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We present and discuss the results of calculations of the CaF, bulk and surface electronic structure. These
are based on the ab initio Hartree—Fock (HF) method with electron correlation corrections and on Density
Functional Theory (DFT) calculations with different exchange-correlation functionals, including hybrid
exchange techniques. Both approaches use the localised Gaussian-type basis set. According to our calcu-
lations the ab initio HF method considerably overestimates (20.77 eV) the optical band gap, whereas the
density functional calculations based on the Kohn—Sham equation with a number of exchange-correlation
functionals, including local density approximation (LDA) (8.72 eV), generalized gradient approximations
(GGA) by Perdew and Wang (PW) (8.51 eV), and Perdew, Burke, and Ernzerhof (PBE) (8.45 eV) under-
estimate it. Our results show that the best agreement with experiment (12.1 eV) can be obtained using a
hybrid HF—DFT exchange functional, in which Hartree—Fock exchange is mixed with DFT exchange
functionals, using Beckes three parameter method, combined with the non-local correlation functionals by
Perdew and Wang (B3PW) (10.96 eV). We also present calculations of CaF,(111), (110), and (100) sur-
faces. Our calculated surface energies using the hybrid B3PW method confirm that the CaF,(111) surface
is the most stable one, in agreement with the experiment.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Considering the high technological importance of CaF,, it is not surprising, that during the last years, it
has been the subject of many experimental and theoretical studies [1—11]. Fluorite CaF, is a cubic Fm3m
large gap insulator. The unit cell includes three ions, one cation chosen as origin, and two anions which
are situated at (1/4a, 1/4a, 1/4a) and (3/4a, 3/4a, 3/4a), where a is the lattice constant. The experimental
lattice constant for CaF, is 5.4630 A [12]. To date, a large amount of experimental information on CaF,
has been accumulated [3, 13—15], which requires an interpretation from the stand point of the band
structure of this crystal. Experimentally, the direct band gap is 12.1 eV [1] and the indirect gap is esti-
mated to be 11.8 eV [2].

The electronic structure of CaF, has been recently calculated from first principles and published by
several research groups. In the beginning of the Nineties M. Catti et al. [6] performed an all-electron ab
initio HF calculation for the band structure of CaF,. The energy gap-width between valence and conduc-
tion bands at the I" point was about 21 eV, considerably exceeding the experimental value.

From another side, it is well known that the local-density and generalized-gradient approximations to
DFT systematically underestimate the band gap in semiconductors and insulators: An error of a factor 2
is typical. For example, in Ref. [1] the indirect band gap (X — I') of 7.07 eV is underestimated with
respect to experiment as expected in a GGA-DFT calculation. A similar result for the indirect band gap

" Corresponding author: e-mail: reglitis@uos.de, Phone: +49-541-9692667, Fax: +49-541-9692351

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



physica
status
solidi
u o

2042 H. Shi et al.: First-principles calculations of CaF, bulk and surface

in CaF, (6.53 eV) using the first-principles orthogonalized linear combination of atomic orbitals (OL-
CAO) method in the local-density approximation (LDA) was obtained by F. Gan et al. [4].

We calculated the electronic structure of bulk CaF, by means of ab initio calculations based on Har-
tree—Fock (HF) and density functional theory (DFT) methods. It turns out that results obtained by hybrid
exchange technique (B3PW) are in best agreement with available experimental data. We also present in a
second part of the paper theoretical investigations for pure CaF,(111), (110) and (100) surfaces.

2 Method of calculations

All numerical calculations dealing with the CaF, electronic structure were performed by the CRYSTAL-
2003 computer code [16]. In our calculations we used several quite different methods: Hartree—Fock
with different density functional theory (DFT) type a posteriori electron correlation corrections to the
total energy [17] such as generalized gradient approximation (HFGGA), Perdew-91 (HFPer91), Lee—
Yang—Parr (HFLYP), and full scale DFT calculations based on the Kohn—Sham equations with a num-
ber of exchange-correlation functionals, including local density approximation (LDA), (GGA) by Per-
dew and Wang (PW), Perdew, Burke and Ernzerhof (PBE), as well as Becke exchange functionals using
Beckes three-parameter method, combined with the non-local correlation functionals by Perdew and
Wang (B3PW), as those by Lee, Yang and Parr (B3LYP). The CRYSTAL-2003 code uses the localized
Gaussian-type basis set. In our calculations for CaF, we applied the all electron basis set developed by
M. Catti et al. [6] and used a modified conjugate gradient algorithm [18, 19] to optimize the atomic co-
ordinates and locate minima on the potential energy surface (PES).

We performed band structure calculations with 8 x 8 x 8 = 512 k-points in the Brillouin zone (BZ).
The calculated thresholds N (i.e., the calculation of integrals with an accuracy of 10™) were chosen as a
compromise between the accuracy of the calculations and the large computational time for large cells.
They are 7, 8, 7, 7, and 14 for the Coulomb overlap, Coulomb penetration, exchange overlap, the first
exchange pseudo-overlap, and for the second exchange pseudo-overlap, respectively [20]. The conver-
gence criteria for the Self Consistent Field (SCF) energy and eigenvalues were set to 107'° and 107" a.u.,
respectively.

3 Results of calculations

3.1 CaF, bulk electronic structure

As a starting point of our calculations, we have tested how different methods reproduce the experimen-
tally observable bulk properties — lattice constant a, and the bulk modulus B. The LDA calculations un-
derestimate a, by 2.2% and overestimate B by 24.5%. The HF method without any correlation correc-
tions to the total energy overestimates both a, (by 1.1%) and B (by 12.4%). HF with GGA corrections
overestimates a, by 0.9% and B by 6.4%. Lastly, the hybrid B3PW method gives the best result for the
lattice constant g, (overestimates only by 0.7%) and also for B (overestimates by 2.7%) (see Table 1).
Table 2 presents results for the effective atomic charges and bond populations. The effective charges
for Ca and F ions, both in the bulk and on the surface, turn out to be only slightly smaller than the formal
ionic charges (+2e and —e, respectively). This arises due to the high ionic nature of the Ca—F chemical
bonding. Note that these results are close for all methods used. The most obvious difference is between
the effective charges for the Ca ion calculated by LDA (+1.728¢) and HF (+1.895¢). Obviously, there
is practically no chemical bonding between Ca—F or F-F, since the relevant bond populations are even

Table 1 Optimized lattice constant a, (A), and bulk modulus B (GPa) for CaF,.

method LDA PWGGA PBE BLYP B3PW B3LYP HF exp.

ay (A) 534 551 552 556 550 5.2 552 5.46
B(GPa) 103 88 90 79 85 91 93 82.71
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Table 2 Static (Mulliken) charges of atoms and bond populations (in me) for bulk CaF, calculated by
various methods.

atom  charge Q (e) LDA PWGGA PBE BLYP B3PW B3LYP HF
bond pop. P (me)

Ca™ 0 +1.728  +1.769 +1.771  +1.776  +1.803  +1.805 +1.895

F 0 -0.864 —0.885 -0.886 -0.888 -0.902 -0.903 —0.948

F-Ca P -28 -8 -6 -8 -10 -12 -18

F-F P -38 =20 -18 -18 22 =22 24

negative. Figure 1 shows the charge density map of CaF, bulk from the (110) side view obtained with the
B3PW method. Figure 1 confirms that the charge density between atoms is very small in agreement with
the charge and bond population calculations, reflecting the high degree of ionic bonding in this crystal.

Experimentally, the direct band gap for CaF, bulk is 12.1 eV [1] and the indirect band gap is estimated
to be 11.8 eV [2]. It is well-known fact that DFT-LDA calculations underestimate the band gap by a
factor of typically two. According to our calculations, the indirect band gap (X — I') using the LDA to
the density functional theory is 8.44 eV (see Table 3), considerably less as obtained experimentally.

On the other hand, the band gap obtained through pure-HF calculations usually greatly overestimates
the experimental value [20]. Indeed, results of our pure HF calculations for indirect band gap (X — I')
(20.43 eV) confirms this rule (see Table 3). A possible solution of this problem is the use of so-called
hybrid functionals (a combination of the non-local HF exchange, DFT exchange, and the generalized
gradient approximation (GGA) correlation functional). Examples are so-called B3PW and B3LYP which
nowdays are extremely popular in quantum chemistry of molecules and recently have been applied to
periodic-structure ab initio calculations of a wide range of crystalline materials [21], including
perovskites and their surfaces [22—24]. Also in our case, for the CaF, bulk electronic structure, the hy-
brid B3PW and B3LYP methods gives the best results (see Table 3). Namely, according to our calcula-
tions, the indirect band gap (X — I') using B3PW is 10.68 eV (see Fig. 2) and 10.57 eV by the B3LYP
functional.

The upper valence band consists of F p-orbitals, whereas the conduction band bottom consists essen-
tially of Ca d-orbitals. The orbital contribution from F atoms is small in this energy range (see Fig. 3).

3.2 Atomic and electronic structure of CaF, (111), (110) and (100) surfaces

Firstly, we determined the displacements of the atomic coordinates in several planes near the surface,
where we calculate the effective atomic cahrges and bond populations between nearest atoms in order to
characterize the chemical bonding. We started our calculations from the case of CaF,(111) surface,
which is known to be experimentally stable. Results of geometry optimization for 9 layers of CaF,(111)

Fig. 1 (online colour at: www.pss-b.com) Charge density map of CaF, bulk
from (110) side view calculated by means of hybrid B3PW method. Isodensity
curves are drawn from 0 e/Bohr’to 0.5 e/Bohr’ with an increment of 0.01 e/Bohr”.
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Table 3 Calculated optical gap (in eV) for the CaF, bulk. Experimentally the direct band gap is 12.1 eV
[1] and the indirect band gap is equal to 11.8 eV [2].

optical gap LDA PWGGA  PBE BLYP B3PW B3LYP HF

r-r 8.72 8.51 8.45 8.40 10.96 10.85 20.77
X-X 9.30 9.33 9.30 9.28 11.99 11.93 22.72
U-U 9.60 9.58 9.55 9.52 12.27 12.20 23.07
wW-W 9.56 9.55 9.52 9.49 12.23 12.16 23.00
L-L 11.41 10.82 10.77 10.64 13.63 13.54 24.90
X-T 8.44 8.22 8.20 8.16 10.68 10.57 20.43
u-T 8.55 8.34 8.29 8.24 10.78 10.67 20.53
w-I 8.54 8.33 8.28 8.24 10.78 10.66 20.55
L-T 9.34 9.07 9.02 8.96 11.58 11.46 21.50

surface is collected in Table 4. Let us, for the analysis, look at the particular B3PW results, since
they gave the best agreement with experiment for the lattice constant, bulk modulus and also the bulk
band structure. The structure of CaF,(111) surface and directions of atomic displacements is illustrated in
Fig. 4. The cation effective charges using the B3PW hybrid method in two top CaF,(111) surface layers
(+1.797¢ and +1.802¢) turn out to be smaller than in the bulk (+1.803¢), whereas the F charges
(-0.891¢) in the upper sublayer of the top surface layer is by 0.0lle larger as in the bulk
(-0.902¢). Changes in atomic charges in deeper layers become very small. Bond population analysis
between atoms for the CaF,(111) surface shows, that the major effect observed here is the strengthening
of the Ca—F chemical bond near the surface. Bond populations between Ca and F atoms in the upper
sublayer of the first surface layer by (+12me) exceed the respective bond population value between Ca
and F atoms in the bulk. At more deep layers of CaF,(111) surface, the bond population between Ca and
F atoms is practically the same as in the bulk. The similar effect, strengthening of Ti—O chemical bond
near the SrTiO;(001) surface, was observed by us before also for SrTiO; [22].
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Fig. 2 (online colour at: www.pss-b.com) Electronic band structure of CaF, bulk calculated by means of
the hybrid B3PW method.
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Fig. 3 (online colour at: www.pss-b.com) Calculated total and projected density of states (DOS) for
CaF, bulk by means of hybrid B3PW method.

As a next step, we optimized the slab atomic structure for the case of CaF,(110) surface. We per-
formed the geometry relaxation for the slab containing 15 layers (see Table 5). For CaF,(110) surface
there appears an additional degree of freedom for atomic displacements in direction Y (see Fig. 5). Ca
atom at CaF,(110) surface upper layer move inward (towards the bulk) by 3.35% of lattice constant a,,
whereas the displacement of upper layer Ca atom in the case of CaF,(111) termination was only 0.68%
of a, towards the bulk. Also for more deep layers, the magnitudes of atomic displacements in the case of
CaF,(110) surface is considerably larger as it is for CaF,(111) surface, see Tables 4 and 5 for comparison.

Table 4 Atomic relaxation of CaF, slab containing 9 layers in (111) direction (in percent of the lattice
constant), calculated by means of hybrid B3PW method. Positive sign corresponds to outward atomic dis-
placement (toward the vacuum).

layer atom B3PW Az (%)
1 F -0.90
Ca -0.68
F -0.78
2 F -0.34
Ca -0.41
F -0.36
3 F -0.34
Ca -0.28
F -0.23
4 F -0.19
Ca -0.14
F -0.09
5 F -0.05
Ca 0
F 0.05
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Layer Fig. 4 (online colour at: www.pss-b.com) Schematic
No sketch of CaF,(111) surface structure. Layer numbering
) introduced in this figure is used in Table 4. Arrows indicate
1 -> the calculated displacement directions of Ca and F atoms.
2>
3>

The charge of the CaF,(110) surface upper layer F atom is (—0.882¢), and increases by 0.02¢ in com-
parison with bulk, and by 0.009¢ relatively to the CaF,(111) surface upper layer F atom. The largest
charge change is for the CaF,(110) surface upper layer Ca atom. Its charge is reduced by —0.041e in
comparison with the bulk charge (+1.803¢) and equals to +1.762¢. Charges in CaF,(110) surface deeper
layers becomes very close to the relevant Ca and F charges in the bulk.

Next, we calculated the relaxation of CaF,(100) surface using the slab containing 15 layers (see
Fig. 6). In order to get a stable and neutral CaF,(100) surface we removed half of the F atoms from the
F-terminated surface. We found, that relaxation of CaF,(100) surface is considerably stronger as for
(111) and (110) surfaces. F atoms at the upper surface layer is relaxed most noticeable, by 5.65% of a,
towards the bulk, but also F atoms even at 7th layer are still considerably displaced, by 0.82% a, inwards
and by 0.76% of lattice constant a, outwards (see Table 6).

Table S Atomic relaxation of CaF, slab containing 15 layers in (110) direction, calculated by means of
hybrid B3PW method. Ay is the relative displacement (in percents of a,) between two F atoms. Negative
sign means shortening of the F-F distance.

layer atom B3PW, Ay (%) B3PW, Az (%)
1 F +3.21 -0.87
Ca 0 -3.35
2 F -0.14 -0.83
Ca 0 +0.80
3 F +0.08 -0.26
Ca 0 -0.88
4 F -0.03 -0.40
Ca 0 -0.13
5 F +0.03 -0.22
Ca 0 -0.33
6 F -0.03 -0.18
Ca 0 -0.13
7 F +0.03 -0.08
Ca 0 -0.09
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Layer Fig. 5 (online colour at: www.pss-b.com) Schematic
No sketch of CaF,(110) surface structure. For CaF, surface

there appears an additional degree of freedom in direction
Y for atomic displacements. Arrows indicate the calcu-

1---> lated displacement directions of Ca and F atoms.

2>

3>

4>

5>

6 --->

Layer

No.

1 Fig. 6 (online colour at: www.pss-b.com) Schematic
> sketch of CaF,(100) surface structure. Layer numbering

introduced in this figure is used in Table 6. Arrows indicate

2 ---> the calculated displacement directions of Ca and F atoms.

3>

4>

5>

6 --->
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Table 6 Atomic relaxation of CaF, slab containing 15 layers in (100) direction (in percent of the lattice
constant), calculated by means of the hybrid B3PW method. Positive sign corresponds to outward atomic
displacement (toward the vacuum).

layer atom B3PW, Az (%)
1 F -5.63
2 Ca +0.34
3 F -3.20
F +4.03
4 Ca -0.03
5 F +1.49
F -1.53
6 Ca -0.07
7 F -0.82
F +0.76

Static Mulliken charges of atoms for the CaF,(100) surface containing 15 layers calculated by the
hybrid B3PW method differs from the bulk charges by +0.055¢ for the F and by —0.052¢ for the Ca,
which is considerably more as in the cases of CaF,(110) and (111) surfaces. We can observe an increase
of Ca—F bond population near the CaF,(100) surface by (+18me) in comparison with CaF, bulk and
thereby a strengthening of Ca—F chemical bonding. The strengthening of Ca—F chemical bonding be-
tween Ca and F atoms in the upper surface layer is more pronounced for the CaF,(100) surfaces as it was
for the CaF,(111) termination.

We computed also electronic energy band structure for CaF,(100), (110) and (111) surfaces using
B3PW method. As we can see from the main results collected in Table 7, the direct optical band gap for
the (111) surface (10.87 eV) is close to the relevant optical band gap value for the CaF, bulk (10.96 eV).
The direct optical band gaps for CaF,(100) and (110) surfaces (9.95 eV and 10.13 eV) is considerably
reduced in comparison to the CaF, bulk.

The calculated density of states (DOS) for the CaF,(100) surface shows, that the (100) surface upper
layer F(p) orbitals moves upwards, towards the Fermi energy, with respect to the F(p) orbitals at more
deep levels, and this leads to the narrowing of the (100) surface band gap from 10.96 eV for the case of
CaF, bulk till 9.95 eV for the CaF,(100) surface. This finding is in line with the narrowing of the band
gap at SrTiO,, BaTiO;, and PbTiO; perovskite (100) surfaces reported by us in Refs. [22—24] and by
Padilla and Vanderbilt for SrTiO; and BaTiO; [25, 26] (100) surfaces. With increasing number of layers,
the DOS for CaF,(100) surface gradually approaches that of bulk CaF,.

Calculated DOS for the CaF,(110) surface shows that the (110) surfaces first layer F(p) atomic orbi-
tals have some states near the Fermi energy, but their magnitudes is rather small. Thereby they contribute
to some narrowing of the band gap, but this effect is not so well pronounced as in the case of CaF,(100)
surface. The calculated optical band gap for CaF,(110) surface is 10.13 eV.

From calculated DOS for the CaF,(111) surface we can conclude, that the F(p) atomic orbitals in the
upper layer of CaF,(111) surface have one large peak near the Fermi energy, whereas the F(p) DOS have
two peaks at deeper layers, and with growing number of layers, they become more and more close to the

Table 7 Calculated direct (I' = T') optical gap (in eV) for the CaF, (100), (110) and (111) slabs. All cal-
culations have been performed using hybrid B3PW method. The last column contains the respective opti-
cal gap for the CaF, bulk.

CaF, slabs (100) (110) (111) CaF,bulk

direct (T—>T) optical gap 9.95  10.13  10.87  10.96
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Table 8 Surface energies for CaF, (111), (110) and (100) surfaces.
CaPF, slabs surface energies (J/m’) surface energies (J/m’)  surface energy (J/m’)
this paper calculated in Ref. [9] experiment, Ref. [27]
(111)
9 layers 0.438 0.467 0.45
7 layers 0.437 0.467
(110)
15 layers 0.719 0.819
9 layers 0.717 0.819
(100)
15 layers 0.979 1.189
9 layers 0.957 1.189

relevant F(p) DOS for the CaF, bulk. The direct band gap value for the CaF,(111) terminated surface
(10.87 eV) is close to the bulk value of (10.96 eV).

3.3 Surface energies

We discuss next the surface energetics. The surface energy was calculated as

E = %[E:lr:;w() —nEy (D)

surface

where n is the number of bulk primitive cells in the slab. E, , is the total energy per bulk unit cell, and
E'™ is the total energy for a relaxed slab containing n layers. Our calculated surface energies for CaF,
(111), (110) and (100) surfaces containing different number of layers, using the hybrid B3PW functional
are collected in Table 8. As we can see from results of our calculations, the (111) surface energy is the
lowest (0.437 J/m’) for the slab containing 7 layers, and practically do not depend on the number of lay-
ers in the slab. For the slab containing 9 layers, according to our calculations, the surface energy is prac-
tically the same (0.438 J/m®). The calculated (111) surface energy, is very close to the (111) surface en-
ergy calculated earlier by Puchin et al. [9] (0.467 J/m®), using the ab initio Hartree—Fock method, and in
a good agreement with the only experimental estimation to our knowledge available (0.45 J/m®) [27].

Our calculated surface energy for the (110) surface is considerably larger (0.719 J/m®) as for (111)
surface, and differs approximatelly by 12% from the (110) surface energy (0.819 J/m®) calculated in
Ref. [9].

Finally, our calculations show, that the surface energy for the (100) surface is the largest one
(0.979 J/m®) and is in a qualitative agreement with the result of previous ab initio (HF) calculation men-
tioned in Ref. [9] (1.189 J/m’). As we can see from our results, obtained with the hybrid B3PW method,
the surface energy for the (111) surface (0.437 J/m’) is the lowest one, in comparisson with the (110) and
(100) surfaces, thereby indicating, that the (111) surface is the most stable, in agreement with the ex-
periment.

4 Conclusions

Summing up, a comparison of ab initio HF and DFT calculations employing different exchange-
correlation functionals clearly demonstrates that the best agreement with experiment for the lattice con-
stant, bulk modulus and as well as the band structure is possible to achieve by the hybrid B3PW func-
tional. Ab initio HF method overestimates the band gap by factor of two, whereas our DFT calculations
considerably underestimates it. According to our calculations, using the hybrid B3PW method, the direct
band gap for the CaF, bulk (10.96 eV) is narrowed for the (111) (10.87 eV), (110) (10.13 eV) and (100)
(9.95 eV) surfaces. The CaF, surface energy, according to our calculations is the smallest one

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(0.437 J/m®), indicating that the (111) surface is the most stable, in a good agreement with results of
previous theoretical simulations, as well as the only, to our knowledge, available experimental result.
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