
Understanding the pressure effect on the elastic,

electronic, vibrational, and bonding properties of

CeScO3 perovskite

Tarik Ouahrani,∗,†,‡ Fatima-Zohra Medjdoub,¶ Saber Gueddida,§ Álvaro Lobato
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de Sidi Bel-Abbès, Sidi Bel-Abbés 22000, Algeria
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Abstract

CeScO3 is a promising perovskite-type material that presents the characteristic to

remain highly stable upon compression, contrary to other perovskite compounds that

often undergo phase transformations under pressure. In contrast with the structural

behavior of CeScO3, the influence of pressure on other of its physical properties, such

as electronic, vibrational, atomic and polyhedral bulk and elastic properties, is still

unknown. In this work, we propose to fill this gap by a combination of computa-

tional quantum-mechanics methodologies based on density-functional theory and high-

pressure Raman spectroscopy experiments. In particular, the influence of pressure

in the crystal structure has been studied, up to 40 GPa, and compared with previ-

ous experiments showing that density-functional theory properly describes the changes

induced by pressure in CeScO3. Calculations have also been used to obtain phonon fre-

quencies and their pressure dependence, and to propose a mode-symmetry assignment.

From Raman experiments we have obtained the frequency and pressure dependence

of lattice vibrations involving changes in polarisability, validating phonon calculations,

which give not only Raman-active but also infrared-active and silent modes. In addi-

tion, phonon-dispersion and elastic-constant calculations are consistent with the struc-

tural stability of an orthorhombic perovskite-type up to 40 GPa. Finally, we provide a

description of the electronic band structure, showing that CeScO3 has a much smaller

band-gap than other scandates due to the role of Ce f -electrons. Such electrons also

cause a closing of the electronic band-gap under compression.
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INTRODUCTION

Magneto-resistance,1 ferroelectricity,2 superconductivity,3 and high electrocatalytic reactiv-

ity4 are some of the most requested properties of materials for developing novel technolog-

ical applications. A group of materials that have many of these properties is the family

of perovskite-type oxides;5,6 in particular rare-earth scandates with the chemical formula

REScO3 (RE= rare-earth element). These materials also bear many other interesting char-

acteristics. To list some of them, we can mention the fact that they have high-dielectric

constants and wide electronic band-gaps with values in cases larger than 6 eV.7 Particularly,

orthorhombic CeScO3 is a promising compound that can be manufactured by means of low-

cost and non-contaminant procedures.8,9 As part of the characterization of CeScO3, required

for its use in applications, this material was subjected to ambient pressure studies.8,9 On

top of that, there is a recent investigation10 where it was analyzed under the application of

hydrostatic and non-hydrostatic pressure. According to this study, CeScO3 is highly stable

under compression, which contrasts with the behavior of other perovskites. In special, struc-

tural phase transition do not take place up to 40 GPa, which is important for applications

designed to work under high stresses.11 However, little more is known on the influence of

pressure on the physical properties of CeScO3, in particular, the electronic, vibrational, and

elastic properties.

The high-pressure (HP) behavior of CeScO3 is also interesting for fundamental research.10

According to the above-described results on structural stability, the HP behavior of CeScO3

is very different from that of many other RE perovskites which experience phase transitions

at relatively low pressure; in cases below 3 GPa. We can list among them, LaGaO3 which

undergoes a structural phase transition at 2.5 GPa,12 as well as GdMnO3,13,14 and LaAlO3
15

which exhibit a rich polymorphic sequence under the application of HP. It has been argued

that the cause of the structural transformations driven by pressure is related to the modifi-

cation under compression of the strict geometric rules satisfied by perovskites.10 Therefore,

it is important to study the effect of pressure not only in the unit-cell parameters of CeScO3,
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but also in polyhedral units, which can be distorted or tilted in order to accommodate ex-

ternal pressure. This has been successfully done in the past in related compounds utilizing

density-functional theory (DFT) calculations.16,17 Such computing simulations can also pro-

vide useful information on the elastic, vibrational, and electronic properties of CeScO3 and

their behavior under compression.

In this work, we report a systematic density-functional theory study of CeScO3 under

compression up to 40 GPa. We have studied the changes induced by pressure in the crystal

structure, elastic constants, lattice vibrations, and electronic properties. Furthermore, we

will also focus on the analysis of the polyhedral and atomic contributions to the unit cell

volume and the bulk compressibility. Quantum theory of atoms in molecules (QTAIM)18

is chosen as an appropriate numerical tool to carry out the topological partition of the

electronic density into the local constituents of the title compound under pressure. In order

to complement the lattice dynamic calculations, we have also performed the first-time HP

Raman spectroscopy studies. The results will be discussed in comparison with previous

studies.10

EXPERIMENTAL METHODS

HP Raman experiments were carried out under quasi-hydrostatic conditions up to 12.7 GPa.

The CeScO3 sample was prepared using a two-step combustion synthesis method, involving

calcination at 600 ◦C for 1 h in air and a subsequent vacuum heating at 1100 ◦C for 25 hs.10

This sample was previously used for x-ray diffraction measurements,10 which confirmed the

perovskite-type structure for our sample of CeScO3. Raman measurements were performed

using a triple monochromator Jobin-Yvon T64000 in the subtractive mode with a resolution

of 0.8 cm−1 (1800 grooves/mm grating and 100 µm entrance slit). The set-up allows us to

make measurements for wavenumber larger than 140 cm−1. It was equipped with a liquid

nitrogen-cooled CCD detector. The excitation source was 514.5 nm argon laser-focused down

4



with a 20x objective. The laser power on the sample was below 5mW. HP conditions were

generated with a membrane-type diamond-anvil cell (DAC) using a 4:1 methanol-ethanol

mixture19,20 as the pressure-transmitting medium. This medium is quasi-hydrostatic up to

10.5 GPa,19 but can be used safely at higher pressure (up to 12.7 GPa in this study) for

studying materials with low compressibility, which is the case of CeScO3.10 The pressure was

determined using the ruby-fluorescence technique21 (1% maximum uncertainty).

COMPUTATIONAL METHODS

The calculations reported here have been carried out using the widely used plane-wave

Vienna Ab initio Simulation Package (Vasp).22,23 To consider both valence and the semi-core

states, we have chosen the projector-augmented wave scheme (PAW)24 implemented in this

code. We also resorted to the use of semi-local functional, Perdew-Burke-Ernzerhof revised

for solids (GGA-PBEsol)25 exchange potential within the spin-polarized approach. This set-

up has been successfully used for the prediction of structural properties.26 To counteract the

problems associated with the density-functional theory (DFT) self-interaction error,27 which

can artificially delocalize the on-site Coulombic interactions of d - and f -electrons, a DFT+U

methodology is employed.28 The Hubbard correction (U = 4.57 eV) were respectively applied

to both Ce-4f and Sc-3d states.28 The Brillouin zone mesh was set to 6 × 4 × 6 k-points.

Structural optimizations were deemed to be converged where all the forces are below a

threshold of Ftol = 1.00 mRy/atom. The elastic constants were calculated within the stress-

strain methodology implemented in the Elastic python routines,29 surfaced to the Vasp

code.

Due to the discrepancy of Vasp code to properly describe the strongly correlated f and

d -Ce states,30 and efficiently calculate the band gap value under pressure, we used the

Wien2k31 code to study the electronic properties of CeScO3. For this purpose, the opti-

mization of the lattice parameters was redone under strict conditions, namely, the parameter
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Rmin ×Gmax was taken equal to 8, and the Fourier expanded charge density was truncated

at Gmax = 12, using Wien2k. The self-consistency calculations were considered to be con-

verged when the total energy difference between succeeding iterations is less than 10−5 Ry

per formula unit.

Table 1: Unit-cell parameters and equation of state parameters of CeScO3 according to our
calculations and experiments (Expt).

a (Å) b (Å) c (Å) (V0)(Å3) B0(GPa) B′0

This work (PBEsol+U) 5.839(3) 8.051(6) 5.646(8) 265.5(1) 163(3) 5.2(5)
Expt10 5.777(6) 8.045(9) 5.642(6) 262.5(3) 165(7) 6.3(5)
Expt38 5.787(3) 8.047(8) 5.626(4) – – –

Lattice-dynamics calculations were performed within the density-functional perturbation

theory (DFPT)32,33 using the direct-force constant approach (or supercell method) to study

the phonon dispersion curves including the vibrational modes at the Γ point of the Brillouin

Zone. All these calculations were carried out in a single self-consistent cycle by means of the

Phonopy34 open-source package interfaced to Vasp. This task requires the calculation of

the ground state charge density and its linear response to external excitations.35 The phonon

frequencies are computed in a 2× 2× 2 super-cell. The phonon density of states (PDOS) was

obtained by integration of the phonon frequencies with a high number of k-points (4× 4× 4

Monkhorst-Pack grid).

Bonding properties have been also studied. To extract atomic volumes and local com-

pressibilities, we employed critic2 code.36 The key point of this approach is the partition

of the 3D real space of the unit cell into disjoint atomic basins (Ω), and then quantify the

volume of each basin37 by integration. Such an atomic-level calculation is based on the quan-

tum theory of atoms in molecules (QTAIM)18 theory. An equivalent polyhedral partition

has been also carried out.

6



Figure 1: Crystal structure of CeScO3. Scandium atoms are represented in light green,
cerium atoms in yellow, and oxygen atoms in red (O1) and blue (O2). ScO6 octahedral units
are shown. CeO12 units are not shown for the sake of simplicity.

RESULTS AND DISCUSSIONS

EQUILIBRIUM GROUND STATE AND STRUCTURAL STA-

BILITY

The crystal structure of CeScO3 is shown in Fig. 1. The space group Pnma describes the

orthorhombic structure. Sc atoms are in octahedral coordination and Ce3+ ions occupy the

empty spaces formed by the corner-sharing framework made by ScO6 octahedra. Ce atoms

are coordinated by 8 nearest oxygen neighbors forming CeO8 dodecahedra. Besides, there

are four-second neighbor oxygens, based on that the coordination of Ce has been described in

the literature as 8 + 4 leading to CeO12 cubo-octahedra.8 Interestingly, ScO6 and CeO12 fill

out the whole unit cell volume since they share all the triangular faces, whereas the rhombic

faces are shared between the cubo-octahedra (see below).

In order to optimize the crystal structure in DFT calculations; we have used a set of

volumes that correspond to pressures ranging from -10 GPa to 40 GPa. At each volume, we
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Figure 2: Pressure dependence of (a) calculated unit-cell parameters (lines) compared to
experiments (symbols) from Ref. 10; (b) linear compressibility of different axes, results from
this work are shown as solid lines and results obtained from Ref. 10 are shown with dotted
lines. The inset shows the pressure dependence of the volume; lines are present calculations
and symbols are experiments from Ref. 10.
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have optimized the a, b, and c parameters as well as the atomic positions. The optimized

crystal structure at ambient pressure compares very well with the experimental results as

can be seen in Tables 1 and 2. This validates our PBEsol+U scheme to describe the crystal

structure of CeScO3. The evolution of the optimized unit-cell parameters as a function of

pressure (P ) is represented in Figure 2(a). We would like to remark that the change of

lattice parameters upon compression is in good agreement with that measured by XRD.10

This means that the non-hydrostatic conditions of the previous XRD experiments10 do not

have an important effect on the compressibility of CeScO3. A similar good agreement is

obtained for the pressure dependence of the volume as can be seen in the inset of Fig 2(a).

Fig.2(b) represents the pressure dependence of linear compressibilities. The b parameter

is the most affected by the application of pressure, whereas the c is the one that changes

less under compression. This fact is a consequence of the distortion of ScO6 octahedra. As

pressure increases, linear compressibilities become similar, see Fig. 2(b). In fact, near 40

GPa the compressibility becomes rather isotropic.

Table 2: Optimized crystallographic coordinates of atoms in the CeScO3 compound com-
pared with available experimental ones of Ref. 10

Atom Wyckoff position x y z

Ce 4c 0.0559, 0.0375∗ 0.2500, 0.2500∗ 0.9864, 0.9808∗

Sc 4b 0.0000, 0.0000∗ 0.0000, 0.0000∗ 0.5000, 0.5000∗

O1 4c 0.9622, 0.9770∗ 0.2500, 0.2500∗ 0.3979, 0.3860∗

O2 8d 0.2999, 0.2979∗ 0.0527, 0.0530∗ 0.6987, 0.7058∗

∗Experimental data from Ref.10

The calculated linear compressibilities at ambient pressure (κa = −1
a
∂a
∂p

, κb = −1
b
∂b
∂p

and

κc = −1
c
∂c
∂p

) are in good agreement with those determined from experiments.10 The calculated

values of κa and κb at zero P , are, respectively, 2.15× 10−3 GPa−1 and 2.40× 10−3 GPa−1;

very close to the measured values of κa = 2.10× 10−3 GPa−1 and κa = 2.35× 10−3 GPa−1.

Our calculated values of κc is also in concordance with experiments. Errandonea et al. gives
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Figure 3: Pressure dependence of free fractional coordinates of atoms up to 40 GPa, com-
pared to experiments from Ref.10
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a value of 1.70 × 10−3 GPa−1, we find κc = 1.75 × 10−3. A third order Birch–Murnaghan

equation of state have been used to describe the pressure dependence of the unit-cell volume,

providing the equilibrium volume (V0), bulk modulus (B0), and its first pressure derivative

(B′0), all evaluated at zero pressure and summarized in Table 1. Ultimately, it is shown that

the use of the GGA-PBEsol+U approximation gives a good agreement with respect to the

available experimental data of Refs. 10 and 38. The calculated bulk modulus is very close

to the measured one and confirms the low compressibility of the CeScO3 compound.

For a complete assessment of our analysis, we gather in Table 2 our relaxed atomic

positions. It is shown that the comparison with the experiments at ambient pressure is quite

good. In order to check the influence of pressure on the polyhedral units of the CeScO3,

we also give the evolution of the internal positions as a function of pressure, see Fig. 3.

As can be noted, the evolution of free atomic positions is very close to the experimental

data in the pressure range where the comparison is possible. Consequently, we expect that

calculations will properly describe the pressure dependence of bond lengths between atoms

and polyhedral volumes in the pressure range of the present study.

Figure 4: (a) 3D representation of the Young modulus (in GPa). (b) 2D map of the linear
compressibility (in 10−3 GPa−1)
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Table 3: Calculated effective elastic constants Cij and elastic moduli at different pressures
in GPa units.

P C11 C22 C33 C44 C55 C66 C12 C13 C23

0 290.713 261.023 282.302 72.737 79.120 75.603 120.603 139.728 113.232
10 316.238 306.774 296.078 69.188 78.982 72.436 162.359 190.171 181.326
20 332.319 347.212 315.059 65.177 77.392 70.560 200.307 242.652 199.145
30 346.638 389.258 309.601 57.404 71.134 65.153 245.237 278.550 242.111
40 353.155 392.964 312.751 49.658 64.795 59.429 275.719 321.985 277.672

BV BR BH YV YR YH GV GR GH

0 175.68 174.5 175.09 199.67 199.01 199.34 76.177 75.96 76.069
10 220.76 220.59 220.67 189.44 186.38 187.91 69.803 68.563 69.183
20 253.2 252.8 253 182.49 172.84 177.67 66.125 62.349 64.237
30 286.37 283.98 285.17 161.36 138.09 149.77 57.378 48.658 53.018
40 312.18 302.49 307.33 134.29 50.676 93.091 47.009 17.213 32.111

Table 4: Calculated eigenvalues of the stiffness matrix in GPa units

P λ1 λ2 λ3 λ4 λ5 λ6

0 72.737 75.603 79.055 146.28 159.19 528.57
10 69.188 72.436 78.982 107.52 149.17 662.4
20 65.177 70.56 77.392 80.711 154.06 759.82
30 48.293 57.404 65.153 71.134 137.57 859.64
40 9.0724 49.658 59.429 64.795 112.94 936.86
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ELASTIC CONSTANTS CALCULATIONS

In order to assess the stability of CeScO3 and further understand its anisotropic structural

behavior under hydrostatic pressure, we have calculated the elastic properties of this com-

pound. In particular, the effective elastic constants Cij have been determined. The effective

elastic constants of orthorhombic CeScO3 under pressure are defined in terms of the elastic

constants at zero pressure (Cij) as48 :

Cαα = Cαα − P ; Cαβ = Cαβ + P (α = 1, 2 · · · , 6; β = 1, 2 · · · , 6).

For orthorhombic crystals, the mechanical stability condition requires that the effective

elastic constants satisfy the following stability criteria:48

C11 > 0, C44 > 0; C55 > 0, C66 > 0; (1)

C11C12 > C
2

22; (2)

C11C22C33 + 2C12C13C23 − C11C
2

23 − C22C
2

13 − C33C
2

12 > 0; (3)

The calculated effective elastic constants are collected in Table 3. There, it can be seen

that the stability criteria of equations 1 to 3 are satisfied at pressures ranging from 0 to

40 GPa,39–42 showing the mechanical stability of the orthorhombic phase of CeScO3 in this

pressure range. This is also confirmed by the fact that the stiffness matrix is positive definite

at all pressures, as can be seen in the eigenvalues reported in Table 4. In addition, as can

be seen from Table 3, only the elastic constants associated with shear deformations slightly

decrease monotonically with pressure. Therefore, whereas the resistance of CeScO3 to linear

deformation is enhanced under HP, it is expected to slightly decrease as shear deformations

are concerned.
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For the sake of completeness, averaged macroscopic elastic moduli can be obtained from

the Cij components, like, bulk modulus (B), Young’s modulus (Y ), and shear modulus (G).

All of them estimated at Voigt (V)43 (uniform strain assumption), Reuss (R)44 (uniform

stress), and Hill (H)45 approximations. The latter, being used for homogenized polycrys-

talline samples (see Table 3). It is found that BR is comparable to the zero pressure bulk

modulus parameter calculated from the EOS, which confirms the consistency of our elastic

calculations. In order to examine the eventual anisotropy of the title compound, we have

also studied the directional dependence46 of the Young’s modulus. The three-dimensional

representation of Y is displayed in Fig. 4 (a). We have clear evidence that the Young

modulus has not a spherical form, the surfaces indicate a drastic change in its shape. The

directional dependency surface of Young modulus is deformed. Ymax= 212.11 GPa and Ymin

= 188.58 GPa give an anisotropy ratio of 1.12. Additionally, to better understand the re-

sponse of CeScO3 to anisotropic stress, the linear compressibility46 is also plotted, see Fig.

4(b). According to this plot, the compressibility is not isotropic for both xy and yz planes,

confirming the analysis done before on the response of lattice parameters to pressure. On the

other hand. in the xz plane anisotropy is reduced. In particular, from the elastic constant

calculations we got κa = 2.0 × 10−3 GPa−1, κb = 2.5 × 10−3 GPa−1, and κc = 1.8 × 10−3

GPa−1. Each value differs by less than 10 % of the values obtained from Fig. 2. The se-

quence of compressibilities is the same κb > κa > κc, but the anisotropy is slightly smaller

in the xz plane according to elastic constants calculations. This is related to the fact that

the difference between C33 and C11, the resistances to tensile or compressive deformations

along the z- and x-directions, is nearly 5 %.

In Table 3 it can be seen that C55 > C66 > C44 which indicates that the [001](100) shear

is easier than the [010](001) shear, which in turn is also easier than the [100](010) shear.

Also, C11, C22, and C33 are considerably larger than C66, C55, and C44 which indicates that

CeScO3 has a greater resistance to unidirectional compression than to shear deformation.

This can be seen also by comparing the bulk and shear moduli in Table 3. This difference
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on directional compression is enhanced under compression as can be seen in Table 3; C11,

C22, and C33 increase under pressure but C66, C55, and C44 decrease under pressure. This

suggest that beyond 40 GPa there is tendency to favor a distortion of the crystal structure

of CeScO3; thus it can be speculated the transition at higher pressure to a lower symmetry

phase. Finally, by using the correlation between the shear modulus and the Vickers hardness

proposed by Teter,47 we have estimated the hardness of CeScO3 to be 11±2 GPa, which is

similar to the hardness of quartz.

Figure 5: (a) Charge density (ρ) plot of the CeScO3 in its denser plane, (b) Topological
partition of ρ along the Sc-O-Ce bond. The black trajectories in (b) show the charge density
(in electron/bohr3). The set of trajectories colored in blue, represent the surface basins of
Ce, Sc, and O respectively. The gradient path is defined from the condition of zero-flux
surfaces ∇ρ(r) · n(r) = 0.

LOCAL COMPRESSIBILITY AND BONDING PROPERTIES

To further disclose and understand the compression mechanism of the orthorhombic CeScO3

compound, we have also calculated the partition of the electronic density of the unit cell in

terms of atomic contributions using the QTAIM strategy. This method provides a practical

approximation to determine the compression mechanism at an atomic level. In this method,

the electronic domain is divided into volumes labeled basins (Ω) that are disjoint, additives,

and recover the unit cell volume.18 In each of these basins, a number of critical points

labeled (CP) emerge from the condition of zero flux of the gradient of the electron density:
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∇ρ(r) · n(r) = 0,18 see Fig. 5. The integration of atomic properties inside the basins

(Ω) gives us information about the chemical bonding of our compound, for example, the

electron population NΩ and the atomic volume VΩ. From this calculation, we evaluate how

the atomic compressibilities contribute to the bulk compressibility. To do this, we use the

fact that the unit-cell volume can be expressed as :V =
∑

Ω VΩ, and, then, we have calculated

the compressibility as in Refs. 37, 49, and 50 using the following expressions:

κ = − 1

V

∑
Ω

(
∂VΩ

∂p

)
T

, κ =
∑

Ω

fΩκΩ, (4)

with

κΩ = − 1

VΩ

(
∂VΩ

∂p

)
T

, fΩ =
VΩ

V
. (5)

Table 5: QTAIM and polyhedral partition of the zero pressure bulk modulus and compress-
ibility in terms of local bulk moduli (BΩ(GPa)) and local compressibilities (κΩ(TPa−1)).
fΩ stands for the corresponding occupation factor. Only the fraction of the cubooctahedra
inside the unit cell is considered (see text).

Ω fΩ BΩ(GPa) κΩ(TPa−1)
Ce 0.272 220.8 4.5
Sc 0.128 211.2 4.7
O1 0.199 143.9 6.9
O2 0.401 154.9 6.5
CeO12 0.805 172.4 5.8
ScO6 0.195 158.4 6.3
unit-cell 1.000 171.9 5.8

The results are gathered in Table 5. The QTAIM partition depicts the oxygen ions as

the more sensitive to the variation of pressure. However, two distinct compressibilities are

shown for this atom. The O1 ion, which occupies the equatorial corners of ScO6 polyhedra,

is the most compressible one. The fractional occupation of the oxygen atoms, fO, represents

60% of the unit cell. We can thus conclude that these anions mainly control the anisotropic

compressibility of CeScO3.

By calculating the ratio between the integrated charge inside each topological basin
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Figure 6: (a) Pressure dependence of the relative volume (V0/V) of CeO12 cuboctahedra
(blue line), ScO6 octahedra (purple line) and unit cell volume (black line). (b) Polyhedral
view of the CeScO3 structure. CeO12 cuboctahedron and ScO6 octahedra are represented as
blue light and gray surfaces, respectively. Notice how two CeO12 units situated in the edges
of the unit cell are defined with oxygen atoms of the adjacent unit cells.

and the corresponding oxidation number, we have evaluated the evolution of the degree of

ionicity52 as a function of pressure. It is seen that the ionicity decreases by ∼2% up to

40 GPa (from 73.3% to 71.8%). This weak change of chemical bonding might affect also

other electronic properties as the band-gap,53 see below. The distortion is however not very

pronounced, which makes any structural transition hard to occur.

The polyhedral distortion was already analyzed in the benchmark work of Ref. 10 in

terms of bond and Robinson parameters.54 The study confirms that one of the Sc–O2 bonds

is more affected by pressure than the other ones, but, only a weak difference was noticed.

Albeit, due to the inequality of the local compressibility of the Ce and Sc cations, the

distortion between ScO6 and CeO12 units should be distinct. To evaluate the different

compressibility of the polyhedra, we have fitted our calculated pressure-volume data for the

ScO6 and CeO12 units to a third-order Birch Murnaghan equation of state (see Fig. 6(a)).

Local bulk modulus values of 158.36 GPa and 172.44 GPa for the ScO6 and CeO12 polyhedra,

respectively, are obtained. Interestingly, the volume defined by this polyhedral partition add

up to a value greater than the unit cell volume when considering the number of formula

units. This fact prevents an a priori partition of the bulk modulus of the CeScO3 crystal
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into local polyhedral compressibilities. However, it should be emphasized that two CeO12

cubo-octahedra are totally included within the unit cell whereas the other two, due to the

high distortion of the CeO12 units, are defined involving O atoms of adjacent cells (see Fig.

6(b)). As a result, the occupation of these two cubo-octahedra in the unit cell is not equal

to 2. We have checked that the calculated percentage of excess volume of these two cubo-

octahedra shows a constant value regardless of the pressure (91.1% of the volume of these

two CeO12 units is always inside the unit cell). This fact allows us to carry out a polyhedral

partition following equivalent equations as those used for the atomic partition.

Since CeO12 cubo-octahedra share rhombic faces, while their triangular faces are com-

mon to those of the ScO6 octahedra, the unit-cell volume is completely occupied by these

two types of polyhedra. Therefore, we can express the unit cell volume as 4×V(ScO6) +

3.822×V(CeO12). With this volume partition, we can now recover the bulk compressibility

in terms of local polyhedral compressibilities. Using eq. (5) with the zero pressure calculated

fractional volume occupations of 0.195 and 0.805 for ScO6 and CeO12 units respectively, we

obtain a bulk modulus of 169.52 GPa for the CeScO3 crystal, in excellent agreement with

the experimental B0 value reported by Errandonea et al of 165 GPa. As it can be seen in

Fig. 6(a), the local bulk modulus of the CeO12 cubo-octahedron is very close to the one of

the unit cell, which is consistent with the polyhedral compressibility model developed for ox-

ospinels by Recio et al.55 Indeed, as the ratio B(CeO12)/B(ScO6) is almost equal to unit, no

structural transformation is expected. This statement was defended in reference 10 resorting

to the small difference of ionic radius between Ce3+ and Sc3+, and now is corroborated in

terms of the local compressibility analysis. As we have discussed above (see again Table 5),

the volumes of oxygen ions are the more affected by pressure, especially that of the O1 ones,

and ScO6 octahedra are more compressed compared to the CeO12 octahedra. This analysis

thus bridges the anisotropy of the structure with the distortion of the polyhedra. In partic-

ular, the rigidity of both CeO12 cuboctahedra and ScO6 octahedra favors the stability of the

crystal structure, making CeScO3 very adapted to accommodate stress without violating the

18



geometric rules of perovskite.

Table 6: Experimental (ωExp) and calculated (ωDFT ) Raman modes of CeScO3 (in cm−1).
The relative difference between experimental and calculated frequencies is also given in Rω,
as well as the experimental and theoretical pressure coefficients, dω

dp
(in cm−1/GPa), and

Grüneisen parameters (γ).

Mode ωDFT ωExp Rω dωDFT /dP dωExp/dP γDFT γExp
Ag 87.4 0.31 0.57
B2g 106.5 150 0.29 0.83 1.47 1.24 1.62
B2g 129.4 182 0.29 0.96 1.20 1.18 1.08
Ag 137.8 188 0.27 1.71 2.33 1.98 2.04
B3g 140.4 216 0.35 0.78 1.07 0.89 0.81
B1g 173.2 243 0.29 1.80 3.32 1.66 2.26
B1g 343.4 285 -0.20 1.60 1.66 0.74 0.96
Ag 370.3 322 -0.15 2.74 1.99 1.18 1.02
B2g 394.8 337 -0.17 1.60 2.70 0.65 1.32
Ag 402.8 357 -0.13 1.95 3.04 0.77 1.40
B1g 449.1 386 -0.16 1.57 0.53 0.56 0.23
B2g 470.1 422 -0.11 2.55 1.63 0.87 0.64
Ag 471.7 436 -0.08 3.86 2.84 1.31 1.08
B3g 475.1 470 -0.01 2.18 1.93 0.73 0.68
B3g 504.0 492 -0.02 4.67 6.22 1.48 2.09
B1g 519.2 3.68 1.13
Ag 562.9 535 -0.05 3.27 4.50 0.93 1.39
B2g 602.5 588 -0.02 3.73 3.31 0.99 0.93
B3g 607.1 3.58 0.94
B1g 623.7 620 -0.01 5.21 8.35 1.33 2.52
B2g 638.3 3.66 0.92
Ag 657.6 656 0.00 3.95 1.98 0.96 0.50
B2g 679.3 3.55 0.83
B3g 717.0 4.16 0.93

LATTICE VIBRATIONS

We have calculated the phonon dispersion of CeScO3 and found that there are no imaginary

frequencies in the pressure range of this study. This is consistent with the fact that the

orthorhombic structure remains stable up to 40 GPa as found in experiments.10 In Fig. 7,

we show the calculated phonon dispersion at ambient pressure and at 40 GPa along with the

projection of the density of vibrational states onto the atomic constituents of CeScO3. At
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Figure 7: Phonon dispersion and phonon density of states of CeScO3, top at zero pressure
and bottom at 40 GPa. The partial DoS (PDoS) projected onto Ce, Sc, and O are also
presented with black, orange and blue color, respectively.
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the center of the Brillouin zone (Γ point), the factor group analysis provides the following

decomposition corresponding of the sixty vibrations: Γacoustic = B1u+B2u+B3u and Γoptical =

(7Ag + 5B1g + 7B2g + 5B3g) Raman-active + (9B1u + 7B2u + 9B3u) IR-active + 8Au silent

modes. According to the phonon density of states (PDOS), the low-frequency motions are

mainly due to Ce3+ ions (< 200 cm−1), while the phonon modes with frequencies between

200 and 350 cm−1 have a major contribution of Sc3+. Finally, higher frequencies belonging

to high optical branches are predominant by oxygen anions. They can be described basically

as internal vibrations of the ScO6 octahedron, being by analogy with other scandates, the

highest frequency modes associated to stretching vibrations of this octahedron.

To compare the results of calculations with experiments; we will first present the results of

Raman measurements. Fig. 8 shows the pressure evolution of Raman spectra. The different

modes shift towards higher frequencies under compression. A few modes merge because of

their different pressure dependences. No evidence of phase transitions are found in Raman

experiments up to 12.7 GPa in agreement with previous X-ray diffraction experiments.10

In our measurements, we have identified 18 of the 24 Raman-active modes of CeScO3. By

means of a multi-Gaussian fit56 we have determined the frequency of the modes at different

pressures. The fit of the Raman spectrum measured at 0.8 GPa is shown in Fig. 9. The

results are summarized in Fig. 9. Most modes show a linear behavior, with only a few of

them show a non-linear pressure dependence of frequencies. For instance, the B1g mode with

243 cm−1 frequency at 0.8 GPa.

With the help of DFT calculations, we have proposed a possible mode-assignment for

Raman-active modes. Frequencies of calculated modes at zero pressure and measured modes

at 0.8 GPa are represented by ticks in Fig. 8. In Table 6, we compare calculated and

measured frequencies and propose a possible mode assignment; which should be validated

by future polarized Raman experiments. We also report pressure coefficients and Grüneisen

parameters. In order to do the mode assignment, we first correlate the frequencies of modes

measured above 470 cm−1 with calculations. The differences in frequencies are smaller than
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Figure 8: Raman spectra measured at different pressures indicated in the figure. At the
bottom we show the multi-Gaussian fit to the lowest pressure spectrum (0.8 GPa).
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Figure 9: Pressure dependence of Raman modes obtained from experiments. Symbols are
experimental results. Different symbols correspond to different type of modes (see figure for
assignment). The lines are fits to experiments.
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Table 7: Calculated IR modes of CeScO3 (in cm−1) and pressure coefficients (in cm−1/GPa)

Mode ω dω
dp

B1u 95.0 0.47
B3u 128.7 0.40
B2u 158.7 0.05
B1u 178.9 0.39
B3u 192.3 0.49
B2u 208.2 0.50
B1u 294.3 1.73
B2u 304.6 1.83
B3u 310.3 1.92
B3u 319.2 2.13
B1u 323.1 2.04
B2u 410.1 1.41
B3u 410.8 1.61
B3u 428.1 1.98
B1u 431.2 1.23
B1u 463.1 2.57
B1u 538.4 3.58
B2u 551.0 3.72
B3u 571.8 3.96
B2u 598.7 3.91
B3u 601.2 3.56
B1u 611.0 3.87
B3u 660.8 3.67
B2u 676.7 4.63
B1u 682.6 4.16
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5%. This can be seen in the column that represents Rω = (Rωexp−RωDFT
)/Rωexp , which is the

relative difference between frequencies. This agreement is excellent and as good as in other

ternary oxides,57,58 making the assignment of these modes plausible. At lower frequencies,

there are 13 calculated modes and 12 measured modes. Since the calculated frequency of the

lowest frequency mode is way below the cut-off frequency of our Raman set-up, we tentatively

assign the 12 measured modes with the 12 calculated modes with frequencies higher than

100 cm−1. We correlate these modes by ordering them by frequency. For the measured

modes between 450 cm−1 and 320 cm−1 the agreement is still reasonable, with differences

smaller than 17%. However, for the modes with measured frequencies smaller than 285 cm−1,

the agreement is poor, reaching the difference a maximum of 35% as can be seen in Table

6. Interestingly, the high-frequency modes are mostly related to internal vibrations of the

ScO6 octahedron, while the low-frequency modes involve mainly the movement of Ce atoms

and ScO6 octahedra as rigid units. The reason why DFT systematically underestimates the

frequency of such modes could be related to the GGA/PBE exchange-correlation functionals

used to describe Ce. The GGA/PBE has been shown to lead lattice under the binding

which would result in phonon frequencies underestimations58 as seen in this work. An

important conclusion supported both by experiments and calculations is the non-existence

of soft modes in CeScO3, which is consistent with the extreme structural stability of this

compound in comparison with other lanthanide perovskites.59

In addition to Raman modes, we have also calculated the pressure dependence of IR-

active modes. There are no experimental results to be compared with. We include the

results of IR modes for completeness and to facilitate the identification and assignment of IR

modes in future experiments. The results are summarized in Table 7. There, it can be seen

that IR covers a similar frequency range than Raman modes. The pressure coefficients are

also similar to Raman modes, being the high-frequency phonons more sensitive to pressure

than the low-frequency phonons. According to calculations, there are no IR modes (and not

Raman modes) softening under compression.
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Figure 10: Band structure of the CeScO3 compound calculated using PBEsol+U.
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Figure 11: Calculated total and partial densities of states of the CeScO3 compound using
PBEsol+U.
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ELECTRONIC PROPERTIES

When studying the band structure of CeScO3 we found that Vasp underestimates the band-

gap as happens in other oxides.60 In contrast, Wien2k gives a more realistic value for the

band-gap energy. Thus, the study of the electronic properties under HP has been done

with Wien2k. Due to the localized f -state of the Ce+3 cation on the Fermi level, we have

used the Hubbard correction in order to predict the electronic properties.28 In order to

eliminate this localization, the on-site repulsion U was chosen equal to 4.57 eV. The as-

obtained band structure plot within Wien2k code is shown in Fig. 10. As observed in

Fig. 10, the ambient structure of CeScO3 presents a direct band-gap, whose valence band

maximum (VBM) and conduction band minimum (CBM) are located at the Γ point. Our

GGA-PBEsol+U calculation estimates a bandgap value of Eg = 3.23 eV, which is in good

agreement with the value calculated by Shukla et al ,8 Eg = 3.2 eV. Regarding the topology of

the band structure, we note that the conduction band is very dispersive, whereas, the valence

band seems to be much less dispersive. This feature indicates that the title compound,

which is known to be a p-type semiconductor,8 will have a low-conductivity, due to the large

effective mass of the holes in the valence band, a consequence of the flat characteristic of the

valence band.61

To analyze the energetic contribution of each orbital of the investigated compound, we

display in Fig. 11, the electronic partials density of states. An important feature related to

the application of semi-local functional (U) is the shift of localized Ce-f orbitals. This one is

accompanied by a strong hybridization with the O-p orbital near the Fermi level. Curiously

this orbital is not found in the PDOS plot done with Vasp code in Refs.8 This fact is

probably due to the discrepancy of Vasp code to properly describes strongly correlated f

and d -Ce states30 and to the fact that they do not include this orbital in their pseudo-

potential calculation. The near-upper valence bands between -6 to -2 eV are composed

mostly of hybridized Sc-d, Ce-d, and O-p states and close to what was found in the work by

Shukla et al.8
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Figure 12: Calculated band gap evolution as a function of pressure.
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To complete the picture of CeScO3 under compression and probe the variations of the

electronic properties as a function of pressure, we present in Fig. 12, the evolution of band-

gap vs P . It is shown that the band-gap is clearly influenced by the increase in pressure.

This fact is mainly due to the delocalization of the Ce-f electrons and an increase of O-

p–Sc-d hybridization. A combination of this trend and the decrease of ionicity, implies a

decrease of the electronic bandgap value. CeScO3 has a considerably smaller band gap than

other rare-earth scandates due to the contribution of Ce-f orbitals to the top of the valence

band. This phenomenon has been observed previously in other ternary oxides; for instance,

vanadates.62 The fact that the Ce states are highly localized at ambient pressure makes the

band gap to close under compression, as a consequence of a pressure-induced delocalization

and increase of orbital hybridization.

CONCLUSIONS

We have found that density-functional theory within the semi-local functional GGA-PBEsol

approximation, and including the Hubbard correction; describes accurately the high-pressure

behavior of the crystal structure of CeScO3. Such calculations provide also information on

elastic constants, phonons, and electronic properties and their behavior under high-pressure

conditions. From a microscopic point of view, we have also expressed the bulk compressibility

in terms of a sum of atomic domain contributions in the sense of the atoms in molecules

approach. The results show good agreement with the experiments. In addition, the average of

the two polyhedral compressibilities (CeO12 and ScO6) is found to recover the bulk value. The

polyhedral units show a slight preference for the reduction of the cubo-octahedron as pressure

is applied. The vibrational study has been completed with Raman experiments which have

been reported for the first time including Raman-active phonon frequencies and their pressure

dependence. All vibrational modes (Raman, infrared, and silent) have been assigned and

related to atomic vibrations. Their pressure dependence has been also reported showing
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that all modes harden under compression. Both, phonon and elastic-constant calculations

are consistent with the structural stability of the orthorhombic perovskite-type structure of

CeScO3 up to 40 GPa. Finally, we provide a description of the electronic band structure,

showing that CeScO3 has a much smaller band-gap than other scandates due to Ce f -

electrons. Such electrons also cause the closing of the electronic band-gap under compression.

The band-gap energy is reduced by 30% in the pressure range covered by this study.
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