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ABSTRACT
AVO 3 

metavanadates (A: alkali metal) have been reported as promising inorganic white-light-emitting phosphors due to their self-activated 

broadband luminescence caused by the charge transfer transition in the VO 4 
tetrahedra. In particular, CsVO 3 

attracts much attention due to 

its highest quantum efficiency. Here, the optical and structural properties of CsVO 3 
are investigated under high pressure by a combination 

of theoretical and experimental studies. A pressure-induced structural transition from the orthorhombic to monoclinic phase is found by 

crystal structure prediction and further verified by x-ray diffraction and Raman spectroscopy measurements. The structural transition is 

accompanied by the distortion and reorientation of VO 4 
tetrahedra, resulting in an ultrabroad emission tunability both in peak position 

(from 542 to 672 nm) and full-width at half-maximum (from 158 to 194 nm) and, therefore, making CsVO 3 
present a white-light emission 

tendency after pressurization. Moreover, absorption spectra and first-principles calculations reveal a direct-indirect bandgap transition at
∼12 GPa, corresponding to the structural phase transition. These results provide new insights into the structural and optical modulation of 

metavanadate phosphor and promote the development of inorganic solid luminescent materials under pressure.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0317089

I. INTRODUCTION

Alkali metal metavanadates AVO 3 
(A = K, Rb, Cs) have been 

reported as promising white-light-emitting phosphors due to their 

self-activated broadband luminescence and good color rendering 

performance. Compared to the conventional rare earth phosphors 

and metal halide perovskites, metavanadates have the advantages 

of good chemical stability, low fabrication temperature, and low 

cost, making them attractive for solid-state lighting and display

applications. 

1–14 In particular, CsVO 3 
has attracted much atten-

tion due to its high internal quantum efficiency and wide tunability 

of emission spectra ranging from 400 to 800 nm. 

15–17 At ambient 

conditions, CsVO 3 
has an orthorhombic structure with Pbcm sym-

metry and consists of VO 4 
tetrahedral chains linked by V–O–V 

bonds. According to the molecular orbital theory, the luminescence 

of CsVO 3 
originates from the charge transfer transition of an elec-

tron from the O 2p to the V 3d orbital in the VO 4 
tetrahedra with 

Td symmetry. 

18–24 Therefore, the VO 4 
tetrahedra distortion through

J. Chem. Phys. 164, 164701 (2026); doi: 10.1063/5.0317089 164, 164701-1
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structural modulation could significantly affect the optoelectronic 

properties of CsVO 3 
.

Pressure, as a fundamental thermodynamic parameter, pro-
vides a powerful pathway to modulate the lattice symmetry and 

electronic orbitals of materials by altering their crystal and electronic 

structure. 

25–27 In earlier reports, Adams et al. studied the structure 

stability of CsVO 3 
at high pressure by synchrotron x-ray powder 

diffraction measurements up to 10 GPa; they found that CsVO 3 

shows no phase transition below 10 GPa. 

28 Meanwhile, Kourouklis 

et al. have reported that CsVO 3 
undergoes structural phase transi-

tions above 10 GPa by Raman spectroscopy measurements. 

29 They 

suggested that the structural transition is associated with the rota-
tions and distortions of the corner sharing tetrahedral chains, but the 

high-pressure crystal structure of CsVO 3 
was not resolved. In addi-

tion, there were no further experimental studies on CsVO 3 
under 

pressure, and the relevant theoretical studies were also limited to the 

ambient phase of CsVO 3 
. 

30–32 Since the luminescent properties of 

CsVO 3 
are closely related to the VO 4 

tetrahedra structures, it is nec-
essary to investigate in depth the structural phase conversion as well 

as its impact on the optoelectronic behavior of CsVO 3 
under pres-

sure. While previous studies suggested a phase transition, the crystal 

structure and its consequent impact on optoelectronic properties 

remained unknown.
Here, we carried out a systematic high-pressure study on 

CsVO 3 
under a wide pressure range of 0–20 GPa. Combining in situ 

x-ray diffraction, Raman spectroscopy measurements, and ab initio 

calculations, we identify a monoclinic Pc phase of CsVO 3 
above

∼12 GPa. This monoclinic phase is transformed from the ambient 

orthorhombic phase via the rearrangement and reconstruction of 

the VO 4 
tetrahedra. High-pressure photoluminescence (PL) mea-

surements show an ultrabroad emission tunability both in peak 

position (from 542 to 672 nm) and full-width at half-maximum 

(FWHM) (from 158 to 194 nm), corresponding to the structural 

transition process. Absorption spectra and first-principles calcula-
tions reveal that CsVO 3 

also undergoes a direct-indirect bandgap 

transition from the Pbcm to the Pc phase. These results gain a 

deep understanding about the structural and optical properties of 

CsVO 3 
under pressure and provide insights into the application of 

metavanadate phosphor at extreme conditions.

II. METHODS
A. High pressure generation

High-pressure experiments were conducted in symmetric DAC 

devices. A pair of type II-a ultra-low fluorescence diamond anvils 

with a culet diameter of 300 μm was employed to generate high 

pressure and prevent the influence of the diamond optical signal. 

The sample chamber with a diameter of ∼100 μm and a thickness 

of ∼35 μm was drilled from a T301 steel gasket. The polycrystalline 

CsVO 3 
was loaded into the sample chamber together with a small 

ruby, and the pressure was determined by the ruby fluorescence 

method. 

33 All experiments were performed at room temperature.

B. X-ray diffraction (XRD) experiments
In situ high-pressure x-ray diffraction (XRD) experiments were 

conducted at room temperature using a liquid metal x-ray diffrac-
tion instrument with a wavelength of 0.5124 Å. The instrument

parameters were calibrated with a CeO 2 
standard sample. The inte-

gration of the two-dimensional XRD patterns was processed using 

the DIOPTAS program. 

34 Rietveld refinement of the XRD patterns 

was performed using FullProf software. 

35

C. Raman scattering experiments
Raman spectroscopy measurements were performed at room 

temperature using a Princeton Instruments Acton SP2500. A laser 

with a wavelength of 488 nm and an intensity of 10 mW was 

used as the excitation light source. A 20× long-working-distance 

objective and a 1200 g mm 

−1 grating were used to collect and 

disperse the Raman signals. The spectral data recording time was 

30 s, and a 1024-pixel charge-coupled device (CCD) developed by 

Princeton was employed. The diameter of the laser spot for Raman 

measurements was ∼10 μm.

D. Photoluminescence measurements
The in situ high-pressure PL spectra were recorded by a 

home-designed spectroscopy (Gora-UVN-FL, Ideaoptics, Shanghai, 

China) with an excitation wavelength of 360 nm. An anomalous fluc-
tuation at 556 nm in the raw data was attributed to instrumental 

factors. During data processing, normalization was achieved by sub-
tracting the background and dividing the results by the maximum 

intensity value at ambient pressure.

E. UV–vis absorption measurements
In situ high-pressure optical measurements were performed 

using a UV–Vis absorption spectrometer with an exposure time of 

1.2 s at room temperature. The UV–Vis system consists of a deu-
terium lamp, a halogen lamp, an absorption optical system, and a 

CCD detector. The collected wavelength range is 250–850 nm. The 

background signals were collected from the regions without a sample 

using the same measurement parameters.

F. Crystal structure prediction
The particle swarm optimization (PSO) method within the 

evolutionary algorithm, as implemented in the Crystal structure 

AnaLYsis by Particle Swarm Optimization (CALYPSO) code, 

36–40 

was employed to search for the lowest-energy structures of CsVO 3 
. 

Unit cells containing 1–4 formula units (f.u.) were considered. 

In the initial step, random structures with specified symmetries 

were generated, with atomic coordinates determined by crystallo-
graphic symmetry operations. Local structural optimizations were 

performed using the Vienna ab initio Simulation Package (VASP) 

code with the conjugate gradient method and were terminated when 

the change in Gibbs free energy fell below 1 × 10 

−5 eV per cell. After 

evaluating the first generation, 60% of the structures with the lowest 

Gibbs free energies were selected to produce the next generation via 

PSO, while the remaining 40% were randomly generated to main-
tain structural diversity. A structure fingerprinting technique based 

on a bond characterization matrix was applied to eliminate dupli-
cates, ensuring that identical structures were strictly excluded. This 

approach greatly enhances structural diversity, which is critical for 

the efficiency of global structure searches.

J. Chem. Phys. 164, 164701 (2026); doi: 10.1063/5.0317089 164, 164701-2
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G. First-principles calculations
Structural relaxations and electronic structure calcu-

lations were performed within the framework of density 

functional theory (DFT), 

41 as implemented in the VASP. 

42,43 

The exchange–correlation interactions were treated using 

the Local-Density-Approximation (LDA), 

44 and the projector 

augmented-wave (PAW) method 

45 was employed to describe the 

electron–ion interactions. The valence electrons included in the 

calculations were Cs (5s 

2 5p 

6 6s 

1 ), V (2p 

6 3d 

4 4s 

1 ), and O (2s 

2 2p 

4 ). A 

plane-wave cutoff energy of 600 eV was used for all calculations. 

The Brillouin zone was sampled using Monkhorst–Pack 

46 k-point 

grids of 9 × 4 × 8 and 10 × 7 × 13 for the Pbcm and Pc phases, 

respectively. Structural optimizations were performed until the 

total energy and atomic forces converged to within 10 

−7 eV and 

0.001 eV/Å, respectively. Phonon dispersion relations were com-
puted using the finite-displacement method with a 2 × 2 × 3 

supercell, as implemented in the PHONOPY package. 

47

III. RESULTS AND DISCUSSION
A. High-pressure structure prediction of CsVO 3 

using 

CALYPSO method
We first clarify the structural phase transition of CsVO 3 

under 

pressure. In order to determine the high-pressure structure, we have 

performed crystal structure prediction by using CALYPSO in the 

pressure range of 0–20 GPa. The calculations indicate that the most 

stable structure above 12.0 GPa is a monoclinic structure with Pc 

(No. 7) symmetry, and the relative enthalpy between the Pc phase 

and the Pbcm phase is shown in Fig. 1(e). The underlying structural 

transition process can be understood through the crystal structure 

diagrams of CsVO 3 
in different phases, as shown in Figs. 1(a)–1(d). 

From the Pbcm phase toward the Pc phase, the angle between two 

adjacent VO 4 
tetrahedra significantly decreases, resulting in a drastic 

twisting of the tetrahedral chain [Figs. 1(a) and 1(b)]. Meanwhile, the 

tetrahedra are deformed due to the symmetry conversion, lengthen-
ing certain V–O bonds toward an asymmetric tetrahedral structure

[Figs. 1(c) and 1(d)]. As a result, the new monoclinic Pc phase is 

achieved via the rearrangement and reconstruction of the VO 4 
tetra-

hedra. To confirm the dynamical stability of the predicted structure, 

we also calculated the phonon band and partial density of states 

(PDOS) in Pc symmetry at 16 GPa. The absence of imaginary fre-
quencies indicates that the Pc phase is dynamically stable under high 

pressure [Fig. 1(f)].

B. High-pressure structure verification by XRD 

and Raman spectroscopy
To verify the structural phase transition in experiments, we 

conducted high-pressure in situ XRD measurements on CsVO 3 
via 

a diamond anvil cell up to 20 GPa. Figure 2(a) shows the powder 

diffraction patterns under various pressures. At ambient pressure, 

all the diffraction peaks can be indexed to the orthorhombic Pbcm 

structure [Fig. 2(b)]. With increasing pressure to 12.5 GPa, obvi-
ous changes are observed in the XRD patterns as two initial peaks 

at 7 

○ –8 

○ disappeared and a new notable diffraction peak appeared at
∼11 

○ , suggesting that a new high-pressure phase was produced. One 

can notice that the high-pressure phase has showed a slight sign at
∼6 GPa, marked by the left shoulder of the initial peak at 11.3 

○ , but 

its proportion is too small to be identified from the ambient XRD 

patterns. As the pressure increased, the shoulder peak gradually 

strengthened and shifted toward lower angles, eventually becom-
ing a new prominent peak at 12.5 GPa. Meanwhile, another new 

diffraction peak emerged around 12 

○ and gradually shifted to higher 

angles above 12.5 GPa. Therefore, we consider the phase transition 

pressure to be 12.5 GPa thereafter. Note that the calculated enthalpy 

crossing predicts the phase transition at 12.0 GPa, while our exper-
imental observations become unequivocal at 12.5 GPa. This slight 

discrepancy is common and can be attributed to the experimental 

pressure gradient. Based on our predicted monoclinic Pc struc-
ture at high pressure, we further performed Rietveld refinements 

on the experimental XRD data at 15.7 GPa. As shown in Fig. 2(b), 

the experimental and calculated XRD patterns are in good agree-
ment, which confirms the reliability of the predicted structure. The

FIG. 1. Crystal structures of CsVO 3 

in (a) Pbcm phase at 0 GPa and (b) Pc phase at 16 GPa. Polyhedral views of the VO 4 

tetrahedra in the (c) Pbcm and (d) Pc phases. 

(e) Relative enthalpy between the Pbcm and Pc phases as a function of pressure: the enthalpy of the Pbcm phase is set as the basis. (f) Phonon band and partial density 

of states (PDOS) for the Pc phase at 16 GPa.

J. Chem. Phys. 164, 164701 (2026); doi: 10.1063/5.0317089 164, 164701-3
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FIG. 2. Characterization of structural phase transition under high pressure. (a) XRD patterns of CsVO 3 

under various pressures. The x-ray wavelength λ = 0.5124 Å. (b) 

Rietveld refinements of the XRD patterns at 0 and 15.7 GPa by using Pbcm and Pc structures. (c) and (d) Raman spectra of CsVO 3 

under various pressures up to 20.5 GPa. 

The 

∗ symbol denotes new peak formation.

experimental and calculated lattice parameters for both the Pbcm 

and Pc phases are listed in Table I (details on atomic coordinates 

are given in Table S1), compared to available experimental data. 

14,48 

In order to gain a deeper understanding of the structural 

evolution and lattice dynamics of CsVO 3 
under high pressure, in 

situ Raman spectroscopy measurements were also conducted. Fig-
ures 2(c) and 2(d) present the Raman spectra of CsVO 3 

under 

various pressures up to 20.5 GPa. At ambient conditions, 23 Raman 

modes are detected in the frequency range of 0–1100 cm 

−1 , con-
sistent with the reported Raman data. 

49 According to the previous 

group analysis, the ambient Raman modes can be divided into five 

different types of vibrational modes. The modes at 0–200 cm 

−1 

arise from the lattice modes; the modes at 200–400 cm 

−1 corre-
spond to the chains’ deformations and the ρr, ρw, and ρτ modes 

of the VO 2 
groups; the mode at 473 cm 

−1 represents the δ(VO 2 
)

TABLE I. Experimental lattice parameters at 0 GPa for the Pbcm phase and at
15.7 GPa for the Pc phase, compared to the reported experimental data [14, 48] 

at 0 GPa and our calculated data at 16 GPa.

Structure Method a (Å) b (Å) c (Å) β ( 

○ ) P (GPa)

Pbcm
Expt. 5.458 12.404 5.851 90.00 0.0

Expt.14 5.413 12.291 5.806 90.00 0.0
Expt.48 5.393 12.249 5.786 90.00 0.0

Pc Expt. 6.084 6.199 5.963 143.92 15.7
Cal. 7.107 6.088 5.663 144.15 16.0

mode; the modes at 600–900 cm 

−1 stem from the ν(V–O–V) bonds; 

and the modes above 900 cm 

−1 stem from the ν(V=O) motions 

in individual VO 4 
tetrahedra. 

29,49 Detailed Raman frequency and 

assignment are shown in Table S2 and Fig. S1. With increasing pres-
sure to 12.5 GPa, new Raman modes are observed in all frequency 

ranges and accompanied by the disappearance of some strong initial 

modes, suggesting the occurrence of a structural phase transition. 

Specifically, several close peaks in 0–200 cm 

−1 gradually merged, 

and a new mode emerged at 146 cm 

−1 , which should be related 

to the lattice distortion. The modes at 200–600 cm 

−1 show a more 

drastic change at 12.5 GPa. All peaks in this range were extremely 

weakened and almost disappeared, while a new mode at 296 cm 

−1 

appeared, indicating a disorder of the initial chain structure. Mean-
while, two prominent peaks at 658 and 956 cm 

−1 appeared in the 

high-frequency region, further indicating that the V–O–V bonds 

in the chain skeleton are severely twisted and the VO 4 
tetrahedra 

are distorted. It is worth noting that the 956 cm 

−1 mode splitting 

from the strongest peak has shown up at ∼7 GPa, which corresponds 

to the emergence of a shoulder peak at 11.3 

○ in the XRD pattern 

and implies that the VO 4 
tetrahedra may start to distort slightly 

at ∼7 GPa, while the chain rearrangement with symmetry conver-
sion is triggered at 12.5 GPa. When the pressure exceeds 12.5 GPa, 

the Raman peaks significantly weaken with increasing pressure and 

become almost undetectable at 20.5 GPa. It could be attributed to 

the structural transition that disrupts the distribution and coher-
ence of the collective Raman modes, thereby leading to a decrease 

in intensity of the Raman scattering peaks. As a result, we can see 

that the changes of Raman modes under pressure agree well with the

J. Chem. Phys. 164, 164701 (2026); doi: 10.1063/5.0317089 164, 164701-4
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XRD data and prove the structural transition process of CsVO 3 
from 

Pbcm to Pc symmetry.

C. Optical properties of CsVO 3

We next investigated the optical properties of CsVO 3 
under 

pressure. Figure 3(a) shows the PL spectra of CsVO 3 
up to 20.5 GPa 

excited by a 360 nm laser, and the detailed PL peak positions as a 

function of pressure are plotted in Fig. 3(b). The ambient PL spec-
tra were found to have a broad emission band with a maximum at 

∼542 nm. Upon compression, the PL peak position remains almost 

unchanged at pressures below 6.8 GPa, followed by a successive 

red shift from 542 nm (6.8 GPa) to 672 nm (13.2 GPa). Afterward, 

the PL peak exhibits a tiny blue shift with further increasing pres-
sure above 13.2 GPa. Meanwhile, the full-width at half-maximum 

(FWHM) shows a continuous increase above 6.8 GPa, ranging from 

158 nm (6.8 GPa) to 194 nm (above 13.2 GPa). The luminescent 

colors of CsVO 3 
under pressure are represented using the Com-

mission internationale de l’éclairage (CIE) chromaticity diagram as 

shown in Fig. 3(c). The chromaticity coordinate at ambient pressure 

is located in the yellow-green region (0.3436, 0.4661). As the pres-
sure increases, the CIE coordinates change toward the white region, 

corresponding to the broadened PL spectra at high pressure. Based 

on the XRD and Raman results, we can see that the luminescence 

evolution is quite consistent with the structural transition process.

The red shift and broadening of the PL peak starting at 6.8 GPa coin-
cide with the emergence of the high-pressure Pc phase. While the 

redshift and broadening behavior finish at 13.2 GPa, the PL response 

changes to a white-light emission band, corresponding to the com-
pletion of the structural phase transition. It has been demonstrated 

above that the structural transition from the Pbcm to Pc phases is 

accompanied by the distortion of VO 4 
tetrahedra. Therefore, the 

luminescence evolution of CsVO 3 
can be attributed to the breaking 

of T d 

symmetry in VO 4 
tetrahedra.

D. Energy band structure of CsVO3 under pressure
Figure 4(a) shows the ultraviolet–visible (UV–vis) absorption 

spectra at various pressures up to 20 GPa. A red shift of the absorp-
tion edge can be observed upon compression, consistent with the PL 

measurement results in Fig. 3. From 0.5 to 11.2 GPa, CsVO 3 
exhibits 

a sharp absorption edge, corresponding to a direct bandgap semi-
conductor. With increasing pressure above 12.1 GPa, the absorption 

spectra change significantly toward a gentle-slope shape, suggesting 

a direct-indirect bandgap transition. 

50 According to the Tauc plot 

analysis, 

51,52 the bandgap width of CsVO 3 
under different pressures 

can be obtained by extrapolating the linear region of (αhν) 

1/n vs hν, 

as shown in Fig. 4(b) and the insets, where α is the absorption coef-
ficient, hν is the photon energy, n is equal to 1/2 for direct bandgap

FIG. 3. (a) Pressure-dependent PL spectra of CsVO 3 

under laser excitation of 360 nm. (b) The emission peak positions of CsVO 3 

as a function of pressure. (c) CIE 

chromaticity diagram of CsVO 3 

at different pressures.

J. Chem. Phys. 164, 164701 (2026); doi: 10.1063/5.0317089 164, 164701-5
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FIG. 4. (a) UV–vis absorption spectra of CsVO 3 

under pressure. (b) Bandgap energy of CsVO 3 

estimated from the absorption spectra in the UV region as a function of 

pressure. (c) and (d) Calculated energy band structures and density of states for the Pbcm phase at 0 GPa and for the Pc phase at 16 GPa. (e) Optical images of CsVO 3 

during compression and decompression.

semiconductors and equal to 2 for indirect bandgap semiconduc-
tors. At ambient pressure, the direct bandgap width of CsVO 3 

is 

estimated to be 3.23 eV, consistent with the previous studies. 

13,30 As 

the pressure increases, the direct bandgap width decreases slightly 

from 3.23 to 2.73 eV within the pressure range below 11.2 GPa. 

When the pressure increases to 12 GPa, CsVO 3 
transforms into an 

indirect bandgap semiconductor accompanied by a rapid decrease 

in bandgap width from 2.73 to 1.13 eV, which corresponds to the 

structural transition from the Pbcm to the Pc phase. Afterward, 

the indirect bandgap width gradually increases with further com-
pression up to 20 GPa, suggesting a stabilization of the electronic 

structure in the high-pressure Pc phase. In addition, a remarkable 

piezochromic behavior can be observed through the optical micro-
graphs of CsVO 3 

under pressure, as shown in Fig. 4(e). At ambient 

pressure, CsVO 3 
exhibits a pale-yellow body color. As pressure 

increases, the color gradually changes to orange-red and even to 

deep red at 15 GPa. Upon decompression, the sample is restored 

to the initial color with a hysteresis process, indicating that the 

piezochromism is reversible.
Based on the ambient-pressure Pbcm structure and the high-

pressure Pc structure, we further calculated the energy band struc-
tures and density of states (DOS) of CsVO 3 

at 0 and 16 GPa. The 

calculation results demonstrate a direct bandgap width of 3.03 eV at 

0 GPa and an indirect bandgap width of 1.61 eV at 16 GPa [Figs. 4(c) 

and 4(d)]. The calculated bandgaps are slightly lower than the exper-
imental values, which is consistent with the known underestimation 

tendency of the LDA functional. However, the calculations correctly 

capture the direct-to-indirect transition, confirming the electronic 

structure modification across the phase transition. On the other 

hand, the DOS shows that the valence band maximum (VBM) is

mainly contributed by the O 2p electrons, while the conduction band 

minimum (CBM) is contributed by the V 3d electrons. The CBM 

is more susceptible to the phase transition and changes significantly 

under pressure, so the bandgap width of CsVO 3 
is mainly dominated 

by the CBM changes upon compression.

IV. CONCLUSION
In summary, we investigated the crystal structure and opti-

cal properties of CsVO 3 
under pressure up to 20 GPa. Combining 

in situ x-ray diffraction, Raman spectroscopy measurements, and 

ab initio calculations, we identified a pressure-induced structural 

transition in CsVO 3 
from the orthorhombic Pbcm phase to a mono-

clinic Pc phase at ∼12 GPa. The structural transition is accompanied 

by the distortion and reorientation of VO 4 
tetrahedra, resulting in 

an ultrabroad emission tunability both in peak position (from 542 

to 672 nm) and FWHM (from 158 to 194 nm). Absorption spectra 

and first-principles calculations revealed that CsVO 3 
also undergoes 

a direct-indirect bandgap transition at ∼12 GPa, corresponding to 

the structural phase transition. These findings establish the relation-
ship between structural transition and optical properties in CsVO 3 

and expand our understanding of metavanadate phosphor under 

pressure.

SUPPLEMENTARY MATERIAL

See the supplementary material for the calculated lattice para-
meters and atomic coordinates for both the Pbcm and Pc phases, the 

Raman spectra, frequencies, and assignment of CsVO 3 
at ambient 

pressure.
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