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Abstract:

Density functional theory plus Hubbard U (DFT+U) methodology was used to calculate the 
structures and energetic landscapes of CeSiO4, including its stetindite and scheelite phases from 
ambient pressure to ~24 GPa. To ensure accurate simulations of the high-pressure structures, 
assessments of strain-stress methods and stress-strain methods were conducted in prior, with the 
former found to have a better agreement with the experimental result. From DFT calculations the 
equation of states (EOS) of both stetindite and scheelite were further obtained, with the fitted bulk 
moduli being 182(2) GPa and 190.0(12) GPa, respectively. These results were found to be 
consistent with the experimental values of 177(5) GPa and 222(40) GPa. Furthermore, the 
calculated energetics suggest that the stetindite structure is more thermodynamically stable than 
the scheelite structure at a pressure lower than 8.35 GPa. However, the stetindite  scheelite phase 
transition was observed experimentally at a much higher pressure of ~15 GPa. A further phonon 
spectra investigation by the density functional perturbation theory (DFPT) indicated the mode 𝐸1

𝑔 
is being softened with pressure and becomes imaginary after 12 GPa, which is a sign of the lattice 
instability. Consequently, it was concluded that the stetindite  scheelite transition is 
predominantly initiated by the lattice instability under high-pressure.  

Keywords: Zircon, Stetindite, Phase Transition, Softened Phonon, Lattice Dynamics, High-
Pressure, Thermodynamics 
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Introduction 

Minor actinides in the radioactive waste, including neptunium (Np), plutonium (Pu), americium 
(Am) and curium (Cm), pose substantial challenges in terms of their long-term management and 
secure disposal due to their long half-life, high radiotoxicity and biotoxicty.1-3 In the United States, 
there are two primary resources of actinide radioactive waste: (i) the spent nuclear fuel (SNF) from 
nuclear power plants (NPPs). Typical nuclear power plant (NPP) generating ∼1 GW-e per year 
produces ∼25 tonnes of SNF are produced by NPP generating ∼1 GW-e per year.4 The US is 
following a ‘once-through’ processing policy, which means the residue uranium (U), Pu and other 
minor actinides are not reprocessed and retried from the SNF, all these actinides will be solidified 
and directly disposed in the future deep geological site. In countries with reprocessing and nuclear 
fuel cycle policies, like France, the PUREX process is utilized, in which process the U and Pu is 
extracted, and minor actinides from the 1st cycle 1AW raffinate is vitrificated and will be disposed 
in deep geological site;5 (ii) the significant accumulation of plutonium by the US nuclear weapon 
program from World War II to cold war.6 The weapon grade plutonium does not only raise 
environmental issues but also non-proliferation concerns.7-9 It is crucial to safely dispose the 
radioactive waste and isolate them out of any biospheres. Various forms, including glasses, 
ceramics, and glass-ceramics forms have been proposed to enclose the spent nuclear fuel or high-
level waste (HLW).10, 11 Among them, ceramic form has been highly recommended for actinide 
immobilization, especially the fluorite-related structure (cubic zirconia, pyrochlore, zircon, 
murataite etc.).4 Actinide orthosilicates (AnSiO4, where An = Th-Am),12, 13 possessing the zircon 
structure (space group I41/amd, as in Fig. 1), have emerged as a promising candidate matrix for 
immobilizing minor actinides due to its remarkable attributes, such as minimal chemical reactivity, 
low solubility, and robust resistance to radiation-induced damage.2, 14-17 Additionally, aside from 
its role as a nuclear waste disposal matrix, zircon-structured phase is also being considered as an 
alteration form during the long-term nuclear waste storage.18 Most actinide nuclei and the decay 
daughter nuclei have long half-lives, such as T1/2, Pu-241 = 14.4 years and it’s second daughter nuclei 
T1/2, Np-237 = 2.1 million years.19 In such a long timescale, minor actinides in the deep geological 
site may get leached from the host matrix and contact with the silica in the back-filled clay and 
geological barrier of granite, hence could trigger the formation of zircon.  It is also evidenced that 
zircon-structured phases have been found in the nuclear accident sites,1, 20-23 from the high 
temperature-pressure reaction of actinides with the natural abundant silica-minerals (e.g. quartz). 
To ensure the secure nuclear waste disposal over extended periods, it is essential to understand its 
stability, structural behavior, and transformation mechanisms under extreme conditions.24

More recently, DFT calculation revealed that the phase transformation mechanism of coffinite 
(USiO4) is governed by both the thermodynamic and lattice instability factors: enthalpy of the 
scheelite-type USiO4 becomes lower than the coffinite phase at around 16 GPa25 and the B2u silent 
mode becomes imaginary at around 12.5 GPa26 aligning well with the experimental phase 
transition pressure observed at around 15 GPa.25 However, there is less research on CeSiO4 
stetindite, especially on the theoretical side27, 28, with only one study present in the literature.29 To 
date, there is only one experimental study of CeSiO4 under high pressures.30 In practice, stetindite 
(CeSiO4) can be served as a suitable analogue17,31 to PuSiO4 due to the inherent challenges 
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associated with handling plutonium and synthetic challenges to acquire pure phase of PuSiO4, a 
radioelement with high specific activity, as cerium carries both +3 and +4 charges and exhibits 
similar ionic radii to plutonium, allows for more manageable experimentation.32-35 In situ high-
pressure Raman spectroscopy experiments and synchrotron X-ray diffraction have revealed that 
phase transition of stetindite differs from coffinite. Stetindite undergoes a phase transition to a 
newly characterized high-pressure low-symmetry (HPLS) polymorph (space group: I4̅2d) at 
approximately 15 GPa.30 This transition results from slight rotational and torsional adjustments in 
the SiO4 and MO8 polyhedral within the zircon structure.36 Further compression to 18 GPa leads 
to a transition to a scheelite structure type (space group: I41/a, as in Fig. 1).30 However, a 
fundamental question remains unanswered: is the phase transition governed by enthalpy or lattice 
instabilities or both of them?

    stetindite (I41/amd)                scheelite (I41/a)

Figure 1 Crystal structures of the stetindite phase (I41/amd), and the high-pressure scheelite phase (I41/a). 
The yellow polyhedral is the octahedron from Ce-O and the blue polyhedral is the tetrahedron from Si-
O. In the stetindite phase, the Ce-O octahedron is sharing edge with the Si-O tetrahedron, while in the 
scheelite phase, the Ce-O octahedron is sharing corner with the Si-O tetrahedron.

This paper extends the scope of lattice dynamics studies and provides a comprehensive analysis of 
the phonon spectra phases, with a specific focus on the properties of the soft mode. Employing 
first-principles calculations, the structural and dynamic properties during the phase transition from 
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stetindite to scheelite were delved into. Pressure is applied using a strain-stress method, and 
phonon-dispersion curves are obtained through density functional perturbation theory (DFPT) 
methodology. The calculation methods will be presented in the Methodology section. The external 
pressure simulation and crystal structural evolution under varying pressures, with their 
corresponding phonon dispersion curves will be discussed in the Results and Discussion section. 

II.  Methodology

Periodic DFT+U calculations were performed by using Vienna Ab initio Simulation Package 
(VASP) 5.4.4.37-40 Generalized gradient approximation (GGA) approximation was used for the 
exchange-correlation function, and projector-augment wave (PAW) pseudopotentials were used 
for the core electrons.41, 42 GW-PAW potentials was selected based on initial testing with various 
pseudopotentials. This pseudopotential with GW approximation, introduced by VASP, can be 
applicable in both DFT and GW calculations to deliver highly accurate results. The selection of 
GW-PAW potentials demonstrated a volume discrepancy of merely 2% to 2.5% compared with 
experimental data, which is well within the acceptable error range for DFT calculations in the 
VASP framework. The valence electrons of cerium, silicon, and oxygen were respectively set as 
5s25p64f15d16s2, 2s22p63s23p2, and 2s22p4. The 2s electrons of silicon were also regarded as valence 
electrons. Cutoff energy was set to be 700 eV, and this high energy cutoff value is more 
computationally expensive, but it ensured the accuracy to represent the role of electrons under 
high-pressure. The strong on-site repulsion force of highly localized cesium 4f electrons 
necessarily needs to be considered in the compacted high-P structure, hence an effective Hubbard 
U of 4.0 eV was set for 4f electron.43 In ionic and electronic optimization steps, total energy was 
converged to 1×10-5 eV and force between ions was converged to 1×10-4 eV Å-1. Sampling mesh 
in Brillion zone was set to be 7×7×7 based on convergence study. All the calculations were 
performed at nearly 0 K, and the acquired lattice constants and enthalpy maybe different with 
measured results in experiments. The thermal expansion at high temperate, and anharmonic 
vibrational behavior could all make the measured lattice constant differ from DFT+U results. The 
approximation in the treatment of electron-electron interaction (e.g. exchange-correlation 
functional) and neglection of zero-point vibrations at 0 K will also make the computed enthalpy 
values be a bit different with the real case. In this work, DFT results are always compared with 
available experimental results, and also make complement to the experiments by providing insights 
which is hard to be measured, such as the thermodynamic properties at high-pressure.

The density functional perturbation theory (DFPT) in the harmonic approximation in the 
PHONOPY package was applied to compute the phonon modes.44-47 DFPT is a methodology that 
builds upon DFT, which perturbs the atomic positions from their equilibrium positions along 
symmetry-unique directions.44 The energy and restoring force are calculated employing VASP and 
are used for subsequent processing in PHONOPY for calculations of corresponding force constants. 
A 2×1×1 supercell was used throughout the calculations to avoid unphysical self-interaction of the 
perturbated atoms due to the periodic conditions. Only the vibrations at the Γ-point of the Brillouin 
(i.e., q = 0) was considered for the assignment of irreducible representations to each mode at the 
center of the Brillouin zone according to the character table of the underlying point group which 
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the structure belongs to, i.e. D4h (4/mmm) for zircon.48 And the eigenmodes were assigned by the 
comparison based on previous research of ZrSiO4 and USiO4 at ambient condition.25, 26, 49, 50 

To apply an external hydrostatic force to the system, two computational techniques can be used. 
The first method is the strain-stress approach, where lattice parameters are adjusted, and the 
induced Hellmann–Feynman force serves as the hydrostatic force.51, 52 To create a uniaxial 
hydrostatic pressure by strain-stress method, the strain tensor needs to be diagonal. A new unit cell 
is built upon a hydrostatic pressure as equation (1):

A′ = A·𝜀𝑖𝑗 =  [𝑎 0 0
0 𝑎 0
0 0 𝑐][1 ― 𝛿 0 0

0 1 ― 𝛿 0
0 0 1 ― 𝛿′] = [(1 ― 𝛿)·𝑎 0 0

0 (1 ― 𝛿)·𝑎 0
0 0 (1 ― 𝛿′)·𝑐]#(1)

Where A’ and A matrix contain the cell lattice vectors in Cartesian form,   is the diagonal strain 𝜀𝑖𝑗
tensor.53 

Besides the diagonal components, all the other values in the strain tensor are kept as zero to 
eliminate the shear stress.  The stress force is calculated by the first derivatives of energy with 
respect to the strain by equation (2),

𝜎𝑖𝑗 =  
1
𝑉 

∂𝐸
∂𝜀𝑖𝑗

 #(2)

Where E is energy, and the  is the stress tensor. 𝜎𝑖𝑗

In VASP 5.4.4, the stress tensor is computed following the Fellman-Feynman theorem52, 54 and 
can be directly read from the output files by the convention of , where i runs from 1-6 following 𝜎𝑖
the notation of xx, yy, zz, yz, xz, xy.55 Hence, in VASP 5.4.4, the stress tensor can be expressed 
as equation (3):

[𝜎11 𝜎12 𝜎13
𝜎12 𝜎22 𝜎23
𝜎13 𝜎23 𝜎33

] = [𝜎1 𝜎6 𝜎5
𝜎6 𝜎2 𝜎4
𝜎5 𝜎4 𝜎3

] =  [𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧
𝜎𝑥𝑦 𝜎𝑦𝑦 𝜎𝑦𝑧
𝜎𝑥𝑧 𝜎𝑦𝑧 𝜎𝑧𝑧

] #(3)

In all the calculations, by adjusting the external strain  and ’ in equation (1), only the diagonal 𝛿 𝛿
components of the stress tensor ,  and  are kept-non-zero, and the difference of each 𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑧𝑧
stress is within 1%. The final hydrostatic pressure scalar is obtained as the trace of the matrix 
divided by three, as shown in equation (4):

𝜎𝑖 =  ― 𝑃𝜀𝑖#(4)

Hence the calculation of the diagonal stress tensor makes the pressure P and the enthalpy H = E + 
PV accessible.56 The unit cell was systematically compressed and expanded, with identical 
structures from both methods and further confirmed by the material's consistent return to 
equilibrium positions after random atomic perturbations (Fig. S1).
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The second method is the stress-strain approach, which employs Pulay stress to affect the system, 
permitting volume relaxation. To ensure the accuracy of the Pulay stress-relaxed structure, a 
secondary relaxation of the lattice was carried out, followed by energy calculations using the 
tetrahedron method (the whole flow-chart is shown in Fig. S2).54 

III.  Results and Discussion

3.1 High-Pressure Structures and Enthalpies

A comparison of these two methodologies was conducted to assess the precision of both the strain-
stress and stress-strain methods and is shown in Fig. S3. It is shown that the strain-stress method 
better approximates the experimental volumes under high-pressure, despite minor disparities 
between the two methods. The simulation also extends the stetindite structure beyond the phase 
transition at approximately 10 GPa, after which pressure the stetindite phase is not trackable by 
experiments. This enables us to investigate the underlying mechanism of stetindite instability 
beyond 10 GPa. Nevertheless, a noticeable discrepancy emerges in the energy calculation of about 
70 kJ/mol. Considering the strain-stress method is more accurate in the structural aspect, the 
enthalpy values derived from strain-stress method was chosen for further analysis. Enthalpy values 
are determined as H = U + PV, and the results from both methods exhibit substantial similarity. 
Internal energy values encompass energies from the eigenvalues of the static Schrodinger equation, 
incorporating potential energy components such as electrostatic (alpha Z and Ewald energy), 
Hartree, and exchange-correlation energies.57 The external work is calculated as P × V, with P 
derived from the generated Hellmann-Feynman force or set Pulay stress. 

After the tests, the strain-stress method was selected due to its high accuracy. The computed unit 
cell parameters and enthalpy values for stetindite and scheelite are summarized in Tables 1 and 2, 
respectively. The pressure dependence of computed unit cell volumes for two CeSiO4 phases, in 
comparison with experimental values, were shown in Fig. S3. Both the experimental and simulated 
values were fitted using the second-order Birch–Murnaghan equation of state (BMEOS), as shown 
in the equation (5) below:58

𝑃 =  
3𝐾0

2  [(𝑉0

𝑉 )
7
3

― (𝑉0

𝑉 )
5
3]#(5)

Here V0 represents the zero-pressure unit cell volume, V is the cell volume at a given pressure (P), 
and K0 denotes the bulk modulus. The fits were carried out using the EosFit7 software, which 
offers the option to incorporate the uncertainties of the data points in the fitting process.59 

The DFT calculations for stetindite produced EOS closely matching the experimental values, as 
the calculated zero-pressure unit cell volume and bulk modulus for stetindite are 306.1(2) A3 and 
182(2) GPa, respectively, consistent with the experimental values of 300.4(2) A3 and 177(5) GPa. 
The fitted curve also displayed similar convergence, affirming the agreement. Conversely, the 
calculations for scheelite yielded a zero-pressure unit cell volume of 277.5(10) A3 and a bulk 
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modulus of 190.0(12) GPa. The EOS fitting for the calculated values differ slightly from the 
experimental ones, which are 276(3) A3 and 222(40) GPa. The bulk modulus from the 
experimental results fitting is larger than the fitted result from the calculations, also carrying a 
larger error, which could be due to the scattered nature of the experimental data at high-pressure 
ranges. These can be seen from the divergence between the fitted curves for scheelite based on the 
calculated and experimental results. 

Table 1 Unit cell parameters and enthalpy values of stetindite under high pressures up to ~24 
GPa.

simulated pressure / GPa a / Å c / Å volume / Å3 enthalpy / kJ·mol-1

-0.23 7.06 6.27 312.52 -4750.34

4.11 6.98 6.24 304.19 -4548.21

8.37 6.92 6.21 297.30 -4354.78

12.45 6.87 6.18 291.39 -4173.61

16.05 6.82 6.16 286.76 -4016.59

19.88 6.78 6.13 282.21 -3852.28

23.98 6.74 6.11 277.74 -3678.80

Table 2 Unit cell parameters and enthalpy values of scheelite under high pressures up to ~24 
GPa.

simulated pressure / GPa a / Å c / Å volume / Å3 enthalpy / kJ·mol-1

0.09 4.95 11.22 274.61 -4696.45

3.57 4.92 11.12 269.49 -4551.13

7.55 4.90 11.02 264.40 -4388.18

12.44 4.86 10.95 258.91 -4191.90

15.87 4.84 10.88 255.33 -4056.79

20.08 4.82 10.82 251.27 -3893.52

23.94 4.80 10.75 247.80 -3746.39
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Figure 2 (A) Pressure-volume relationships of CeSiO4 stetindite and scheelite CeSiO4. The dashed lines 
are fitting results by the second-order Birch-Murnaghan EOS fitting. Gray or red circle symbols are the 
results from DFT calculations, and gray or red triangle symbols are experimental values from 
synchrotron Rietveld refinement of synchrotron XRD.30 The experimental data owns some statistical 
tolerance from the refinements, and the DFT approach is a deterministic approach, hence has no 
statistical errors. (B) Enthalpic landscape of stetindite and scheelite CeSiO4.

The calculated enthalpy results are presented in Fig. 2(B). The difference in enthalpy suggests that 
scheelite is the energetically more favorable phase under high pressure, with the phase transition 
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pressure around 8.35 GPa (lower than the experimental value30). Even scheelite is more 
thermodynamic stable above 8.35 GPa, but this phase was not observed during the experiment. It 
is therefore hypothesized that there are two possible reasons for the difference in transitional 
pressure: (i) The activation energy barrier of the transition is higher than the enthalpy difference 
between stetindite and scheelite, and thus it requires higher pressure to surpass, (ii) The stetindite 
phase above 8.35 GPa could be thermodynamically metastable but kinetically stable, so the 
stetindite structure can be retained to a certain extent in pressure during experiment. Thirty random 
perturbation tests were conducted to test the hypothesis. The atoms are randomly perturbated by -
0.1 – 0.1 Å from its equilibrium position under 8 GPa, and it was found the atoms relaxed back to 
the original position all the time. The perturbation result indicated the stetindite structure may be 
dynamically stable, otherwise the atoms could not remain in place. On the other hand, this random 
perturbation was also intended to initially test if the phase transition could be a first-order phase 
transition, which process stochastically displaced atoms and the redistribution of atoms. However, 
by thirty random displacements, the structure maintained, which is consistent with the observation 
of an HPLS phase in the experiment that indicates a second-order phase transition or a diffusional 
transformation. Overall, the enthalpy cross-check point between stetindite and scheelite occurs at 
around 8.35 GPa, indicating that the scheelite phase is thermodynamically more stable than the 
stetindite phase beyond this pressure. However, the absence of a phase transition at this pressure 
suggests that it is not enthalpically driven and may involve lattice dynamics. Further evaluation of 
the phonon spectrum was conducted to gain a better understanding of the lattice dynamics.

3.2 High-Pressure Phonon Spectra 

Page 9 of 16 Dalton Transactions



Figure 3 Phonon dispersion spectra of stetindite CeSiO4 under different pressures.

The phonon spectra are displayed in Fig. 3, which arise from the 12 atoms within the primitive cell 
and give rise to a total of 36 vibration modes, encompassing 3 acoustic modes and 33 optical modes. 
The normal modes for stetindite (belonging to space group I41/amd, point group D4h) can be 
represented as follows:

Γ𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 = 𝐸𝑢 +  𝐴2𝑢 #（5）

Γ𝑜𝑝𝑡𝑖𝑐 = 2𝐴1𝑔 +  𝐴2𝑔 +  𝐴1𝑢 +  3𝐴2𝑢 +  4𝐵1𝑔 +  𝐵2𝑔 +  𝐵1𝑢 +  2𝐵2𝑢 +  4𝐸𝑢 +  5𝐸𝑔 #（6）

The frequency-wavenumber dispersion curves were calculated through the high symmetry path 𝛤
, which are respectively representing the points of  (0, 0, 0),  (0, 0, 1/2), ― 𝑋 ― 𝑃 ― 𝛤 ― 𝑀 ― 𝑁 𝛤 𝑋

 (1/4, 1/4, 1/4),  (-1/2, 1/2, 1/2) and  (0, 1/2, 0).50 There are roughly two ranges in the curves, 𝑃 𝑀 𝑁
which are corresponding to the Ce-O motions (0 to ~17.5 THz) and Si-O motions (25 THz to 32 
THz). The lowest three ones are the three lattice waves. This energy range agreed with previous 
calculations with zircon ZrSiO4, thorite ThSiO4 and coffinite USiO4.26, 49, 58, 60-62 Given the iso-
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structural fact between coffinite and stetindite, as well as the analogous trends observed in their 
phonon dispersion curves, the eigenmodes in stetindite were identified through a comparison with 
previous DFT calculations on coffinite. Specifically, modes with similar energetic order and 
dispersion curve shapes were identified as the same modes. However, it is worth mentioning the 
discrepancies in previous computational and experimental studies regarding the assignment of 
motional eigenmodes. For zircon ZrSiO4, two different orders have been reported:  <  <  𝐸1

𝑔 𝐵1
1𝑔 𝐸2

𝑔
<  <  and  <  <   < A2g < B2g (Raman spectrum of synthetic zircon (ZrSiO4,) and 𝐸3

𝑔 𝐵2
1𝑔 𝐸1

𝑔 𝐵1
1𝑔 𝐸2

𝑔
thorite (ThSiO4).49, 60 For coffinite, Li Su et. al. indicated the energetic order  <  <  <  𝐸1

𝑔 𝐵1
1𝑔 𝐸2

𝑔 𝐸3
𝑔

< ,50 however, J. D. Bauer et. al. showed different energetic order,  < < .26 The 𝐵2
1𝑔 𝐸1

𝑔 𝐵2𝑔 𝐵1
1𝑔

eigenvalues of the zircon modes exhibit notable distinctions compared to those of coffinite. For 
instance, the  mode of zircon is twice that of coffinite. This divergence can be attributed to the 𝐸1

𝑔
substantial variation in reduced mean mass between U-O and Zr-O, as well as differences in bond 
strength. More research on the Raman modes identification is highly recommended in the future. 

The dominant mode along the compression mode is the Raman active  rotational mode. the  𝐸1
𝑔 𝐸1

𝑔
mode's softening within the stetindite structure is a critical aspect of the high-pressure phase 
transition. This mode's frequency changes can be indicative of structural instability. At ambient 
condition, the  mode shows a frequency of 3.62 THz, with increasing pressure, the mode 𝐸1

𝑔 𝐸1
𝑔 

shows a softening process. Between 12 and 16 GPa, mode was calculated as negative values, 𝐸1
𝑔 

which is a sign of the instability of the stetindite phase. In this pressure range, the stetindite 
structure becomes unstable, leading to significant changes in the atomic arrangements to a low 
symmetry mode. Based on previous synchrotron XRD refinement, there is a HPLS phase (space 
group I42̅d) between the transition of stetindite and scheelite phase.30 There is no significant 
difference between the volume of stetindite phase (V = 278.84(38) A3 at ~14.49 GPa) and the 
volume of HPLS phase (V = 275.71(5) A3 at ~15.09 GPa).30 The enthalpies of the two phases 
became close beyond 8.35 GPa and the volume showed continuity with the intermediate HPLS 
phase, suggesting a gradual rather than a discontinuous transition. Combining the experimental 
observation and the calculations in this work, a softening-mode driven second-order phase 
transition could be concluded. The twist of the oxygen cage results in the loss of the symmetry 
element of the reflection mirror normal to the x axis and the axial glide plane type of d to [110] (as 
in Fig. 4), which explains the phase transformation from stetindite I41/amd to scheelite I41/a. The 

 mode has not been observed in the experiment due to the low frequency, and further low 𝐸1
𝑔

frequency Raman scattering experiment is highly recommended to scope the revolution of the  𝐸1
𝑔

mode. To gain a comprehensive understanding of this intriguing phase transition, further 
experiments, particularly low-frequency Raman scattering studies, are strongly recommended. 
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Figure 4 Preferable motion direction representation of the  mode.𝐸1
𝑔

Overall, the DFT calculation reveled that the softening of the  mode is the main driving force 𝐸1
𝑔

of the phase transition instead of enthalpy driving force, and a low symmetry intermediate phase 
is likely going to take place by the motion of the oxygens. In the future, the oxygen atoms will be 
perturbated according to the eigen vectors of the  mode, and more investigation will be done to 𝐸1

𝑔
reveal the properties of the high-pressure low-symmetry phase.

IV.  Conclusion

This study used a DFT+U and DFPT methodology to investigate the phase transition mechanism 
of CeSiO4 stetindite and scheelite under high-pressure. The calculated lattice parameters and bulk 
moduli by strain-stress method closely matched experimental values, confirming the reliability of 
the DFT calculations. Notably, it was observed that the enthalpy of stetindite remains lower than 
that of scheelite until pressures of approximately 8.35 GPa. Despite the scheelite phase being more 
the thermodynamically stable phase than stetindite, at around 8.35 GPa by DFT+U calculations, 
the lattice of stetindite phase is still stable and persists. The calculated phonon spectra by DFPT 
approach revealed the softening of the  rotational mode, and it becomes imaginary between 12 𝐸1

𝑔
and 16 GPa, indicating lattice instability. Integrating both experimental findings with HPLS phase 
at ~ 15 GPa and computational analyses from this study, it leads to the conclusion of a second-
order phase transition driven by a softening mode. The resultant twist in the oxygen cage breaks 
the symmetry element, leading to the transition from stetindite (I41/amd) to lower symmetry. The 

 mode has not been observed experimentally due to its low frequency, highlighting the need for 𝐸1
𝑔

either further low-frequency Raman scattering or single crystal high-pressure X-ray diffraction 
studies. Overall, this work suggests that the phase transition of CeSiO4: stetindite  scheelite is 
predominantly lattice dynamically driven by the softening of the  mode, offering valuable 𝐸1

𝑔
insights into the behavior of these materials under extreme pressure conditions and laying the 
foundation for future research on the intermediate high-pressure low-symmetry phase.
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