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Abstract—We calculated equilibrium lattice constant , bulk modulus , pressure derivative  and bond
lengths  and  using both GGA and LDA approaches for ScF3. We predict the elastic moduli using
GGA and LDA functional. The ScF3 is elastically and dynamically stable in the pressure range 0–38 GPa.
The Young’s modulus, shear modulus, linear compressibility and Poisson’s ratio have a maximum value and
another minimum in each direction explaining their anisotropy. The indirect R–X band gap value of 6.139 eV
and the electronic DOS indicate the insulator character in ScF3. The predicted GGA and LDA values of elec-
tron effective masses for ScF3 are 1.604 and 1.703, respectively. The longitudinal and transversal optical phonon
frequencies ωL0 and ωT0 at R point for ScF3 are 725.69 and 588.5 cm–1. The volumetric thermal expansion coef-
ficient, the constant volume and pressure heat capacities and entropy at zero pressure and 300 K are 5.14 ×
105 K–1, 83.86, 86.54, and 77.48 J mol–1 K–1 for ScF3. The edge of the optical absorption located at 31.53 nm is
caused by V1−C1 transition at X point, which corresponds to the indirect band gap R–X.

Keywords: optical properties, bulk modulus, ScF3

DOI: 10.1134/S0036024421150115

1. INTRODUCTION
Rare earth elements, lanthanides and scandium are

very important in the field of electronic instruments.
They are used in defense and in the energy and com-
munication industry. Scandium fluoride ScF3 belongs
to a class of materials that show negative thermal
expansion in the range 10–1100 K [1]. This material
can take ReO3 type cubic structure [2]. Sorokin et al.
investigate experimentally the electrical ionic conduc-
tivity of ScF3 for ReO3 single crystal by using imped-
ance spectroscopy [3]. Karimov et al. report that ScF3
possess high thermal conductivity (k = 9.6 W m–1 K–1

at 300 K) and low ionic conductivity (σ = 4 ×
10‒8 S cm–1 at 673 K) [4]. Aleksandrov et al. studied
the high-pressure phase of ScF3 by using synchrotron
radiation diffraction and Raman scattering [5]. ScF3
was prepared by Newkirk [6] from a mixture of ScF3
and NaF with a ratio of 20 : 80 and doped with 1%

CrF3. The detailed method of synthesis is explained in
reference [6].

We use in this work the pseudo-potential plane-
wave (PP-PW) method within the generalized gradi-
ent approximation (GGA) and local density approxi-
mation (LDA) to determine the structural, elastic,
electronic, lattice dynamic, thermodynamic and opti-
cal properties of ScF3 with a single cubic structure.

2. CALCULATION MODELS
AND METHODOLOGY

The calculations were performed by using a
pseudo-potential plane-waves (PP-PW) method of
the density functional theory (DFT) as implemented
in the CASTEP code [7]. The interactions of valence
electrons with ion cores are treated in the reciprocal
space with a Vanderbilt ultra soft pseudo potential [8].
We adopt the generalized gradient approximation
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Table 1. The calculated equilibrium lattice constant a0 (Å), bulk modulus B0 (GPa), pressure derivative , and bond
lengths (Å)  (Å) and  (Å) using both GGA and LDA

Parameters a0 B0

This work GGA 4.068 88.81
89.18

4.32
4.38

2.876 2.876 2.876 2.034 2.034 2.034

LDA 3.978 106.06
105.45

4.32
4.27

2.813 2.813 2.813 1.989 1.989 1.989

Experiment 4.026 [18] 60 [19] 2.86 [21] 2.86 [21] 2.86 [21] 2.02 [21]
2.012 [6]

2.02 [21]
2.012 [6]

2.02 [21]
2.012 [6]

Other 4.074 [20]
3.986 [20]

89 [20]
106 [20]

0'B

−i jF Fd −i jF Scd

0'B −1 2F Fd −1 3F Fd −2 3F Fd −1 1F Scd −2 1F Scd −3 1F Scd
(GGA) of Perdew, Burke and Ernzerhof [9] and the
local density approximation (LDA) with Teter and
Pade parameterization [10] for the exchange-cor-
relaion functional. The integration over the Brillouin
zone is employed by using the Monkhorst-Pack
method [11] with 8 × 8 × 8 k-points and cut-off energy
of 360 eV. The optimization of the lattice constant cor-
responds to the minimum energy. The structural
parameters were determined using the Broyden–
Fletcher–Goldfarb–Shanno minimization technique
[12]. The detailed study of thermal effect by using the
quasi-harmonic Debye model implemented in the
Gibbs program are found in [13–17].

3. RESULTS AND DISCUSSIONS

3.1. Structural Analysis

The scandium fluoride ScF3 crystallizes in cubic
structure with space group  (221). This struc-
ture shows that Sc and F atoms take positions 1a (0, 0,
0) and 3d (1/2, 0, 0). The equilibrium lattice constant

, bulk modulus , the pressure derivative  and
bond lengths  and  are listed in Table 1
using both GGA and LDA approaches, along with the
experimental [18, 19] and other theoretical values [20,
21] reported in the literature. The GGA parameters
cited above at equilibrium are in well concordance
with available experiment and other theoretical data.
Note that the analysis of bond lengths indicates that

 distances are equal as well as , but the later
are smaller. We point out that our values agree well
with the experiment ones quoted in references [6, 21].

3.2. Elastic Constants

The predicted elastic moduli at equilibrium and

, , ,  using GGA and LDA

approaches for the scandium fluoride are reported in
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Table 2. For a cubic crystal under pressure, the gener-
alized elastic stability criteria are [22]:

(1)

The calculated elastic moduli satisfy the above criteria
at equilibrium, suggesting that ScF3 is elastically sta-
ble. The bulk modulus, shear modulus, Young’s mod-
ulus, Poisson’s ratio and anisotropy factor deduced
from Voigt [23], Reuss [24], and Hill [25] approxima-
tions are listed in Table 3. The Poisson’s ratio of ScF3
is around 0.25, and then this material has dominantly
ionic bonding. The anisotropy factor value indicates a
strong anisotropy in ScF3. Figure 1 shows the direc-
tion-dependent Young’s modulus, linear compress-
ibility and Poisson’s ratio for ScF3. For the isotropic
material, the shape is spherical and any distortion
from the spherical shape indicates anisotropy. Conse-
quently, Young’s modulus, linear compressibility and
Poisson’s ratio for ScF3 are anisotropic. The predicted
maximum and minimum values for these parameters
are listed in Table 4.

3.3. Electronic Properties
Figure 2a shows the plot of electronic band struc-

ture at equilibrium geometry along the high symmetry
directions X, R, M, and Г in the Brillouin zone using
GGA approach. ScF3 exhibits an indirect band gap
R–X of 6.139 eV, which traduces its insulator charac-
ter. For comparison, ScF3 possesses an indirect band
gap R–X of 5.947 eV [26]. We point out that the exper-
imental band gap value for ScF3 is located between 7–
8 eV [27]. The upper valence band is located between
‒3.12 eV and the Fermi level. The first conduction
band started at 6.18 eV above the Fermi level. We listed

, ,  for all band gaps with both GGA and

LDA in Table 5. We also show the total and partial
densities of states (TDOS and PDOS) of ScF3 in
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Table 2. The equilibrium elastic moduli (GPa), , , ,  predicted using GGA and LDA for ScF3

Parameters C11 C12 C44 B

This work GGA 231.05 20.35 18.65 90.58 8.52 1.27 –0.57 4.20
LDA 274.74 18.16 17.57 103.69 8.81 1.36 –0.55 4.09
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Table 3. The bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio and anisotropy factor for ScF3

Parameters
B, GPa G, GPa EH,

GPa
σH AU

GGA 90.58 90.58 90.58 53.33 27.81 40.57 105.91 0.305 4.58
LDA 103.69 103.69 103.69 61.85 26.83 44.34 116.44 0.312 6.52

VB RB HB VG RG HG
Fig. 2b. The upper valence band located in the range
(–3.5 eV to EF) is principally due to the F: p sites. The
first conduction band located in the range 5.84 to
10.5 eV is mainly Sc: d states. We calculated the elec-
tron effective mass m* in the conduction band mini-
RUSSIAN JOURNAL OF

Fig. 1. The directional dependence of Young mod
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ulus, shear modulus, and Poisson ratio for ScF3. 
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Table 4. The predicted direction-dependent Young’s modulus, linear compressibility, shear modulus and Poisson’s ratio
for ScF3

Parameters
Young’s modulus, GPa Linear compressibility Shear modulus, GPa Poisson’s ratio

Emin Emax βmin βmax Gmin Gmax σmin σmax

ScF3 GGA 52.38 227.76 3.6796 3.6796 18.66 105.35 0.023 0.738
LDA 49.90 272.49 3.2146 3.2146 17.57 128.29 0.014 0.784

Table 5. The , ,  values for all band gaps calculated with both GGA and LDA for ScF3

Parameters

LDA , eV 7.39 7.75 6.03 6.56 6.49 6.11 7.66

 (×10–4) 3.83 6.49 3.67 6.60 4.49 3.93 6.44

 (×10–4) –2.86 –4.49 –2.79 –4.09 –5.11 –4.53 –4.12

GGA , eV 7.27 7.58 6.13 6.69 6.65 6.17 7.27

 (×10–4) –3.69 –5.14 –3.65 –5.02 4.90 –4.59 –5.15

 (×10–4) 4.76 7.4 4.65 7.6 5.23 4.84 7.40
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The GGA and LDA predicted values of electron effec-
tive masses for ScF3 are 1.604 and 1.703, respectively.

3.4. Phonon Frequencies

We treat the lattice vibration in terms of the vibra-
tion norm-modes for acoustical or optical phonons
frequencies and longitudinal or transversal propaga-
tion. We compute the phonons dispersions curves by
using the density functional perturbation theory. Fig-
ure 3a shows the phonons dispersions curves and den-
sity of states of phonons for ScF3. The unit cell of ScF3
has four atoms and as a result there is optical branches
and the remaining are acoustical. Our longitudinal
and transversal optical phonons frequencies ωL0 and
ωT0 at R point for ScF3 are 725.69 and 588.5 cm–1.
There are no soft modes, and consequently this
material is dynamically stable. We point out that the
main features of phonons dispersions spectra are the
followings.

(1) The longitudinal optical (LO) and transversal
optical (TO) branches are separated by a frequency
gap of 67 cm–1.

(2) There is a frequency gap of 116 cm–1 between
optical and acoustical modes.

(3) F atoms and small contribution of Sc atoms are
responsible to the optical and acoustical modes.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
(4) The maximum of longitudinal and transversal
optical branches are located at the R point.

(5) There is an overlapping between longitudinal
and transversal acoustical branches.

Figure 3b represents the phonons dispersions
curves of ScF3 at 40 GPa. We see that beyond 38 GPa,
ScF3 becomes dynamically unstable.

3.5. Thermodynamic Properties

We investigate the thermodynamic properties of
ScF3 under high temperature in the range from 0 to
1800 K and pressure from 0 to 50 GPa. Figure 4a pres-
ents the volume–temperature diagram of ScF3 at sev-
eral pressures. The volume increases with increasing
temperature at a given pressure. On the other side, as
the pressure increases the volume decreases at a given
temperature. At 300 K and zero pressure, the lattice
constant is 4.0768 Å. Figure 4b shows the bulk modu-
lus versus temperature at a given pressure. The bulk
modulus decreases with increasing temperature at a
given pressure and increases with increasing pressure
at a given temperature. At 300 K and zero pressure, the
bulk modulus is 85.62 GPa. Figure 4c displays the
dependence of the Debye temperature  on tempera-
ture and pressure. The Debye temperature is practi-
cally constant between 0 and 300 K, and then it
decreases linearly with increasing temperature. It is

θD
l. 95  Suppl. 2  2021
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Fig. 2. The band structure along the high symmetry points X, R, M and Г (a), total and partial densities of states (b) for ScF3. 
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also shown that when the temperature is constant, the
Debye temperature increases almost with applied
pressure. Our calculated  at zero pressure and 300 K
is 467.18 K, which is in reasonable agreement with the
value computed accurately in terms of the elastic con-
stants 476 K. Figure 5a plots the volumetric thermal
expansion coefficient  as a function of temperature
and pressure. It is shown that, at a given pressure, 
increases sharply with the increase of temperature up

θD

α
α

RUSSIAN JOURNAL OF
to 300 K. When T > 300 K,  gradually approaches to
a linear increase with increase in temperature, and the
propensity of increment becomes moderate, which
means that the temperature dependence of  is very
small at high temperature. For a given temperature, 
decreases drastically with the increase of pressure. At
300 K and zero pressure,  is 5.14 × 105 K–1.

Figures 5b and 5c represent the constant volume
and pressure heat capacities CV and CP as a function of

α

α
α

α
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Fig. 3. Phonons dispersions curves and density of states of phonons for ScF3 (a) at equilibrium pressure (b) at pressure of 40 GPa. 
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the temperature. At sufficiently low temperature, CV is
proportional to T3 [28]. Then up to 450 K, CV and CP
increase exponentially and the difference between
them is very slight. At high temperature (T > 450 K) CP
follows a linear increase, whereas CV tends to the Petit
and Dulong limit [29], which is common to all solids
at high temperature. At high temperature CV tends to
approach 98.1 J mol–1 K–1. At zero pressure and ambi-
ent temperature, CV and CP are 83.36 J mol–1 K–1 and
86.54 mol–1 K–1, respectively. The constant pressure
heat capacity and entropy predicted using GGA along
with experimental values for ScF3 are listed in Table 6.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
3.6. Optical Properties

Figure 6a displays the plot of imaginary part of the
dielectric function (right panel) and the transition
energy  (left panel), where 
and  are the valence band number i and the conduc-
tion band number j. The main optical transitions are
described from the upper five valence bands to the five
low conduction bands. All possible transitions are
reported in Table 7. Figure 6b displays the optical con-
stants as a function of wavelength for ScF3. The edge
of the optical absorption located at 31.53 nm is caused
by V1−C1 at R point in Brillouin zone, which corre-

= −( ) ( ) ( )Cj ViE k E k E k iV

jC
l. 95  Suppl. 2  2021
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Fig. 4. Volume (a), bulk modulus (b), and Debye temperature (c) as a function of temperature for ScF3. 
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Fig. 5. Volumetric thermal expansion coefficient (a), constant volume (b), and pressure (c) heat capacities versus temperature for ScF3.
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Table 6. The constant pressure heat capacity and entropy
(calculated using GGA and experimental values) for ScF3

Tempera-
ture, K

CP, J mol–1 K–1 S, J mol–1 K–1

this work experiment 
[21] this work experiment

0 0 0
100 28.508 11.549
200 69.305 45.618
300 86.546 83.881 77.482 97.907
400 94.870 91.046 103.649 101.302
500 99.914 94.357 125.397 144.408
600 103.606 143.952 161.839
700 106.673 97.943 160.039 176.835
800 109.609 98.94 174.558 189.982
900 112.548 99.727 187.679 201.682

1000 115.633 199.698 212.224
1100 119.022 210.873 221.819
1200 122.773 221.271 230.625
1300 127.413 231.388 238.765
1400 132.991 241.044 246.335
1500 140.124 250.452 253.412
1600 149.763 259.735 260.059
1700 164.717 269.285 266.328
1800 190.341 279.127 272.257
sponds to the indirect band gap R‒X. The maximum
reflectivity value is 338468 сm−1 at 38.26 nm. The
peaks of energy loss correspond to the trailing edges in
the reflection spectra. The prominent peaks of loss are
situated at energies corresponding to the abrupt
reductions of reflectivity. The loss function reached a
RUSSIAN JOURNAL OF

Table 7. The main contribution to the optical transitions from
for ScF3

Brillouin 
zone

E = 7.23 eV , , , , 

E = 9.60 eV , , , , 
, , , , 
, 

E = 13.28 eV , , , , 
, , , 

E = 16.01 eV , 

→X R

→5 1V C →4 1V C →3 1V C →2 1V C
→1 1V C

1V

2V

3V
→3 5V C →6 3V C →4 4V C →5 3V C
→5 1V C →2 5V C →5 4V C →4 1V C
→4 2V C →5 2V C

6V

6V

5V
→6 3V C →5 7V C →4 7V C →6 6V C
→5 6V C →5 6V C →4 6V C →1 7V C

6V

3V
→6 7V C →5 7V C 6V

1V
maximum value of 1.49 at 37 nm for ScF3. We
observed that the reflectivity of ScF3 has a value of
0.003, which corresponds to a wavelength of 30.44 nm.
After a successive growth it reached a maximum value
of 0.17 at 123.9 nm. It is reported in a number of previ-
ous investigations that the lower reflectivity indicates
the higher UV or visible light absorption [21]. These
absorption peaks are attributed to the photo transition
energies from the maximum valence band to the min-
imum conduction band under UV light irradiation,
which indicates that this material can absorb photons
of UV range. The highest value of absorption
338468 cm–1 was determined at the wavelength of
38.26 nm. One can see that maximum of absorption
corresponds to the maximum of reflectivity and the no
loss function.

4. CONCLUSIONS

We obtain the structural, elastic, electronic, lattice
dynamic, thermodynamic and optical properties of
cubic ScF3 by using the pseudo-potential plane-wave
(PP-PW) method within the generalized gradient
approximation (GGA) and local density approximation
(LDA). The computed value of the factor anisotropy
and Poisson’s ratio indicate that ScF3 has a strong
anisotropy and predominantly ionic bonding. The
optical properties of ScF3 such as all possible transi-
tions, absorption, reflectivity and loss function were
investigated. F atoms and small contribution of Sc
atoms contribute to the optical and acoustical modes,
where there is a gap of 67 cm–1 between them. The unit
cell volume increases with increasing temperature at a
given pressure and decreases when the pressure is
increased at a given temperature. The predicted Debye
temperature at zero pressure and 300 K is 467.18 K,
which is in reasonable agreement with the value com-
puted accurately with elastic constants (476 K). The
upper valence band located in the range (‒3.5 eV to
 PHYSICAL CHEMISTRY A  Vol. 95  Suppl. 2  2021
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Fig. 6. Optical transitions energies  (left panel), imaginary part (right panel) (a) and optical constants
(b) for ScF3. 
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= −( ) ( ) ( )Cj ViE k E k E k
EF) is principally due to the F: p sites. The first con-
duction band located in the range 5.84 to 10.5 eV is
mainly Sc: d states.
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