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In-situ Unravelling Structural Modulation across 
Charge-Density-Wave Transition in Vanadium 
Disulfide 

Xu Sun a†, Tao Yao b†, Zhenpeng Hu c, Yuqiao Guo a, Qinghua Liu b, Shiqiang 
Wei b* and Changzheng Wu a*   

Deep understanding of the relationship between electronic and structure ordering across the 
charge-density-wave (CDW) transition is crucial for both fundamental study and technological 
applications. Herein, by using in-situ x-ray absorption fine spectroscopy (XAFS) coupled with 
high-resolution transmission electron microscopy (HRTEM), we have illustrated the atomic-
level information on the local structural evolutions across the CDW transition and its influence 
on the intrinsic electrical properties in VS2 system. The structure transformation, which is 
featured by the formation of vanadium trimers with derivation of V‒V bond length (∆R=0.10 
Å), was clearly observed across CDW process. Moreover, the corresponding influence of 
lattice variation on the electronic behavior was clearly characterized by experimental results as 
well as theoretical analysis, which demonstrated that the vanadium trimers drives the 
deformation of space charge density distribution into √3×√3 periodicity, with the conductivity 
of a1g band reducing by half. These observations directly unveiled the close connection 
between lattice evolution and electronic properties variation, paving the new avenue for 
understanding the intrinsic nature of electron-lattice interactions in VS2 system and other 
isostructural transition metal dichalcogenides across the CDW transition process.  
 

 

 

Introduction 

Charge-density-wave (CDW) transition, which is a well-known 
electronic phase transition process caused by Peierls instability in 
low-dimensional systems, has attracted tremendous attention due to 
its intriguing physical mechanism and potential application in 
electronic devices.1-3 During this electronic phase transition process, 
the charge density variation is always accompanied with periodic 
lattice deformation with the same wavevector.4 Therefore, in depth 
analysis of the inherent connection between the modulation of lattice 
atom and charge density is of urgency for understanding the phase 
transition mechanism and expanding their applications.5-7  

Transition metal dichalcogenides (TMDs), as a group of layered 
materials, have attracted great interest because of their 2D confined 
structure similar to graphene8-13, as well as their potential 
applications in nano-electronic devices.14,15 Meanwhile, due to the 
interaction between the low-dimensional structure and the electronic 
and phonon degrees of freedom, TMDs exhibit a wealth of electronic 
properties, among which the CDW behaviors is fascinating.16-21 And 
tremendous efforts have been made to the research of charge density 
variation during the CDW process. Within the family of TMD 
materials, vanadium disulfide (VS2) with triangularly packed layers 
of the vanadium atoms sandwiched between two layers of S atoms, 
is one of the most attractive CDW materials with the transition 
temperature near room temperature.22,23 Previous nuclear magnetic 

resonance study illustrated the appearance of CDW transition in VS2 
at about 304K.24 Angle-resolved photoemission spectroscopy, which 
was performed to study the electronic structure changes of VS2 
below the TCDW, indicated the absence of Fermi-surface nesting in 
this transition process at about room temperature.25 However, 
atomic-level information on the local structural evolutions, and the 
corresponding influence on the electrical properties during the 
transition process have not been revealed, hindering the 
understanding of underlying physical nature of electron-lattice 
interactions. In this regard, an accurate analysis of the structure 
variations in VS2 provides an ideal approach for investigation of 
interplay between atomic rearrangements and electronic structure 
changes across CDW transition. 
 In this context, we analyzed the close connection between 
lattice variation and charge density deformation across CDW 
process in VS2 system. By temperature-dependent in-situ x-ray 
absorption fine spectroscopy (XAFS) coupled with high-
resolution transmission electron microscopy (HRTEM), the 
structure rearrangement with the formation of vanadium trimers 
in the CDW process was well characterized. Moreover, the 
corresponding influence of structure variation on the electronic 
behaviors is comprehensively discussed based on experimental 
results as well as theoretical analysis. These findings provide a 
clear model for deep analysis of the nature of electron-lattice 
interactions in CDW transition process.  
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Experimental Section 

Synthesis procedure. The VS2 sample used in this study were 
synthesized via the sonication reaction of LiVS2 and I2 as 
previously reported.12 Firstly, the LiVS2 was prepared through 
the reaction of V2O5 and Li2CO3 with the molar ratio of 1:1 
under H2S atmosphere at 1000 oC for 10h. After reaction, the 
black LiVS2 powder was obtained. Then the as synthesized 
LiVS2 product was mixed with the iodine powder with molar 
ratio LiVS2/I2 of 2:1, which was ultrasonicated in 30ml ethanol 
for 3h forming a black dispersion. Finally, the black product 
was collected by centrifugation and washed with deionized 
water and ethanol for several times, then dried in vacuum at 
60oC. 

Characterization. The as-prepared samples were 
characterized by X-ray powder diffraction (XRD) with a Philips 
X’Pert Pro Super diffractometer with Cu Kα radiation (λ 
=1.54178 Å). The field emission scanning electron microscopy 
(FE-SEM) images were taken on a JEOL JSM-6700F SEM. X-
ray  photoelectron  spectra  (XPS)  were  acquired  on  an 
ESCALAB  MK  II  with  Mg  Kα  as  the  excitation  source. 
The magnetic measurements were carried out with a 
superconducting quantum interference device magnetometer 
(Quantum Design MPMS XL-7). The electrical transport 
property measurements were carried out using a Keithley 
4200&SCS Semiconductor Characterization System and a four-
point probe method. Differential scanning calorimetry (DSC) 
was carried out using a NETZSCH DSC 200 F3 machine, in 
which the sample was sealed in an aluminum pan. The low-
temperature in-situ XAFS experimental setup is similar to that 
in our published paper, which permits the measurement in the 
range of 5-320 K.26 In-situ XAFS data at V K-edge at a series 
of temperatures were recorded in transmission mode at U7B 
and U7C stations of the National Synchrotron Radiation 
Laboratory (NSRL), China. 

Calculation details. The calculations are performed with the 
Vienna ab initio simulation package (VASP) code.27-29 
Projector augmented wave (PAW) is used to described the ion-
electron interaction.30 The plane-wave basis set is 400eV cutoff. 
Exchange and correlation energy is described by Perdew, Burke 
and Ernzerhof (PBE) functional.31 The hexagonal super cells 
consisting of 12 V and 24 S atoms were used in the calculation. 
The Brillouin zone was sampled by a gamma center grid with 
3×3×6 k-point mesh. 

Results and discussion 

VS2 sample used in this report was prepared via the solid 
state reaction as reported previously.12 Systematical structural 
characterizations demonstrated the high purity of the as-
synthesized sample. As can be seen from the room temperature 
x-ray diffraction pattern (XRD) of the as synthesized sample 
(Fig. 1a), all the diffraction peaks could be well indexed to VS2 
(JCPDS, No. 89-1640)12,32 with no other impurities being 
detected, demonstrating the high purity of the synthesized VS2 
sample. Meanwhile, it is of note that all the diffraction peaks 
corresponding to VS2 were observed from the theta-2theta x-ray 
diffraction patterns, illustrating that the as synthesized sample 
is of polycrystalline character, in that if it is one single crystal, 
only the c-orientation (00l) peaks would be observed in the 
theta-2 theta x-ray diffraction patterns. And as can be seen from 
the scanning electron microscopy (SEM) image (Fig. 1b) and 
the transmission electron microscopy (TEM) image (Supproting 

Information, Fig. S1), the as synthesized VS2 with the particle 
size of about 1µm is indeed of polycrystalline character. 
Meanwhile, to confirm the high quality of the as synthesized 
VS2 sample, the X-ray photoelectron spectroscopy (XPS) were 
also performed. As presented in Fig. S2a and S2b, the binding 
energy for V 2p1/2, V 2p3/2 and S 2p3/2 are 523.5eV, 516.2eV 
and 160.6eV, respectively, which were all consistent with the 
previous reported values,33 illustrating the high purity of the as-
obtained sample. To demonstrate the reversible phase transition 
characteristics of VS2 at room temperature, the differential 
scanning calorimetry (DSC) thermal data of VS2 was also 
presented in Fig. S3, from which an obvious endothermic peak 
at ca. 306.1 K in heating cycle and an exothermic peak at ca. 
298.7 K in cooling cycle were clearly observed, indicating the 
well-defined phase transition. In the meantime, a step-point 
with a slight increase of thermal conductivity at about 310K as 
presented in the temperature dependent thermal conductivity 
measurement (Fig. S4) also demonstrated the room temperature 
phase transition character. 

The thermal anomalies have often been observed across the 
CDW transition process, which had been reported in TaS2, 
NbSe2 et. al.34 And as can be seen from the DSC curves of the 
pristine VS2 (Fig. S3), the evident endothermic peak and 
exothermic peak further confirm that a distortion of the pristine 
lattice happened as well along with the variation of electronic 
properties, demonstrating the strong correlation between the 

Fig.1 Structure characterization of as-synthesized VS2. (a) The 
experimental powder x-ray diffraction pattern and the standard 
pattern for VS2 (JCPDS card No. 89-1640), demonstrating the 
high purity of the as-synthesized sample. (b) Scanning electron 
microscopy (SEM) image of the synthesized VS2, from which it 
can be seen the polycrystalline character of VS2. 

(b) 

(a) 

Page 2 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



PCCP PAPER 

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 3  

charge carrier density and the lattice deformation, which is in 
consistence with the CDW behavior as observed in TaS2, NbS2 

et.al. The more direct evidence for such structural modulations 
could be identified by temperature-dependent high-resolution 
transmission electron microscopy (HRTEM) and electron 
diffraction (ED) measurements (Fig. 2). The HRTEM image of 
VS2 at T>TCDW (Fig. 2a) presented well defined hexagonal 
symmetry, in which the interplanar spacing was measured to be 
2.73 Å according to the periodic pattern in the lattice fringe 
image, matching up with that of the (100) facet of VS2 (2.784 
Å). However, on cooling below the TCDW (Fig. 2b), satellite 
spots around the initial hexagonal symmetry were clearly 
observed, which illustrated the appearance of superlattice 
reflections across CDW transition. And the as-observed 
superlattice reflections that corresponded to an incommensurate 
superlattice in real space, demonstrated the appearance of 
structure variation in the S-V-S plane during the CDW 
electronic transition process.23,25 Above the transition 
temperature, VS2 belongs to the space group P-3m1, and the V 
atoms were hexagonally arranged.32 While, the ED results at 
T<TCDW distinctly proved a deviation of the atoms from their 
original positions, which indicated that the V atoms were 
incommensurately modulated, generating a periodic lattice 

distortion. All these results elucidated the structure variation 
during the CDW transition process in pristine VS2. 

 Meanwhile, the temperature-dependent in-situ XAFS 
measurement at V K-edge from room temperature to 10 K (Fig. 
3) was conducted to further detect these atomic evolutions and 
to obtain structural information associated with CDW 
transition. And the details of the fitting process were shown in 
the supporting information. The single-crystal x-ray diffraction 
has been reported to be able to detect the superlattice peaks in 
single crystals.35 However, the as synthesized VS2 sample is of 
the polycrystalline character, thus limiting the application of 
single-crystal x-ray diffraction. Moreover, the powder x-ray 
diffraction is unable to detect the CDW superstructure peaks in 
polycrystalline VS2, which had already been reported in 
previous literature.32 This might be due to the low spatial 
resolution brought by peak widening of polycrystal in the 
powder x-ray diffraction patterns. Thus, XAFS, with the 
advantage of high spatial resolution accuracy (~0.01 Å) to 
determine the interatomic distances, would be a powerful 
technique to carry out investigation on the small local structural 
changes in VS2 across CDW transition.26,36 Small variations can 
be found in the kχ(k) oscillation shape in the k range of 4–5 Å-1 
and 9-11 Å-1  (Fig. 3a). The Fourier transformed (FT) k3χ(k) 
functions of the V K-edge extended XAFS (EXAFS) as shown 
in Fig. 3b were characterized by two distinct peaks: the first 
peak at around 1.8Å was ascribed to the nearest neighbored V–
S bond, and the other one at around 2.6 Å was associated to V–
V bond. By decreasing temperature, the V–S coordination peak 
displayed little variations, while the V–V FT peak was 
intensified and shifted to low k range. In the normal state at 
high temperature, VS2 crystallized in the 1T layered structure 
with CdI2-type crystalline characteristics, consisting of planes 
of hexagonally arranged V atoms sandwiched between two S 
layers (Fig. 3c). And the V–V bond length had an equivalent 
single value of 3.22 Å, illustrating the equal distance 
arrangement of vanadium atoms with pristine 1×1 periodicity. 
In-situ XAFS results implied that, across the CDW transition, 
partial V3S tetrahedron configuration composed of three V 
atoms bonding with one S atom is contracted, that is, V atoms 
are close to each other while V‒S bond length remains 
constant, forming the V trimers in the local region. The 
increment of the V‒V peak intensity along with the temperature 
decrement was probably due to the reduced thermal vibration 
upon cooling process. To our best knowledge, this is the first in 
situ temperature-dependent XAFS study of the CDW transition 
of VS2.  

Quantitative structural parameters around V atoms during the 
CDW transition had also been obtained through a least-squares 
parameter fitting using the ARTEMIS module of IFEFFIT. It is 
of note that the as obtained bond length from the Fourier 
transformed (FT) k3χ(k) functions is usually about 0.2-0.5 Å 
smaller than the actual bong-length obtained via calculation 
process, due to the scattering phase-shift in sine function of the 
theoretical expression for EXAFS.37 And then, the non-linear 
least squares fitting is adopted to provide the real bond lengths. 
The V–S and V–V distances among all the best fit parameters 
were shown in Table 1. And to check the veracity of the fits, we 
also carried single V-V shell fitting for the data below 280 K, 
with all the parameters of fits summarized in Table S1  
(Supporting Information). It can be seen that there is a 
significant improvement in the reduced-chi-square, goodness- 
of-fit and fitting curves by using a split V-V shell for the data 
below 280 K. For 310 K data, the single-shell fitting strategy 
has given a good fit result, as can be verified by the small 

Fig. 2 Structurual characterizations verified across the phase 
transition in VS

2
. (a) HRTEM image of the VS

2
 samples at 

T>TCDW. Inset: the corresponding ED patterns. (b) The ED 
patterns of VS

2
 after phase transition at T< TCDW. 

(a) 

(b) 
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reduced chi-square and R-factor (goodness-of-fit). This is in 
consistent with the HRTEM result that VS2 in normal state is of 
high symmetry. Hence, we consider that it is unnecessary to 
perform the two V-V shells fitting for comparison for 310 K 
data. The fitting results pointed out clearly the bond lengths 
variations across the CDW process. It could be seen that the V–
S bond length of 2.34 Å was almost temperature independent. 

While, as for the fitted V–V bond, two incoordinate V–V bonds 
as expected for V trimers formation were obviously observed 
when the temperature is down to 280 K. The shorter bond 
length of 3.11 Å is contributed from V‒V bond in the vanadium 
trimers, while the longer one of 3.25 Å is contributed from V‒
V bond between the trimers. Although the small splitting is less 
than 5%, the local structural evolution across the CDW 

Fig. 3│In-situ XAFS results for VS2 sample. (a) V K-edge EXAFS oscillations [χ(k)] at several temperatures during 
the cooling process. (b) Corresponding Fourier transforms of (a). The dash-dotted line in panel (a) and (b) stands for 
the calculation result. (c) Atomic structure of hexagonal VS2 with metal V layer sandwiched between two S layers. 
Gray and yellow balls denote V and S atoms, respectively.  

Table I. The structural parameters (distance R, coordination number N and Debye-Waller factor σ2) for the different 
V–S and V–V pairs for crystalline VS2 samples at several temperatures during the cooling process. 

Temperature Bond R (Å) N σ2 (10-3 Å) 
310 K V-S 

V-V 

2.34±0.01 

3.22±0.02 

6 

6 

3.1±0.3 

5.7±0.5 

280 K V-S 

V-V 

2.34±0.02 

3.11±0.02 

3.25±0.01 

6 

1.9±0.2 

4.1±0.3 

2.9±0.6 

5.3±0.5 

230 K V-S 

V-V 

2.34±0.02 

3.10±0.02 

3.26±0.01 

6 

2.0±0.1 

4.0±0.3 

2.5±0.2 

5.1±0.3 

150 K V-S 

V-V 

2.34±0.01 

3.09±0.02 

3.26±0.01 

6 

2.0±0.1 

4.0±0.2 

2.1±0.2 

4.9±0.5 

10 K V-S 

V-V 

2.34±0.02 

3.08±0.02 

3.27±0.01 

6 

2.0±0.1 

4.0±0.2 

1.9±0.2 

4.4±0.5 
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transition was well demonstrated. In a word, the formation of V 
trimers with the variation of V-V bonds length along with 
temperature decrement was well demonstrated.  

Temperature dependent measurement of resistivity or 
magnetization is one of the commonly used methods for the 
analysis of CDW behaviors. Along with the temperature 
decrement, "anomalous" behavior in resistivity and magnetic 
susceptibility can often be observed as reported in the typical 
CDW material systems, such as 1T-TaS2, 2H-TaS2, 2H-NbS2 
and 1T-VSe2, which provide the direct evidence for the 
appearance of CDW transition.10,17,38,39 To study the influence of 
CDW transition on electronic and magnetic properties of VS2, 
the temperature-dependent electrical resistivity and magnetic 
susceptibility measurements were well performed (Fig. 4), 
which are the commonly used methods for the analysis of CDW 
behaviors in transition metal dichalcogenides (TMDs). 10,17,38,39 
As can be seen from Fig. 4a, along with the reduction of 
temperature, a decrease of electrical resistivity was observed, 
showing the metallic behavior of VS2. While, a step-point with 
a slight increase of resistivity appears at around 307 K 
(amplified in the inset of Fig. 4a), signaling the CDW 
transition. And below the CDW point, the resistivity 
continuously decreased, presenting the well-kept metallic 
character. Fig. 4b showed the temperature dependent 
magnetization curves for VS2, from which the CDW transition 
was also indicated by a step at 307.5 K. It could be clearly seen 

that the magnetization decreased to the minimum induced by 
the structural modulation, and then increased with reducing 
temperature, which was mainly due to the dominant magnetic 
contribution of V atoms at low temperature. The above 
temperature-dependent resistivity presents the intrinsic 
metallicity of VS2, while the CDW transition at around 307 K 
perturbs the electronic structure of VS2.  

To analyze the connection between the observed structure 
modulation and electronic properties, the corresponding 
structural models and the theoretical calculations were 
performed as shown in Fig. 5. For T > TCDW, the experimental 
structure (JCPDS, No. 89-2640), with a fixed V-V bond length 
of 3.22 Å, was used in DFT calculation. For T < TCDW, the 
system was also modeled based on the high-temperature 
experimental structure, except that the V-V bond length was 
fixed to 3.11 and 3.27 Å which correspond to the V-V bonds 
length inside and between the V trimers, respectively. All those 
constraints on the V-V bond lengths were kept during the 
geometry optimization (Fig. 5a and b). Based on our results, 
though several bands crossed Fermi level, only the a1g band (as 
shown in Fig. 5c, No.136) was significantly affected by the 
CDW transition. The local density of states of the a1g band 
projected above S atoms on one side of VS2 layer was shown in 
Supplementary Fig. S5. For the T > TCDW structure (Fig. S5a), 
there was a 1×1 periodicity for the bright spots, which is the 
projected charge density of S atoms on the a1g band. For the T < 
TCDW structure (Fig. S5b), there was a new √3×√3 periodicity 
for the bright spots (charge density), which reflected directly 
the variation on charge density as a result of formation of the V 
trimers. To this point, the formation of V trimers played an 
important role during the CDW process.  

And based on our calculation result, the connections between 
the observed structure modulation and electronic properties 
were discussed in detail. As believed, symmetry broken may 
lead to a reduction on the conductivity, for example, the Peierls 
transition. In the VS2 system, for T < TCDW, the newly formed 
√3×√3 periodicity thus will break the pristine symmetry and 
reduce the conductivity. As well as there were several bands 
crossed the Fermi level, the formation of V trimers would only 
lead to a small increase on resistivity rather than a metal- 
insulator transition when the CDW transition occurred with 
temperature decreasing, just as what was observed in the 
experiments (Fig. 4a). Unlike VO2, where the dimerization and 
off-axis zigzag displacement of V–V pairs induced a Peierls-
like gap at the Fermi level across the metal-insulator transition 
(MIT), no gap was observed in the CDW transition of VS2 as 
shown in the DOS diagram of VS2 in Fig. 5d, in that the local V 
trimers only affect the a1g band. Furthermore, the trimerization 
of V atoms upon the CDW transition also induced a sudden 
reduction of the magnetization as observed in the inset of Fig. 
4b, which was in consistence with previous reports.25 

As well as observed in other CDW material,17,38,39 the 
electrical resistivity of VS2 still decreased along with the 
decrement of temperature, exhibiting an obviously metallic 
character. And in consideration of the always existed V trimers 
below the transition temperature, it can be concluded that the 
formed trimers only induced a small saltation on electrical 
conductivity with the metallic behavior well-kept. Meanwhile, 
the ground-states density-functional theory (DFT) calculations 
based on the atomic structural parameters were also performed 
to demonstrate the remained metallic character. The obtained 
densities of states (DOS) in Fig. 5d presented the high resides 
across the Fermi level, revealing the metallic behavior of VS2 
below the phase transition temperature, which was in 

Fig. 4    Temperature dependent electronic and magnetic 
property measurement. (a) Temperature-dependent electrical 
resistivity of VS

2
. (b) Temperature-dependent magnetization of 

 

(a) 

(b) 
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consistence with our temperature dependent resistivity 
measurement result. As it is well known, at a certain 
temperature range, the phonon scattering plays an important 
role in electronic conductivity for the metallic material. In 
consideration of the metallic character of VS2, the phonon 
scattering was reduced with the temperature going down due to 
the decreased lattice order, which was confirmed by the 
decreased σ2 of both V‒V and V‒S pairs shown in Table 1, and 
finally led to the continuously decreases of electrical resistivity 
for VS2. As a consequence, the V trimers formed during the 
structure modulation process actually influenced the electronic 
properties of VS2, while the metallic character was well-kept. 

 

Conclusions 

In conclusion, we have unveiled the fine modulation of 
atomic structure during the CDW transition in VS2 system via 
temperature-dependent in-situ XAFS spectroscopy combined 
with low temperature HRTEM technique. This structural phase 
transition can be definitely characterized by the formation of 
local V trimers with the contracted V‒V bond length of 3.11 Å, 
which constantly existed as the temperature decreases apart 
from TCDW. Meanwhile, it was clearly observed that the 
electronic properties were also modulated with a saltation on 
temperature dependent resistivity curves due to the fluctuation 
of atomic lattice. These results reveal a clear correlation 
between the dynamics of the lattice structure and electronic 
properties in VS2 system, paving the new way for deep analysis 
of the nature of electronic properties of VS2 across the CDW 
transition. 
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Fig. 5 Lattice deformation and charge-density variation across CDW transition in VS2. (a) The c-axis projected atomic view of VS2 
and their variations in the CDW ordered phase. The vanadium atoms in the normal state are in gray color, while displacements of the 
vanadium atoms are marked by red doted circle. The trimerization of vanadium atoms are depicted as red lines. (b) The side-view of 
VS2 structure along a-axis direction. (c) The calculated band diagram of VS2 structure at ground state. (d) DOS diagram of VS2 before 
and after phase transition.  
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