 Å).
Consequently, the b-axis is tripled compared to the C−
NbTe2. Reportedly, Te deficiency generally exists in ditelluride
crystals prepared via the CVT route.70,71 Therefore, we
speculate that this new polymorphism of NbTe2 may result
from the absence of Te vacancies in the crystals because of the
Te-rich synthetic environment used. Considering super-
conductivity combines with a topological band structure in
C−NbTe2,

39,40 the electronic properties of this polymorph are
intriguing and will be investigated in a subsequent study.

■ CONCLUSIONS
We demonstrated that the alkali metal polytelluride fluxes
could lead to the efficient synthesis of new transition metal
subtellurides by simply adjusting the ratio between the
transition metal and flux. Using a eutectic “K3Te4” poly-
telluride flux, we arrived at three new ternary compounds,
including KNb3Te3O0.38, K0.9Nb3Te4, and K1.06NbTe2 in K−
Nb−Te system. Among the three, the first two are
subtellurides that feature diverse Nb−Nb bonded clusters in
the structures. KNb3Te3O0.38 comprises 1D face-sharing Nb6
octahedral columns, which are surrounded by Te nets. A
peculiar feature in KNb3Te3O0.38 is the out-of-plane Nb3-
triangle clustering in the local range induced by the presence of
oxygen between the Nb9 trimers. K0.9Nb3Te4 shows a novel
structure with diverse motifs, including 1D Nb−Nb zig-zag
chains and unique NbTe4 pyramids, NbTe4 see-saws, and
edge-sharing Nb6 octahedral columns. K1.06NbTe2 adopts a 2D
structure with NbTe6 trigonal-prism layers intercalated by K
cations. Furthermore, a new polymorph with extra Nb−Nb
clustering was observed in NbTe2. This phase is distinct from
that reported by the CVT route.44 Using this synthetic
method, we were able to control the structural dimensionality
and oxidation state by manipulating the composition of the
starting materials. This allowed us to synthesize Nb
subtellurides with Nb−Nb bonding interactions in a variety
of structures. Resistivity measurements and DFT calculations
indicated that both K0.9Nb3Te4 and K1.06NbTe2 show a
semimetallic ground state. Conversely, KNb3Te3O0.38 exhibited
semiconductor-like behavior below 29 K, mainly induced by
interstitial oxygen. Given the intriguing 1D Nb clusters,
potential superconductivity is worthy of investigation in
KNb3Te3O0.38, especially via physical pressure and chemical
doping. High mobility and unusual magnetoresistance can be
expected in the K0.9Nb3Te4 and K1.06NbTe2 considering their
semimetallic nature with large band dispersions near the Fermi
level. The new polytype of NbTe2 also provides a platform for
an in-depth understanding of the interactions between charge,
spin, and lattice. We anticipate that the eutectic flux technique
has the potential to be implemented in other transition metal
systems.

Figure 10. Crystal structure of f-NbTe2 obtained in this work with the
detailed configuration of Nb double zig-zag chains in its structure
compared to that prepared using the CVT route.
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