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a b s t r a c t   

By using in-situ synchrotron angle-dispersive X-ray diffraction measurements, the thermal expansion and 
compressibility of orthorhombic CaSc2O4 were investigated up to 1173 K at ambient pressure and up to 
15.9 GPa at room temperature, respectively. No phase transformation was observed in this study. The 
thermal expansion coefficients of CaSc2O4 were determined to be 4.17(3) × 10−5 K−1, 1.60(1) × 10−5 K−1, 
1.18(1) × 10−5 K−1 and 1.39(1) × 10−5 K−1 for the V, a-, b- and c-axis, respectively. The isothermal bulk 
modulus of CaSc2O4 was obtained as 153.8(50) GPa with its first pressure derivative of 6.5(9). The axial 
compressibility was estimated to be 123(3), 177(4) and 242(11) GPa for the a-, b- and c-axis, respectively. 
Both the thermal expansion and compressibility of CaSc2O4 show axial anisotropy. The heat capacities (Cv 

and Cp) of CaSc2O4 was estimated by using a Kieffer model with Raman spectroscopy data and present 
experimental results. The standard entropy (S298

0 ) and Debye temperature (θD) of CaSc2O4 were also cal-
culated. 

© 2022 Elsevier B.V. All rights reserved.    

1. Introduction 

Oxide compounds with the chemical formula of AB2O4 (A = di-
valent cation, B = trivalent cation) have been well investigated due to 
their various structural, physical and chemical properties and ex-
tensive applications. Calcium scandium oxide (also referred to as 
calcium scandate), CaSc2O4, belongs to this family, and has been 
widely adopted as a host to synthesize fluorescent materials with 
different kinds of dopants [1–15]. This phase of CaSc2O4 can be ob-
tained through high-temperature calcination at ambient pressure. 
The structure of CaSc2O4 was described and refined in the orthor-
hombic with space group of Pnam, containing four formula units for 
a total of 28 atoms [16–18]. In the crystal structure (Fig. 1), all of the 
constituent atoms occupy 4c sites according to the Wyckoff notation. 
The Ca atoms are coordinated by eight oxygen atoms, and the Sc 
atoms occupy two different kinds of positions where each is co-
ordinated by six oxygen atoms. The orthorhombic structure includes 
a double octahedral Sc2O4-framework and Ca atoms residing within 
the framework with the bicapped trigonal prismatic site. 

To improve the application of materials, it is fundamental to 
know their physical and chemical properties. Although CaSc2O4 is 

widely used to obtain luminescent matter, little information about 
the physical and chemical properties of CaSc2O4 is available. In a 
previous study, the chemical bond characteristics, thermal expan-
sion property and compressibility of CaSc2O4 were theoretically 
studied [19]. However, no information on these physical properties 
was experimentally reported. In this paper, we investigated the 
physical properties of the thermal expansion and compressibility of 
CaSc2O4 by in-situ synchrotron radiation X-ray diffraction mea-
surements under various temperatures and high pressures. Ad-
ditionally, the thermodynamic properties including heat capacity, 
entropy and Debye temperature, were estimated by using the Kieffer 
vibrational model. 

2. Materials and methods 

High-purity CaSc2O4 was prepared by a solid-state reaction from 
CaCO3 and Sc2O3. Reagent-grade CaCO3 and Sc2O3 powders were 
mixed in the proportion corresponding to the CaSc2O4 stoichio-
metry, and the mixture was ground sufficiently and pressed into 
pellets with a diameter of 8 mm under uniaxial pressure of 15 MPa. 
The pellets were sintered at 1673 K in a furnace for 72 h, during 
which the sample was cooled, ground, and heated three times. The 
sintered product was confirmed by a powder X-ray diffractometer as 
a single CaSc2O4 phase. 

https://doi.org/10.1016/j.jallcom.2022.164756 
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In-situ angle-dispersive X-ray diffraction measurements at var-
ious temperatures were carried out at BL14B1 beamline of Shanghai 
Synchrotron Radiation Facility (SSRF), China. The description of this 
beamline was previously reported [20]. The experimental procedure 
was the same as those in previous studies [21,22]. The powdered 
CaSc2O4 sample was put into a fused quartz capillary and set at the 
center of a custom-made furnace, which could generate the target 
temperature with a rate of 30 K/min. The temperature was auto-
matically controlled by a program and monitored by a K-type ther-
mocouple with an accuracy of approximately  ±  1 K. The wavelength 
of the in-situ monochromatic X-ray was 0.6887 Å, which was cali-
brated with a NIST LaB6 standard (660b). The beam size is about 
200 µm (height) × 180 µm (width). Before each collection of the XRD 
pattern, the desired temperature was held for 5–10 min for thermal 
equilibrium. Each XRD pattern was measured in a 2θ range of 
10°–40° with a step of 0.01° up to the temperature of 1173 K. The 
lattice parameters of the sample at various temperatures were ob-
tained by refinements of XRD patterns using GSAS software [23,24]. 

In-situ angle dispersive X-ray diffraction experiments at different 
pressures were done at BL15U1 beamline of SSRF. The details of this 
beamline were previously described [25]. The experimental proce-
dure was similar to previous studies [26,27]. A monochromatic X-ray 
with a wavelength of 0.6199 Å was used and the beam spot on the 
sample was about 5 µm in diameter. A symmetry-type diamond 
anvil cell (DAC) was adopted. The culets of the diamond anvils are 
500 µm in diameter. A T301 stainless steel disk with an initial 
thickness of 260 µm was pre-indented to about 50 µm in thickness 
and used as a gasket. A hole as the sample chamber with a diameter 
of 200 µm was drilled. The CaSc2O4 sample, pressure scale of ruby 
(Cr3+ doped α-Al2O3) microspheres and pressure medium of silicone 
oil, were loaded into the chamber. The experimental pressures were 
determined by the ruby fluorescence method [28]. Collection time 
for each pattern was 120 s. All collected images were integrated 
using the DIOPTAS program [29] to obtain conventional one-di-
mensional diffraction patterns, which were analyzed by the LeBail 
method implemented in GSAS+EXPGUI software [23,24] to obtain 
the cell parameters. 

3. Results and discussion 

3.1. Thermal expansion 

High-temperature X-ray diffraction patterns were collected up to 
1173 K at ambient pressure. Fig. 2 shows typical X-ray diffraction 
patterns obtained in this study. All the diffraction peaks can be as-
signed to orthorhombic CaSc2O4. The X-ray diffraction pattern of 

CaSc2O4 under ambient conditions gives unit-cell parameters of a0 

= 9.4803(1) Å, b0 = 11.1337(1) Å, c0 = 3.1475(1) Å and V0 = 332.23(1) 
Å3, which are consistent with previous studies [16–18]. With in-
creasing temperature, the X-ray diffraction peaks shift to the lower 
2θ region, and no phase transition occurs. A refined plot of X-ray 
diffraction pattern collected at a temperature of 305 K is shown in  
Fig. 3. The obtained V-T data of CaSc2O4 at different temperatures are 
listed in Table 1. The variations in the lattice parameters (a, b, c, V) of 
CaSc2O4 are displayed in Fig. 4. 

The thermal expansion coefficient αv = 1/V (∂V/∂T)P can be used to 
express the fluctuation of lattice parameters as a function of tem-
perature. Provided the thermal expansion coefficient αv does not 
vary with temperature, integration gives the following formula [30]:  

ln (V/V0) = αv (T - T0)                                                             (1) 

Fig. 1. The crystal structure of CaSc2O4.  

Fig. 2. Typical X-ray diffraction patterns of CaSc2O4 at different temperatures and 
ambient pressure. 

Fig. 3. Refined X-ray diffraction pattern of CaSc2O4 obtained at 305 K. Observed (black 
crosses), calculated (red line) and difference (bottom blue curve) powder XRD pattern 
determined by Rietveld analysis. 
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In the same way, the axial thermal expansion coefficients along 
the a-, b- and c-axis can be obtained by the following expressions:  

ln (a/a0) = αa (T - T0)                                                              (2)  

ln (b/b0) = αb (T - T0)                                                              (3)  

ln (c/c0) = αc (T - T0)                                                              (4)  

Using the refined V-T data listed in Table 1 and the above for-
mulas, the thermal expansion coefficients of CaSc2O4 are obtained as 
4.17(3) × 10−5 K−1, 1.60(1) × 10−5 K−1, 1.18(1) × 10−5 K−1 and 1.39(1) 
× 10−5 K−1 for volume, a-, b- and c-axis, respectively. In a previous 
study, the linear thermal expansion coefficient (αL) of CaSc2O4 was 
theoretically predicted as 1.17 × 10−6 K−1 [19]. Indeed, αL is one-third 
of αv [31]. However, the deduced linear thermal expansion coeffi-
cient is 1.39 × 10−6 K−1 in this study, which is larger than the theo-
retical calculation. 

Obviously, axial thermal expansion anisotropy exists in CaSc2O4 

since the a-axis shows a larger thermal expansion coefficient than 
those of the b- and c-axis. This is reasonable since the atomic ar-
rangement along the a-axis is looser than those along the b- and c- 
axis [18]. The anisotropic axial thermal expansion characteristic of 
CaSc2O4 is similar to that of β-CaCr2O4 [22], and a thermal expansive 
relationship of αv = αa + αb + αc also stands within CaSc2O4. Compared 
with our previous study of β-CaCr2O4 [22], CaSc2O4 shows relatively 
larger thermal expansion coefficients. In fact, in the crystal structure 

of CaSc2O4 [18], eight-coordinated Ca2+ cations yield an average Ca-O 
bond length of 2.5127 Å, and two different kinds of six-coordinated 
Sc3+ cations give average Sc-O bond lengths of 2.1206 Å and 2.1226 Å. 
These bond lengths are larger than the corresponding values of β- 
CaCr2O4. It is known that a larger bond length means a weaker bond 
force, which causes the thermal expansion of CaSc2O4 to be larger 
than that of β-CaCr2O4. The bond expansion can be estimated by the 
following empirical relation [32]:   

< α > (10−6 K−1) = 32·9 × (3/4 - z/ρ)                                           (5)  

where z is the cation charge and ρ is the coordination number. 
The expression gives bond expansion of 16.45 × 10−6 K−1 for VIIICa-O 
and 8.225 × 10−6 K−1 for VISc-O. Obviously, Ca-O bond expansion 
dominates the expansion of CaSc2O4. 

Due to its high thermal expansion coefficient, CaSc2O4 might be 
regarded as a potential thermal barrier coating (TBC). More in-
vestigations are needed to uncover if it is with high stability, high 
chemical resistance, low sintering rate and high fracture toughness, 
which are requirements for TBC materials. 

3.2. Compressibility 

High-pressure X-ray diffraction patterns were collected up to 
15.9 GPa at ambient temperature. Fig. 5 shows typical X-ray dif-
fraction patterns at different pressures obtained in this study. All the 
diffraction peaks can be assigned to CaSc2O4. With increasing pres-
sure, the X-ray diffraction peaks shift to a higher 2θ region, and no 
phase transformation happens. A refined plot of X-ray diffraction 
pattern collected at a pressure of 4.1 GPa is illustrated in Fig. 6. The 
refined unit-cell parameters of CaSc2O4 at different pressures are 
listed in Table 2. In order to obtain the bulk modulus, the refined P-V 
values were fitted by using the following third-order Birch-Murna-
ghan equation of state [33]: 

Table 1 
Lattice parameters of CaSc2O4 at various temperatures.       

T (K) a (Å) b (Å) c (Å) V (Å3)  

305 9.4803(1) 11.1337(1) 3.1475(1) 332.23(1) 
373 9.4867(1) 11.1372(1) 3.1491(1) 332.72(1) 
473 9.5070(1) 11.1563(1) 3.1549(1) 334.62(1) 
573 9.5219(1) 11.1684(1) 3.1592(1) 335.96(1) 
673 9.5373(1) 11.1816(1) 3.1637(1) 337.38(1) 
773 9.5517(1) 11.1942(1) 3.1678(1) 338.71(1) 
873 9.5678(1) 11.2089(1) 3.1726(1) 340.24(1) 
973 9.5828(1) 11.2215(1) 3.1770(1) 341.63(1) 
1073 9.5973(1) 11.2354(1) 3.1814(1) 343.05(1) 
1173 9.6122(1) 11.2492(1) 3.1860(1) 344.50(1) 

Standard deviations are in parentheses.  

Fig. 4. Variations in lattice parameters with temperature for CaSc2O4.  

Fig. 5. Representative X-ray diffraction patterns of CaSc2O4 at high pressures and 
room temperature. 
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where P, K0, V0, V and K′0 are pressure, isothermal bulk modulus, 
zero-pressure volume, high-pressure volume and first pressure de-
rivative of the isothermal bulk modulus, respectively. 

Using the EosFit program [34], a least-squares fitting yields V0 

= 331.95(11) Å3, K0 = 153.8  ±  5.0 GPa, and K0
' = 6.5  ±  0.9. When K0

' is 
fixed at 4, the fitting gives K0 = 166.7  ±  1.9 GPa. The volume variation 
of CaSc2O4 as a function of pressure and the compression curve 
calculated by the fitted parameters are illustrated in Fig. 7. A theo-
retical study was carried out by using the chemical bond theory of 
dielectric description and yielded a bulk modulus of 121.4 GPa for 
CaSc2O4 [19]. Another bulk modulus of 145 GPa for CaSc2O4 was 
predicted by the Materials Project using the generalized gradient 
approximation (GGA) [35]. Generally, GGA underestimates the bulk 
modulus. Therefore, it is reasonable that the isothermal bulk mod-
ulus of CaSc2O4 deduced from our experimental results is larger than 
the theoretical calculations. Compared with isostructural β-CaCr2O4, 
CaSc2O4 shows a smaller isothermal bulk modulus, i.e., more com-
pressible. Meanwhile, the empirical relationship K0 × V0 = constant  
[36] for the same crystal structure is valid for CaSc2O4 and 
β-CaCr2O4. 

As mentioned above, a larger bond length means a weaker bond 
force and easier compression. The bond compression can be esti-
mated by the following empirical relation [32]:   

< β > (10−6 kbar−1) = 37·0 × (d0
3/z)                                            (7) 

where d0 is the mean polyhedral metal-oxygen distance under am-
bient conditions, and z is the cation charge. The expression yields 
bond compression of 293.5 × 10−5 GPa−1 for VIIICa-O and 117.8 × 10−5 

GPa−1 for VISc-O. Obviously, Ca-O bond compression is dominant to 
the bulk compressibility of CaSc2O4. 

In order to estimate and compare the axial compressibility of 
CaSc2O4, a second-order Birch-Murnaghan equation of state was 
used to fit the values of a3, b3 and c3 at different pressures. The fitting 
axial moduli are Ka0 = 123(3) GPa, Kb0 = 177(4) GPa and Kc0 = 242(11) 
GPa for the a-, b- and c-axis, respectively. Clearly, CaSc2O4 shows 
axial elastic anisotropy along the a-, b- and c-axis since the a-axis is 
more compressible than the b- and c-axis. Similarly, the axial elastic 
anisotropy might be related to the structure of CaSc2O4 and poly-
hedral evolution under high pressures. 

3.3. Heat capacity and entropy 

The specific heat capacity (Cp) of CaSc2O4 has been experimental 
measured by using both single crystalline and powder sample  
[37,38]. However, the results are inconsistent. It is known that heat 
capacity can be calculated by the Kieffer vibrational model [39–41]. 
Based on the crystal structure, group factor analysis gives 84 vibra-
tional modes including three acoustic modes and eighty-one optic 
modes for CaSc2O4 [42]. There is no information about the acoustic 
velocities of CaSc2O4, but the compressional velocity (Vp) can be 
calculated from the following Birch empirical relationship [43]:  

Vp = −1·87 − 0.7 × (m − 21) + 3·05 ρ                                         (8)  

where m is the mean atomic weight and ρ is the density in g/cm3. 
The shear velocity (Vs) is calculated by the equation: 

=Vs V
Ks3

2 p
2

1/2

(9) 

Fig. 6. Refined X-ray diffraction pattern of CaSc2O4 obtained at 4.1 GPa. Observed 
(black crosses), calculated (red line) and difference (bottom blue curve) powder XRD 
pattern determined by Rietveld analysis. 

Table 2 
Unit-cell parameters of CaSc2O4 at different pressures.       

P (GPa) a (Å) b (Å) c (Å) V (Å3)  

0.00001a 9.4796(8) 11.1327(9) 3.1470(3) 332.11(6) 
1.0 9.4485(2) 11.1048(3) 3.1389(1) 329.34(1) 
2.3 9.4185(7) 11.0770(8) 3.1312(2) 326.67(7) 
3.1 9.3990(5) 11.0642(5) 3.1273(1) 325.21(3) 
4.1 9.3845(17) 11.0511(20) 3.1243(6) 324.02(17) 
5.0 9.3709(4) 11.0399(5) 3.1193(1) 322.70(3) 
6.4 9.3365(8) 11.0108(8) 3.1131(2) 320.03(7) 
7.4 9.3120(5) 10.9956(5) 3.1075(1) 318.18(4) 
8.6 9.3029(13) 10.9824(13) 3.1030(4) 317.03(12) 
9.4 9.2832(22) 10.9630(24) 3.1016(7) 315.65(21) 
10.2 9.2631(24) 10.9438(27) 3.0991(8) 314.16(23) 
11.4 9.2357(17) 10.9131(19) 3.0967(5) 312.12(16) 
12.4 9.2137(16) 10.8969(16) 3.0948(5) 310.72(14) 
13.3 9.1940(18) 10.8883(19) 3.0921(6) 309.54(17) 
14.5 9.1801(39) 10.8697(45) 3.0867(13) 308.00(39) 
15.9 9.1505(11) 10.8564(13) 3.0858(3) 306.55(9) 

Standard deviations are in parentheses.  
a The XRD pattern at 0.0001 GPa was collected after full decompression.  

Fig. 7. P-V data of CaSc2O4 at high pressures and room temperature. The dash curve 
represents the third-order Birch-Murnaghan equation of state fitted with K0 of 
153.8 GPa and K0

' of 6.5. The uncertainties of pressure and volume are within symbols. 
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where KS is adiabatic bulk modulus and its better approximation for 
most materials is KS = 1.01 KT, where KT is the isothermal bulk 
modulus as 153.8 GPa for CaSc2O4 obtained in this study. According 
to the method described by Kieffer [39], the directionally averaged 
acoustic velocities were estimated. Raman spectrum of CaSc2O4, as 
shown in Fig. 8, was used for modeling the vibrational density of 
states of optic modes in this study. Similar to our previous study of β- 
CaCr2O4 [22], an optic continuum model in the Raman shift range of 
50–900 cm−1 was adopted for calculation. The isochoric heat capa-
city Cv was obtained from Kieffer modeling. Then the isobaric heat 
capacity (Cp) was calculated by the following formula:  

Cp = Cv + αv
2 KT VT T                                                              (10) 

where αv, KT and VT are the thermal expansion coefficient, isothermal 
bulk modulus and volume, respectively, at ambient pressure and T K. 
The isothermal bulk modulus at ambient temperature is obtained as 
153.8 GPa in this study. But the temperature derivative of KT is not 
available. It was reported as - 0.03 GPa/K for orthorhombic MgAl2O4  
[44], which is adopted in this study for better approximation. VT at T 
K is determined using an expression of: 

=V V exp TdT
T

v298
298 (11) 

where V298 refers to the volume of CaSc2O4 at ambient temperature 
and pressure. 

The estimated heat capacities (Cv and Cp) are displayed in Fig. 9. 
Meanwhile, the limiting Cv value can be predicted by the Dulong- 
Petit law (CvD-P):  

CvD-P = 3nR                                                                         (12) 

where n and R are the number of atoms in the molecule and the gas 
constant, respectively. Therefore, CvD-P is obtained as 174.5 J mol−1 

K−1 for CaSc2O4, shown as a horizontal dash line in Fig. 9. Clearly, the 
calculated Cv curve is close to the CvD-P at high temperature, which 
means the calculation is reasonable in this study. Compared with the 
specific heat capacity (Cp) obtained in previous experimental dif-
ferential scanning calorimetric measurements [37,38], Kieffer model 
gives larger values of Cp for CaSc2O4, as shown in Fig. 9. 

Additionally, the calculated Cp can be used to estimate the vi-
brational entropy at T K according to the following formula: 

=S
C

T
TdT

T p0
0 (13)  

The vibrational entropy at 298 K (S298
0 ) is estimated to be 

117 J mol−1 K−1, which is smaller than that of β-CaCr2O4 [22]. 

The Debye temperature (θD) is one of the most important ther-
modynamic parameters since it is the temperature of a crystal’s 
highest normal mode of vibration. The Debye temperature is related 
to the elastic properties with the thermodynamic properties such as 
phonons, thermal conductivity, thermal expansion, specific heat, and 
lattice enthalpy [45]. The Debye temperature θD of CaSc2O4 can be 
estimated from the averaged sound velocity in the following equa-
tion [46]: 

= h
k

n N
M

V
3
4

,D
B

A
m

1/3

(14) 

where h, kB, n, NA, ρ and M represent Planck’s constant, Boltzmann’s 
constant, the number of atoms per chemical formula, Avogadro’s 
number, density and molecular weight, respectively, and Vm is the 
averaged sound velocity calculated from compressional velocity Vp 

and shear velocity Vs with the equation: 

= +V
V V

1
3

1 2
.m

p s
3 3

1/3

(15)  

The estimated Debye temperature θD of CaSc2O4 is 891 K, which 
is higher than that of β-CaCr2O4 [22]. 

4. Conclusion 

In this study, we investigated the physical properties of the 
thermal expansion and compressibility of orthorhombic CaSc2O4 by 
in-situ synchrotron X-ray diffraction measurements in the tem-
perature range of 305–1173 K at ambient pressure and under pres-
sures up to 15.9 GPa at room temperature, respectively. No 
temperature-induced or pressure-induced phase transformation was 
observed in the present study. The thermal expansion coefficient of 
CaSc2O4 was determined to be 4.17(3) × 10−5 K−1. The isothermal bulk 
modulus of CaSc2O4 was obtained as 153.8(50) GPa with its first 
pressure derivative of 6.5(9). Axial anisotropy exists in both thermal 
expansion and compressibility. The thermodynamic parameters in-
cluding heat capacity, standard entropy (S298

0 ) and Debye tempera-
ture (θD) of CaSc2O4 were also estimated by adopting the Kieffer 
vibrational model with Raman spectrum and present experimental 
results. 

Fig. 8. Raman spectrum of CaSc2O4 at room temperature and 1 atm.  
Fig. 9. Heat capacities of CaSc2O4. Solid and dashed curves show Cp and Cv given by 
Kieffer vibrational model. Horizontal dash line represents the Dulong-Petit limiting 
CvD-P value. Open circles and triangles are the measured Cp of CaSc2O4 in previous 
studies [37,38]. 
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