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The ground state properties of cubic scandium trifluoride (ScF3) perovskite were studied using first-principles
calculations. The electronic structure of ScF3 was determined by linear combination of atomic orbital (LCAO)
and plane wave projector augmented-wave (PAW) methods using modified hybrid exchange-correlation
functionals within the density functional theory (DFT). The comprehensive comparison of the results obtained
by two methods is presented. Both methods allowed us to reproduce the lattice constant found experimentally in
ScF3 at low temperatures and to predict its electronic structure in good agreement with known experimental va-
lence-band photoelectron and F 1s x-ray absorption spectra.

PACS: 71.20.Ps Other inorganic compounds;

71.15.Ap Basis sets (LCAO, plane-wave, APW, etc.) and related methodology (scattering methods,

ASA, linearized methods, etc.).
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Introduction

Scandium trifluoride (ScF3) is a promising material at-
tracted much attention due to its crystal lattice experiences
strong negative thermal expansion (NTE) when tempera-
ture increases from 10 to 1100 K [1]. At atmospheric pres-
sure ScF3 has cubic (space group Pm-3m (221)) ReOs-type
structure (Fig. 1) down to at least 10 K [1]. However, op-
posite to the metallic ReO3, which has very week NTE
effect [2—4], scandium trifluoride is an insulator with band
gap of more than 8 eV [5].

The cubic ReO3 structure type is often used as a simple
illustration of how negative thermal expansion can arise
from the thermally induced rocking of rigid unit mode [6,7].
The ionic character, cubic structure and very pronounced
NTE of ScF3 made this compound attracting object for
experimental studies [8-11] as well as a interesting object
for modelling. Moreover, other interesting thermomiotic
and volumetric effects are found in ReOgz-perovskite fam-
ily compounds, e.g. zero thermal expansion was reported
for TaOoF [12], variable thermal expansion was found for
Sc1-xYxF3 [8], Sc1—xTixF3 [13,14] and Sci1—xAlxF3 [15] as
a function of composition, as well as anomalously low-
temperature heat capacity was reported for ScF3—YF3 solid
solutions in Ref. 16. Simple and efficient production routes

Fig. 1. Schematic view of cubic ScF3 structure (space group
Pm-3m (221)) built up of ScFg regular octahedra joined by cor-
ners (small balls are fluorine atoms, large balls are scandium
atoms). All Sc—F —Sc angles are equal to 180°.
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of ScF3 were developed using hydrothermal method [17]
and molten salt synthesis [18]. Recently metal fluorides
were mentioned as a new class of NTE functional mate-
rials [19] with controllable thermal expansion by chemical
modifications [20].

A cubic-to-rhombohedral phase transition occurs in
ScF3 at high pressure (P>0.5 GPa at T=300 K or
P =0.1-0.2 GPa at 50 K) as determined from x-ray and
neutron diffraction studies [1,21]. Raman spectroscopy
confirms that upon pressure increase cubic ScF3z undergo a
phase transition to the rhombohedral (space group Rm-3c)
phase [21,22].

The electronic structure of ScF3 thin films was experi-
mentally investigated by resonant photoemission spectros-
copy at the Sc 2p and F 1s absorption edges in Ref. 5. Two
charge transfer-type satellites, the first one at about 13 eV
below the main peaks in the valence-band and the second
one with an energy separation of about 9-10 eV, were ob-
served and indicate the strong hybridization effect between
Sc 3d and F 2p states [5]. Electronic structure, magnetism
and tunable luminescence properties of ScF3 nano/mlcro-
crystals actlvated by Ianthanldes trivalent ions (Tb 3+,
Yo Tm * and Ho® )were studied in Ref. 23 The
first caIcuIatlons of ScF3 band structure performed using
local density approximation (LDA) approach was also pre-
sented in Ref. 23. Three hybrid functionals B3LYP, PBEQ
and HSEOQ6 as well as GW approximation (G is the Green’s
function and W the screened Coulomb interaction) with
plane-wave basis set were used in [24] to study the electronic
structure of ScF3, YF3, and AlF3 wide-band-gap insulators.

The phonon properties of ScF3 were studied using a com-
bination of inelastic neutron scattering experiment with
ab initio local density approximation augmented plane
wave calculations of lattice dynamics [25]. It was shown
that a description of NTE within the quasi-harmonic ap-
proximation is not reliable in the case of ScF3. The authors
in [25] demonstrated that the R4+ mode (the one with the
lowest energy at R-point of Brillouin zone (BZ)) has quar-
tic potential and proposed the mechanism of NTE based on
this anharmonicity. The transition between the ground state
and the first excited state (~19 meV) of the R4+ mode was
associated with experimentally observed phonon peak
(~25 meV), which stiffens upon increasing temperature [25].
The analysis of NTE effect is often performed considering
the behavior of Griineisen parameter, which can be deter-
mined from first-principles calculations within, for example,
local density approximation (LDA) [25] or general gradient
approximation (GGA) [26]. Ab initio molecular dynamics
calculations in NpT ensemble were used very recently in
Ref. 27 to calculate directly temperature dependence of the
average ScF3 lattice constant and to estimate its NTE effect.

In this study we report the results of ab initio band
structure calculations for cubic ScF3 using the linear com-
bination of atomic orbital (LCAQO) and plane wave projec-
tor augmented-wave (PAW) methods.
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Computational details

Cubic ScF3 was modelled using two methods: LCAO
within the framework of hybrid density functional ap-
proach and PAW calculations using the generalized gradi-
ent approximation density functional.

To perform hybrid LCAO calculations, we used the pe-
riodic CRYSTALOQ9 code [28], which employs Gaussian-
type functions centred on atomic nuclei as the basis set for
expansion of the crystalline orbitals. The full-electron basis
sets used in this study for F and Sc were taken from
CRYSTAL basis set library [28]. Threshold parameters for
evaluation of different types of bielectronic integrals such
as overlap and penetration tolerances for Coulomb inte-
grals, overlap tolerance for exchange integrals and pseudo-
overlap toIerances for exchange integral series [28] have
been set to 10 ° , 10 8 10 Band10” , respectively.
Calculations are considered as converged when the total
energy obtained in the self-consistent field procedure dif-
fers by less than 10 1% a.u. in the two successive cycles.

LCAO calculations of ScF3 were performed using a set
of hybrid Hartree—Fock/Kohn—-Sham (HF/KS) exchange-cor-
relation functionals [29-33] combining exact HF nonlocal
exchange and KS exchange operator within the GGA as
implemented in the CRYSTALO9 code [13]. We employed
the following hybrid functionals: “BECKE & LYP”,
“BECKE & PWGGA”, “PBE & PBE”, “PBEsol & PBEsol”,
where the first terms refer to the KS exchange and the se-
cond terms to the KS correlation parts of a hybrid func-
tional. The weight of the HF exchange was varied for each
functional separately between 0 and 100%. ScF3 full-elec-
tron basis set used in the calculations has even number of
electrons (21 + 3x9 = 48) therefore restricted Hartree—Fock
scheme was used.

DFT calculations using the PAW method as imple-
mented in the VASP code [34] were performed for com-
parison. We compared PW91 [33] and PBE [29] exchange-
correlation potentials as well as Iarge core effective core
potential (LC-ECP) with three 3d 14s? valence electrons
and smaII core effective core potential (SC-ECP) with
eleven 3s° Sp 3d4s? valence electrons for Sc atom. Fluo-
rine atom for all calculations was described as ECP with
2522p5 valence shell. Hybrid HF-DFT calculations were
also performed with the weight of exact HF exchange part
equal to 25%. The optimal cut-off energy was equal to
1000 eV. To provide the balanced summation over the
direct and reciprocal lattices of ScF3 in both LCAO and
PAW methods, the reciprocal space integration was per-
formed by sampling the BZ with the 8x8x8 Pack-Mon-
khorst k-mesh [35] that results in 35 eventually distributed
k-points in the irreducible BZ.

Choice of exchange-correlation functional

The influence of the exchange-correlation functional
type and the weight (wHF) of exact HF nonlocal exchange
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Fig. 2. (Color online) Dependence of the equilibrium lattice con-
stant on the weight of exact HF non-local exchange in hybrid
density calculation by the LCAO method.

in hybrid density calculations within the LCAO method on
the lattice parameter in ScF3 is shown in Fig. 2. We found
that pure GGA functionals overestimate the experimental
value of ag =4.026 A [1], while stepwise increase of the
wHF for about 10% leads to proportional decrease of the
lattice constant ag by approximately 0.01 A. The PBEsol
functional with wHF = 18% reproduces perfectly the ex-
perimental value of the lattice constant and was selected
for further calculations.

Values of the lattice constant ag obtained using pure
GGA calculations by the VASP code [34] are in the range
of 4.02-4.03 A when LC-ECP is used for Sc, while they
are equal to 4.06-4.07 A when SC-ECP was adopted for Sc.
Using hybrid HF-DFT calculations with the PBEO func-
tional [34], the value of ag is equal to 4.04-4.05 A, thus

being between the results of LC-ECP and SC-ECP cases.

To additionally justify the choice of hybrid functional,
we calculated the value of the band gap (Eg). Until now the
band gap of ScF3 was not precisely measured experimen-
tally, but it is estimated to be larger than 7-8 eV [5]. All
hybrid functionals constructed for LCAO method (WHF
corresponds to ag = 4.026 A, see Fig. 2) suggest that ScF3
is an insulator with relatively large band gap Eq > 8 eV.
In the PAW GGA calculations the band gap is underesti-
mated as it is predicted by the theory for pure GGA func-
tionals: it is equal to 5.5-6.0 eV. Hybrid PAW calculations
allowed us to obtain Eg equal to 8-9 eV, which is closer to
the experimental estimate. Thus, for band structure calcula-
tions we have finally chosen the “PBEsol & PBEsol” func-
tional with wHF = 18%, giving Eg=9.8 eV, for LCAO
method and the PW91 functional with wHF = 25%, giving
Eg=8.9 eV, for PAW method. These results are in good
agreement with other theoretical calculations. Note that
non-hybrid LDA or GGA approaches tend to underesti-
mate the band gap value of cubic ScF3 (Eq = 6.075 eV in
Ref. 23 and Eqg = 6 eV in Ref. 25). In turn the use of hy-
brid functional allows to obtain the band gap values in the
range of 8.79-9.59 eV [24].

Electronic properties

The effective charges of scandium and fluorine atoms
were calculated using Mulliken population analysis [28] in
LCAO method and Bader topological analysis [36] in
PAW calculations. The LCAO charges are equal to
gsc = +2.28e and gg = —0.76e. In PAW method the atom
charges were slightly different for two Sc pseudopoten-
tials: gsc=+2.70e and gr=-0.90e for LC-ECP and
gsc =+2.17e and g = —0.73e for SC-ECP. These results

Fig. 3. (Color online) Plots of the charge density difference in (100) plane of ScF3 between the full charge density of the crystal and
electronic density of non-interacting atoms (left panel) and ions (right panel) obtained using “PBEsol & PBEsol” functional with
wHF = 18%. Solid (red) and dashed (blue) isolines correspond to positive (excess) and negative (deficiency) electron density differ-

ence, respectively.
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demonstrate a considerable deviation of effective atomic
charges from formal charges caused by partly covalent
nature of Sc—F bonds.

Figure 3 shows electron density maps in (100) plane of
ScF3 obtained using LCAO calculation as a difference be-
tween the full charge density of crystal and electronic den-
sity of non-interacting atoms or ions. The anisotropy of
electron density induced by bond covalent contribution is
clearly visible in both graphs: the electron density is larger
along the crystallographic axes. In Fig. 4 we compare the
partial F p density of states (DOS) calculated by both
LCAO and PAW methods with the experimental valence-
band (VB) photoelectron spectrum taken from Ref. 37 and
the F 1s x-ray absorption spectrum taken from Ref. 5. The
VB photoelectron spectrum of ScF3 has a complex shape
composed of the main peak and the shoulder located at the
left side, which originate due to the valence band splitting
upon hybridization of the F 2p and Sc 3d states [37]. Our
theoretical calculations confirm such interpretation and
reproduce well the width and asymmetric shape of the va-
lence band. The F 1s absorption spectrum [5] consists of
three well visible peaks at 9.3, 11.4 and 18.2 eV due to
transitions from the F 1s core state to the F np states in the
conduction band and above. The first two peaks corre-
spond to the F 2p states in the conduction band, which are
hybridized with the Sc 3d states. The two peaks originate
from the tpg-eq splitting of the Sc 3d states by the octahe-
dral crystal field. The third peak at 18.2 eV corresponds to
the interaction of the F 2p and Sc 4p states. Such interpre-
tation is fully supported by the calculated F p DOS: in fact,
good agreement with the F 1s absorption spectrum indi-
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Fig. 4. (Color online) A comparison of the F p density of states
(DOS) calculated by means of the LCAO (dashed line) and PAW
(solid line) methods with valence-band photoelectron [37] and
F 1s x-ray absorption spectra [5]. The amplitude of the DOS in
the conduction band was multiplied by a factor of 5. Energy scale
is given with respect to the calculated top of the valence band.
Experimental spectra have been aligned to match best the calcu-
lations.

cates that a relaxation of the electron states due to the F 1s
core-hole is weak in ScFs.

The analysis of band structures for ScF3 bulk presented
in Fig. 5 calculated by LCAO and PAW methods demon-
strates even good quantitative correlation between both
methods. The analysis of the band structure suggests that
the band gap in ScFz is indirect. However, in contrast to
Han et al. [23], who found the indirect XR transition, our
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Fig. 5. The energy bands of ScF3 crystal constructed for LCAO calculations with PBEsol & PBEsol functional and weight of exact
HF nonlocal exchange wHF = 18% (full-electron basis set, left panel) and PAW calculation with PW91 functional and wHF =25%
(LC-ECP, right panel). The energies are given in eV, Fermi level Eg is shown with horizontal magenta line.
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calculation shows that the indirect band gap is between the
top of the valence band (VB) at the R point and the bottom
of the conduction band (CB) at the I" point of the BZ. These
results are in agreement with results presented by Hamed
etal. in [24] where indirect band gap Eg with R-T" transi-
tion was also found (Eq=9.59 eV for Hybrid-PBE [29],
8.79 eV for Hybrid-HSEO06 [38] and 8.89 eV for Hybrid—
B3LYP [31] potentials). These results show the importance
of hybrid functional use for electronic structure calcula-
tions in such systems as ScF3.

Conclusions

The lattice constant, band gap and electronic properties
of cubic ScF3 were calculated using LCAO and plane wave
PAW DFT computational methods. It was shown that a va-
riation of exact HF exchange part allowed us to reproduce
experimental value of the lattice constant ag = 4.026 A [1].

The band gap obtained in hybrid HF-DFT calculations
is equal to 8-10 eV and agrees well with the expected ex-
perimental value [5] and other hybrid calculations [24].
A deviation of atom charges from formal ones and anisot-
ropy of electronic density point to the covalent nature of
Sc—F bonds in ScF3. Calculated partial F p DOS is in good
agreement with valence-band photoelectron [37] and F 1s
x-ray absorption [5] spectra.

Good agreement between the theory and available ex-
perimental data makes promising the application of the
present approach to the investigation of phonon properties
in ScF3 in the future work.
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