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Pseudo-one-dimensional ribbon chain cluster realized under high pressure in 1T -VSe2
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We present a high-pressure single-crystal x-ray structure analysis of two-dimensional layered 1T -VSe2, which
is known to undergo an incommensurate charge density wave transition at 110 K at ambient pressure. When
pressure is applied to 1T -VSe2 at 150 K, a structural phase transition appears at about 8 GPa. The structural
analysis of x-ray diffraction data obtained from a single crystal sample, with the correct corrections for the use
of a diamond anvil cell and taking into account the effects of multiple domains, using only the superlattice
peaks, reveals the appearance of “ribbon chain” type vanadium clusters at a high-pressure region. The formation
of Se-Se bonds under high pressure and the associated unexpected charge injection into vanadium are largely
responsible for the formation of ribbon-chain clusters. We discuss the possibility that such interanion bond
formation occurs universally in the high-pressure phase of transition metal diserenides.
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As exemplified by cuprates, where high-temperature su-
perconductivity appears when electrons and holes are doped,
controlling the amount of carriers is the key to achieving novel
electronic properties in condensed solids [1,2]. Chemical sub-
stitution, intercalation, and electric field effects are commonly
used to control the amount of carriers, but the formation and
breaking of bonds between anions formed in crystals is also
useful as an effective method of controlling the amount of
carriers. For example, in BaFe2As2 and SrFe2As2, the par-
ent SDW phase is suppressed under pressure, resulting in
high-temperature superconductivity [3–6], while in CaFe2As2

no bulk superconductivity occurs even under pressure [7].
This is due to a “volume collapsed tetragonal transition” in
CaFe2As2, in which bonds are formed between neighboring
As-As across the van der Waals gap between the layers under
pressure [8]. This bond formation results in a change in the
As valence to a smaller value and a significant change in the d
band and spin state of the Fe sites [9]. If such bond formation
and breaking chemistry can be realized on a frustrated lattice,
we can expect the emergence of a wide variety of physical
properties due to the charge degrees of freedom.

Such studies can be realized in layered transition metal
dichalcogenides 1T -MX2 (M: transition metal; X : O, S, Se,
Te) in which the transition metal M has a two-dimensional
triangular lattice. When X = Te, anionic bonds can form
between neighboring Te ions, thus causing unexpected charge
degrees of freedom in M. For example, 1T -IrTe2 exhibits
an Ir3+/Ir4+ charge ordering at low temperatures, forming
a dimer between neighboring Ir4+ ions [10,11]. When this
dimer state is suppressed by Pt doping, superconductivity
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appears [12]. In 1T -MTe2 (M = V, Nb, Ta), quasi-one-
dimensional clusters called “ribbon chains” are formed
[13–15], as shown in Fig. 1, due to the unexpected charge
degrees of freedom arising from anionic bonds. The carrier
supply from the anion brings the electronic state of M closer
to 3.67+ (d4/3), with each M supplying 2/3 electrons each to
two linear trimer states [16]. As a result, the ribbon chain can
be understood to be composed of several linear trimers formed
by three-center, two-electron bonds. As in the CaFe2As2 ex-
ample, bond formation between anions is more likely to occur
as the interatomic distance shrinks under pressure. Thus,
even in MX2 compounds that do not have anion formation
at ambient pressure, pressure application may induce bond
formation between anions and realize various electronic prop-
erties due to unexpected charge degrees of freedom. Such
pressure-based control of the number of electrons through
valence engineering, combined with increased dimensionality
and enhanced interactions due to pressure effects, will lead to
an expansion of the field of physical property exploration.

In this paper, we report the synchrotron x-ray structural
analysis of 1T -VSe2. 1T -VSe2 is known to exhibit a unique
incommensurate charge density wave (ICDW) transition at
about 110 K [17,18]. It has been shown that a structural
phase transition occurs at room temperature at pressures of
about 15 GPa [19–22]. Although theoretical models of the
high-pressure phase and structural analysis by powder x-ray
diffraction have been reported, it has been required to clarify
the high-pressure structure from precise structural analysis in-
cluding superlattice peaks using single crystals. Our structural
analysis using superlattice peaks obtained by single-crystal
XRD experiments revealed that quasi-one-dimensional clus-
ters called “ribbon chains” appearing in 1T -MTe2 (M = V,
Nb, Ta) are realized under pressure of 1T -VSe2. We argue
that the contraction of the c-axis length observed with the
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FIG. 1. Schematic picture of ribbon chain clusters appearing at
ambient pressure in 1T -MTe2 (M = V, Nb, Ta), with axes from
monoclinic structure. In these tellurides, the M valence approaches
3.67+ (d4/3) with Te-Te bonding between layers. The ribbon chain
consists of linear trimers connected by d orbitals, and the trimers
are formed by three-center, two-electron bonds. In this paper, we
show that a similar ribbon chain cluster is realized at high pressure
of 1T -VSe2.

structural phase transition under pressure indicates the for-
mation of bonds between neighboring Se ions across the van
der Waals gap, with the unexpected change of a V valence
and the associated ribbon chain formation. This indicates that
layered MX2 compounds are an attractive playground for the
study of various electronic properties originating from the
bond formation between anions and the accompanying charge
degrees of freedom that appear under high pressure.

1T -VSe2 single crystals were synthesized by a con-
ventional solid state reaction method. The mixture of
the constituent elements in their stoichiometric ratios was
vacuum-sealed and sintered at 500 ◦C for 24 h and at 800 ◦C
for 72 h. The obtained samples contain tiny single crystals.
The quality of the crystals was confirmed by single-crystal
XRD experiments at BL02B1 beamline of SPring-8, where
2D semiconductor detector PILATUS 3X CdTe (DECTRIS
Ltd, Switzerland) is equipped. Single crystals with dimen-
sions of 30 × 30 × 20 µm3 were used. A He-gas blowing
device was employed to cool the sample to 45 K and x-rays of
E = 40 keV were used. XRD measurements under pressure
were performed at the BL10XU beamline of SPring-8 [23],
where a 2D imaging plate (IP) is equipped. A diamond anvil
cell (DAC) apparatus was used for the experiments under
pressure and a single crystal of 1T -VSe2 was loaded into
a stainless steel gasket hole (230 µm in diameter) together
with ruby for pressure calibration [24] and helium as pressure
medium. X rays of E = 30 keV were used with a beam
diameter of 40 µm. A refrigerator was used for controlling
temperatures and a helium gas membrane system was used for
pressurization. Original software was used for extracting the
peak intensity [25]. Diffraction intensity averaging and refine-
ment of structural parameters were performed using SORTAV

[26], and SHELX [27], respectively. Powder x-ray diffraction
experiments of 1T -VTe2, whose synthesis was reported in a
previous study [15], were performed on BL5S2 at Aichi Syn-
chrotron Radiation Center. The measurement temperatures
were 300 K and 500 K and x-rays of 18 keV were used.
Crystal structure was visualized using VESTA [28].

Figure 2(a) shows the sharp Bragg peaks appearing in the
single-crystal diffraction pattern of 1T -VSe2 obtained in the
high-temperature phase of 300 K at ambient pressure. The

FIG. 2. (a) Part of the diffraction pattern at 300 K at ambient
pressure. Inset: the single crystal of 1T -VSe2 used in the XRD exper-
iment with a diamond-anvil cell. (b) Part of the diffraction pattern at
ambient pressure 100 K. (c) Temperature dependence of superlattice
peak intensity at 1 9/4 3.7. Inset: diffraction image around 1 9/4 3.7
peak at 100 K.

inset of Fig. 2(a) shows a hexagonal platelike single crys-
tal corresponding to the trigonal crystal structure. The data
obtained at 300 K can be analyzed assuming the previously
reported space group P3̄m1 and R1(I > 3σ ), which indicates
the reliability of the analysis is 2.01%. The structural analysis
shows a merohedral domain with a mirror plane perpendicular
to the a − b direction, as described in the Supplemental
Material [29]. In the high-pressure diffraction experiments
shown later, we used a high quality sample in which this ratio
is so small [0.49(13)%] that it can be regarded as a single
domain. When the temperature was lowered to below 110 K,
superlattice peaks appeared as shown in Fig. 2(b) and their
intensity increased with decreasing temperature as shown in
Fig. 2(c). This temperature is consistent with the previously
reported ICDW transition temperature [30], indicating the
high quality of the present sample. The superlattice peaks
appear at positions that are not divisible by integer exponents,
consistent with the low-temperature phase being an ICDW
phase with a nesting vector of 4a × 4a × 3.18c [17,18,31–
33].

Figure 3(a) shows one of the single-crystal XRD images
obtained at 150 K and 5.53 GPa, where no structural phase
transition was observed. Importantly, in high-pressure exper-
iments, the narrow aperture angle of the DAC and the small
amplitude of the rotation method make it impossible to obtain
as many diffraction peaks as in conventional experiments.
Furthermore, peaks that overlapped with diffraction peaks
from diamond should be excluded. Therefore, it is generally
difficult to conduct accurate structural analysis with high com-
pleteness and redundancy as in conventional single-crystal
XRD experiments. Although the completeness of the present
data was only about 35.7%, the structure was successfully
obtained with a reliability of about 4.97% for the R1(I > 3σ )
value assuming the space group P3̄m1 as in the structure
at 300 K at ambient pressure. The details of the structural
analysis are described in the Supplemental Material [29].

When the pressure was further applied, a change in the
diffraction pattern occurred at 8.65 GPa. This is comparable to
the transition pressure at 150 K identified in previous studies
[19]. A plot of the temperature and pressure points of this
study compared to the previous study [19] is shown in the
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FIG. 3. (a) Part of a diffraction image measured at 150 K and
5.53 GPa. (b) Part of a diffraction image measured at 150 K and
8.65 GPa. The subscripts “t” and “m” attached to the hkl index
indicate the indices of the trigonal unit cell at ambient pressure
and the monoclinic cell at high temperature, respectively. The unit
cell showing the crystal orientation corresponding to each image
is shown in the inset. (c) Unit cells and orientation of the three
domains appearing at 8.65 GPa. The relationship to the unit cell at
ambient pressure is also shown. (d)–(f) Indexing to three domains
appearing at 150 K and 8.65 GPa for each domain with monoclinic
unit cells (red: fundamental peaks; blue: superlattice peaks; white:
extinct peaks due to the C-base center lattice).

Supplemental Material [29]. Figure 3(b) shows a single-
crystal XRD image obtained at 150 K and 8.65 GPa. The
presence of newly emerged superlattice peaks and the split-
ting of existing Bragg peaks are important features. There
is no extinction rule in the space group of P3̄m1 in the
high-temperature phase at ambient pressure. Therefore, the
appearance of a new peak at high pressure indicates a conver-
sion to a unit cell with a larger volume under high pressure.

The Bragg peak in the fundamental reflection split into
multiple peaks with different d values. This indicates a
symmetry lowering under high pressure and the associated
emergence of domains. By assuming three domains with mon-
oclinic unit cells with am = 17.100(3) Å, bm = 3.248(3) Å,
cm = 8.002(3) Å, and β = 135.753(2)◦, we could index all
peaks, as shown in Figs. 3(d)–3(f). Here, the relationship
between the ambient pressure phase cell (a, b, c) and the high-
pressure phase cell (am, bm, cm) is as follows: am = −3a − 6b,
bm = a, and cm = a + 2b + c. The three domains indexed in
this study are named Domain 1, Domain 2, and Domain 3, as
shown in Fig. 3(c). It should be mentioned that, in principle,
six domains could emerge when lower symmetrization occurs
from trigonal to monoclinic in the present structure. This
would mean that three domains did not appear in the present
sample or that the volume fractions were so small that they

could not be observed as peaks. The three domains and the
three that were not observed are detailed in the Supplemental
Material [29]. No peaks appear in the indexes indicated by the
white boxes in any of the domains, as shown in Figs. 3(d)–
3(f), indicating the existence of an extinction rule originating
from the symmetry of the C-base center lattice. It is also im-
portant to note that, while the fundamental peaks appear with
strong overlap, the superlattice peaks appear at different posi-
tions in each domain and do not overlap like the fundamental
peaks, as clearly shown in Figs. 3(d)–3(f). This indicates that
only single-domain components can be extracted with high
accuracy for the superlattice peak. For the extraction of the
peak intensities, we used original software that we have de-
veloped [25] to accommodate Debye elongated peak shapes
due to pressure application.

For Domain 3, which has better agreement in equivalent
reflection intensities, structural analysis was performed using
only the intensity of superlattice reflections. Monoclinic crys-
tals with C-base center lattice have space groups such as C2,
Cm, and C2/m, and previous studies have proposed the C2/m
space group [19]. In this study, C2/m was assumed following
the previous study. In the C2/m space group, there are two V
sites and three Se sites in the unit cell. Since the number of
observed reflections is small due to the use of DAC, we estab-
lished a restraint that makes each parameter that constitutes
the anisotropic temperature factor common for each of the
two V sites and three Se sites. Using this restraint, there are a
total of 17 refined parameters based on the symmetry of each
element site: eight for the atomic position parameter, eight for
the anisotropic temperature factor parameter, and one for the
scale factor. All of these parameters were refined simultane-
ously and all parameters converged properly. The number of
peaks used in the analysis was 93 and the R1(I > 3σ ) value
was 6.3%, a relatively good result. In this analysis, the crystal
structure obtained at 5.53 GPa and 150 K in the ambient
pressure phase was reconstructed into a monoclinic unit cell
and used as the initial structure.

At first glance, the crystal structure obtained from the anal-
ysis resembles the ribbon chain structure of 1T -MTe2 (M =
V, Nb, Ta), as shown in Fig. 1. Figure 4(a) shows a superpo-
sition of the structure of 1T -VTe2 at 300 K and the crystal
structure of 1T -VSe2 at 150 K and 8.65 GPa. Since the lattice
constants of the two structures are very different, the lat-
tice constants were made artificially identical. This allows
Fig. 4(a) to visually show the coincidence of the fractional
coordinates of each site of the two structures. These two struc-
tures are almost perfectly identical, even though the fractional
coordinates of each site in the low-temperature phase structure
of 1T -VTe2 were not taken as initial values for the present
refinement. This indicates that the results of the present anal-
ysis are reliable and clearly shows that ribbon chains occur in
1T -VSe2 under high pressure.

The change of cell volume and lattice constants ratio c/a
at 150 K with pressure application is shown in Fig. 4(b). As
previously reported [19,34], the decrease in cell volume be-
comes smaller as pressure is applied up to 8 GPa. This is due
to the strong compression of the van der Waals gap, followed
by the strong Coulomb repulsion between neighboring Se-Se
across the van der Waals gap. Above 8 GPa, where ribbon
chains are formed, the interlayer distance shortens due to Se-
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FIG. 4. (a) Superposition of the crystal structure of 1T -VSe2 at
150 K and 8.65 GPa and that of 1T -VTe2 at 300 K and ambient
pressure. The structural parameters of 1T -VTe2 are given in Ref. [15]
and the unit cell is modified for comparison with 1T -VSe2. The
lattice constants of 1T -VSe2 are adjusted so that the unit cells are the
same. The V fractional coordinates are nearly equal in both structures
and overlap well. (b) Pressure dependence of lattice parameters at
150 K.

Se bonding and c/a decreases suddenly. Structural analysis
shows that the nearest Se-Se distance between adjacent VSe2

layers is 3.233(4) Å at 150 K and 5.53 GPa and 3.04(4) Å
at 150 K and 8.65 GPa, indicating that the Se-Se distance
changes by about 5% with phase transition. These values
are comparable to the powder structure analysis results of
previous studies [19,21]. In 1T -VTe2, which forms ribbon
chains at room temperature, it is known that the Te-Te bond
is broken at 480 K with increasing temperature and the ribbon
chains disappear. The change in the Te-Te distance associated
with this phase transition should provide a good reference for
verifying the validity of the present results. Therefore, x-ray
diffraction experiments of 1T -VTe2 were performed at 500 K
and 300 K under ambient pressure. The nearest-neighbor Te-
Te distances between adjacent VTe2 layers were 3.799(7) Å
and 3.59(3) Å, respectively, indicating that the anion distance
changed approximately 5% with the phase transition. Details
of the analysis are given in the Supplemental Material [29].
The fact that the rate of change of the interanion distance is
similar for both materials confirms the validity of the results
of this 1T -VSe2 pressure experiment. This Se-Se bond forma-
tion changes the valence of 1T -VSe2 to V(4−2δ)+(Se2)2(2−δ)−,
which is closer to V3.67+ (d4/3) suitable for ribbon chain for-
mation. In other words, it can be concluded that, in 1T -VSe2,

a bond is formed between adjacent Se-Se across the van der
Waals gap due to the application of pressure and a ribbon
chain is formed in the plane as a result of carriers being
supplied from Se to V.

The key factors that generate bonding between anions are
the ionic radii of the anions and the distance between neigh-
boring anions across the van der Waals gap. In 1T -IrTe2 and
1T -MTe2 (M = V, Nb, Ta), Te-Te bonds are stably formed at
ambient pressure due to the large ionic radius of Te [11,15].
On the other hand, in 1T -VSe2, the ionic radius of Se is
smaller than that of Te, so the formation of the Se-Se bond
requires pressure support. In 1T -CrSe2, the Se-Se bond is
formed at low temperatures without the application of pres-
sure, probably because Cr4+ is unstable with an unusually
high valence and the carrier supply associated with the for-
mation of the Se-Se bond greatly stabilizes the energy of the
electronic system [35]. Thus 1T -MSe2 has an instability to-
ward bond formation between anions, indicating that pressure
application can induce bond formation between anions and a
corresponding change in the electronic state of the M element,
leading to a variety of electronic properties due to unexpected
charge degrees of freedom.

Although the degree of freedom of charge does not seem to
be important in highly itinerant materials, in two-dimensional
triangular lattice systems with 1T structure, tuning the amount
of charge dramatically changes the physical properties. For
example, in NaxCoO2, controlling the Na amount x leads to
the realization of thermoelectric semiconductors with large
thermoelectric power [36], novel charge ordered states [37],
and superconductivity [38] in the process changing from Co3+

to Co4+. In LixVS2, various electronic phases are reported to
be realized by controlling the Li amount x, such as ICDW in
1T -VS2 [39], ribbon chain state in Li0.33VS2 [40], and metal-
trimer insulating transition in LiVS2 [41–43]. In particular, it
is important to note that the ribbon chain appears at Li0.33VS2.
In Li0.33VS2, the ionic radius of S is small and the S-S distance
is separated by interlayer Li, so that no bond formation occurs
between neighboring anions. However, the valence of V3.67+
is realized because the interlayer Li provides carriers. The fact
that ribbon-chain clusters similar to those in the high-pressure
phase of 1T -VSe2 appear at low temperatures in Li0.33VS2,
where the V3.67+ valence state is clearly guaranteed, con-
firms that the valence of V does indeed change under high
pressure in 1T -VSe2. Thus it is possible to develop various
physical properties in triangular lattice compounds with the
1T structure by introducing charge degrees of freedom even in
itinerant materials. The pressure-induced formation of chem-
ical bonds between anions and the accompanying control of
electron number may enable the emergence of new electronic
properties, such as superconductivity.

Finally, we would like to discuss that, in the present 1T -
VSe2, a superconducting phase appears above 15 GPa [20]
and a phase transition from a ribbon-chain structure to a dif-
ferent structure occurs above 35 GPa [34]. Although we have
not been able to access these pressure regions, the effects of
pressure-induced increase in dimensionality of the electronic
structure [44,45] and/or unexpected interlayer interactions
[38,46–48] may trigger the further structural phase transi-
tions. Alternatively, the strengthening of Se-Se bonds under
pressure may further increase the amount of charge transfer
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from Se to V, achieving a carrier amount favorable to super-
conductivity, as in the case of the hydrate NaxCoO2yH2O. If
we can establish a methodology to freely control the charge
tuning technique produced under pressure found in this study
in combination with these other pressure effects, it should
open the way for further exploration of physical properties.
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