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ABSTRACT: MFX (M = Ca, Ba, Sr, Pb and X = Cl, Br, I)
compounds have received considerable attention due to their
technological application as X-ray detectors, pressure sensors, and
optical data storage materials, when doped with rare-earth ions.
MFX compounds belong to the class of layered materials with a
tetragonal Matlockite crystal structure, characterized by weakly
stacked double-halide layers along the crystallographic c-axis. These
layers predominantly determine phase transitions, elastic, and
mechanical properties. However, the correct description of the
lattice parameter c is a challenge for most standard DFT func-
tionals, which tend to overestimate the lattice parameter c. Because
of the weak interactions between the halide layers, dispersion-
corrected functionals seem to be a better choice. We investigated 11 different inorganic layered MFX compounds for which
experimental data are available, with standard and dispersion-corrected functionals to assess their performance in reproducing the
lattice parameter c, structural, and vibrational properties of the MFX compounds. Our results revealed that these functionals do not
describe the weak interactions between the halide layers in a balanced way. Therefore, we modified Grimme’s popular DFT-D2
dispersion correction scheme in two different ways by (i) replacing the dispersion coefficients and van der Waals radii with those of
noble gas atoms or (ii) increasing the van der Waals radii of the MFX atoms up to 40%. Comparison with the available experimental
data revealed that the latter approach applied to the PBE (Perdew−Burke−Ernzerhof)-D2 functional with 30% increased van der
Waals radii, which we coined PBE-D2* (Srvdw 1.30) is best suited to fine-tune the description of the weak interlayer interactions in
MFX compounds, thus significantly improving the description of their structural, vibrational, and mechanical properties. Work is in
progress applying this new, computationally inexpensive scheme to other inorganic layered compounds and periodic systems with
weakly stacked layers.

■ INTRODUCTION

Dispersion forces arising from fluctuating charge distributions
have been extensively studied due to their fundamental and
technological importance in physics, chemistry, and biology.1−5

Despite the fact that dispersion energies are more than an
order of magnitude smaller than chemical bond energies, the
importance of dispersion forces cannot be neglected.6−10 They
are ubiquitous and play a central role, for example, in dictating
crystalline structures in solid state systems or in stabilizing the
DNA double helix,11,12 therefore they demand an accurate
theoretical description.3

Standard density functional theory (DFT) approxima-
tions13−20 poorly describe dispersion forces.21−23 Local-density
approximation (LDA),24 generalized-gradient approximation
(GGA),25,26 meta-GGA,27 and also hybrid functionals28 often
lead to remarkable errors in the structures and binding energies
of noncovalently bonded dimers, which are known to be held
together by dispersion forces.29−32 This is due to the well-known
fact that standard functionals provide an accurate description of

short-range electron correlation while they fail describing long-
range electron correlation, the origin of long-range dispersion
interactions.33−35 Therefore, the inclusion of dispersion
correction into DFT is imperative for the calculation of reliable
structural and thermodynamic properties for systems with weak
interactions.36,37

The development of dispersion-corrected density functionals
has been through a long journey.38,39 Proposed correction
schemes range from simpler semiempirical approaches to a
complex nonlocal density-based approaches. The five most
popular dispersion correction schemes currently in use are (1)
C6-based correction schemes such as Grimme’s D2,40,41 D3,42

and D4,43 Tkatchenko−Scheffler’s TS,44 and Becke−Johnson’s
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XDM schemes;45 (2) nonlocal density-based functionals
such as vdW-DF (2004),46 vdW-DF2 (2010),47 rev-vdW-DF2
(2015),48 VV09,49 and VV10;50 (3) dispersion-corrected semi-
local functionals such as M06-2X,27 M08,51 M11,52,53 and
MN12;54−56 (4) one-electron effective potentials such as
dispersion-corrected atom-centered one-electron potentials
(DCACPs)57−59 and dispersion-corrected potentials (DCPs);60

and (5) range-separated hybrid functionals such as HSE06,25,61

HSEsol,62,63 and ωB97X.34,64 Among these schemes, the
nonlocal density-based functionals, dispersion-corrected semi-
local functionals and the range-separated hybrid functionals
have the largest numerical complexity, which translates into high
computational costs.65−67 Within the C6-based schemes, XDM
is the most costly method compared to Grimme’s D2 and D3
and Tkatchenko’s TS schemes.42,68 Grimme’s semiempirical
pairwise D2 scheme is one of the most widely used correction
schemes.40,41 DFT-D2 has shown to provide accurate results for
molecular complexes.36,37 However, modifications of original
Grimme’s parametrization (being originally designed for molec-
ular systems) are frequently required for solid-state studies.69−75

MFX compounds have received considerable attention
due to their fundamental and technological importance. These
compounds, when doped with rare-earth ions, exhibit many
interesting properties that have turned out to be useful in
applications as diverse as X-ray imaging,76−79 neutrino detectors,80

pressure sensors,81 and optical data storage material.82 MFX
compounds (M = M′ = Ca, Ba, Sr, Pb and X = X′ = Cl, Br, I)
crystallized in the tetragonal Matlockite structure with lattice
parameters [a = b, c] exhibit a layered ionic structure which
corresponds to a simple −F−−M2+−X−···X′−−M′2+−F′−−
stacking along the c-axis with the presence of double halide
layers (see Figure 1).83−85 At ambient condition, the c-axis has
a larger compressibility than the a-axis, exhibiting quasi-2D
character.86,87 The unit cell consists of two strongly bonded
(−F−−M2+−X− and −F′−−M′2+−X′−) subunits connected by
weak interhalogen X−···X′−, M′−X, and M−X′ interactions
along the crystallographic c-axis.88,89 In particular, the inter-
actions along the c-axis play an important role for the phase
transition from P4/nmm to P63/mmc via Pmcn under high
pressure86 and determine mechanical and elastic properties as
bulk modulus, shear modulus, and Young’s modulus for layered
materials.90−92 However, describing the lattice parameter c
is challenging.93 Standard DFT functionals such as GGAs
(generalized gradient approximation)25,26 overestimate the lattice
parameter c.94−98 To our best knowledge, there are no reports on a
systematic study of the performance of dispersion-corrected

functionals, which seem to be more suited for the description of
the weak interactions along the c-axis.
Therefore, we systematically studied how the PBE func-

tional25,26 and its dispersion-corrected PBE-D2 form reproduce
lattice parameters a and c, geometries, and vibrational
frequencies for a set of 11 different MFX crystals for which
experimental data are available. The PBE functional is a well-
known nonempirical functional that has proved to be qualified
for the description of both molecules and solids.99−102 We then
modified the PDE-D2 functional in order to increase its
performance. The results obtained for the most suitable
modification derived in this work were compared with some
other frequently used dispersion-corrected functionals, includ-
ing PBE-D3, PBE-TS, PBE-XDM, B3LYP-D*, M06-2X,ωB97X,
and HSE06 for three representative MFX compounds.

■ COMPUTATIONAL METHODS
All geometry optimization and vibrational frequency calcu-
lations for the MFX systems investigated in this work were
carried out using DFT with periodic boundary conditions based
on the PBE functional.25,26 The pob-TZVP Gaussian-type basis
set of polarized valence triple-ζ quality was used for Ca, F, Cl,
and Br103 and consists of highly contracted basis functions for
the core−shell, three less contracted basis functions for the
valence shell, and one polarization function. This basis set was
originally derived from Ahlrichs’ def2-TZVP basis set104,105 by
restructuring the contraction scheme and reoptimizing the
contraction coefficients of the def2-TZVP basis set.103,106

Figure 1. Tetragonal P4/nmmMatlockite structure of MFX (M =M′ = Ca, Sr, Ba, Pb and X = X′ = Cl, Br, I): (a) unit cell and (b) 3 × 3 × 1 super cell
showing −F−−M2+−X−···X′−−M′2+−F′−− stacking of the double halide layers along the c axis.

Table 1. Number of Primitive Basis Functions (s/p/d/f) and
Their Contraction for the def2-TZVP104,105 and pob-
TZVP103,106 Basis Sets for MFX (M =M′ = Ca, Sr, Ba, Pb and
X = X′ = Cl, Br, I)a

no. of primitives (s/p/d/f) and their contraction

element def2-TZVP pob-TZVP

Ca 8 4 2 111/6 311 1/211 8 4 2 111/6 311/1c

Sr 211 111/411 1/111 211 111/411/1b,d

Ba 211 111/411 1/311/1 2 111/411/1b

Pb 421 111/3 311 1/611/11 4 111/3 311/611b

F 6 211 1/411/11/1 6 211/411/1c

Cl 7 3 211/5 111 1/21/1 7 3 211/5 111/1c

Br 8 4 2 111/6 4 111/511 1/1 8 4 2 111/6 4 111/511 1c

I 521 111/3 411 1/611/11 5 111/3 411/611b,d

aAll electron basis sets were used for Ca, F, Cl, and Br while ECP were
used for Sr, Ba, Pb, and I. bThis work. cReference 103. dReference 106.
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Following the procedure of Peintinger, Oliveira, and
Bredow,103 we developed the corresponding pob-TZVP basis
sets for Sr, Ba, Pb, and I. The valence contraction coefficients
were optimized using the Billy program developed by Towler.107

First, the coefficients were successively optimized byminimizing
the energy of the reference systems SrFCl, BaFCl, PbFCl, and
CaFI to a convergence of 10−8 Hartree using the PBE functional.
Then, the optimal coefficients were derived from a third-order
polynomial fit. The number of primitive basis functions (s/p/
d/f) and their contraction for the def2-TZVP and pob-TZVP
basis sets are compared in Table 1 for all atoms of the MFX
compounds. The new pob-TZVP basis set information for Sr,
Ba, Pb, and I can be found in the Supporting Information.
In the following, Grimme’s D2 dispersion scheme40,41 and

its modification derived in this work will be described. The
dispersion-corrected total energy is given by

E E EDFT D2 DFT disp= +‐ (1)

where EDFT is the DFT energy of the system and Edisp is the
dispersion correction energy which is defined in Grimme’s D2
scheme as

E s
C
R

f R( )
ij

ij

ij
ijdisp 6

6
6 dmp∑= −

(2)

where s6 is a global scaling factor that only depends on the

functional used, C6
ij = C C.i j

6 6 is the dispersion coefficient for
each atom pair ij of the molecule. Rij is the interatomic distance
between atoms i and j, and fdmp(Rij) is a damping function
applied to avoid double counting at short-range.108 fdmp(Rij) is
defined by

f R( )
1

1 e
ij d R S Rdmp ( / 1)ij rvdw vdw

=
+ − − (3)

where d determines the steepness of the damping function, Rvdw
is the sum of van der Waals radii of the two atoms i and j, and
Srvdw is a scaling factor used to modify Rvdw. The C6

i coefficients
are calculated from the empirical formula

C NI0.05i
i i6

0α= (4)

where N has values of 2, 10, 18, 36, and 54 for atoms of first,
second, third, fourth, and fifth rows in the periodic table,
respectively.40,41 The first ionization potential Ii and the static
dipole polarizability αi

0 are calculated with the PBE0 func-
tional.25,109,110

Inspired by the previous work of Civalleri et al.73 and Jurecka
et al.10 we modified Edisp given in eq 2 for the PBE-D2 functional
in two ways: (i) By increasing the scaling factor of the van der
Waals radii (Srvdw) by 10−40% in increments of 10, hereafter
referred to as PBE-D2*(Srvdw 1.10), PBE-D2*(Srvdw 1.20), PBE-
D2*(Srvdw 1.30), and PBE-D2*(Srvdw 1.40); (ii) By replacing the
C6 coefficients and van der Waals radii (PBE-D2*(C6) either for
metal atoms only, hereafter referred to as PBE-D2*(C6(M)), or
for all MFX atoms, hereafter referred to as PBE-D2*(C6(MFX))
with the C6 coefficients and van der Waals radii of the noble gas
atom with the same number of electrons as the number of core
electrons of the metal. For example, the C6 coefficient and van
der Waals radius of Pb were replaced with the ones of Xe.
The replacement for metal atoms only was suggested by Sauer
et al.111−113 and Andersson114,115 assuming that the valence
electrons of metals screen dispersion interactions more efficiently
than non-metals, making them more short range.T
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All aforementioned calculations with Gaussian-type basis sets
were performed with the Crystal14 package.116 Geometry
optimizations used the Monkhorst−Pack117 grid of 10 × 10 × 8
in combination with the convergence accuracy of 10−7 for the
Coulomb and exchange integrals. Harmonic vibrational fre-
quencies were evaluated at the center of the Brillouin zone
(Γ point). All calculations were performed for the tetragonal
Matlockite structure (P4/nmm, D4h

7 , No. 129),118,119 which is
fully described by the lattice parameters a and c, and by the
fractional coordinates zM and zX. The metal, fluoride, and
halogen atoms were located on the Wyckoff sites 2c (1/4, 1/4,
zM), 2a, (3/4, 1/4, 0), and 2c (1/4, 1/4, zX), respectively.
To further assess the quality of the modified functional,

additional calculations with other currently used dispersion-
corrected functionals were performed for SrFCl, SrFI, and PbFI
compounds. SrFCl was chosen as a representative compound for
which PBE and PBE-D2 describe the lattice parameters a and c
reasonably well. SrFI and PbFI were chosen as two repre-
sentative compounds where both PBE and PBE-D2 fail to
reproduce the lattice parameter c. The functionals tested were
the dispersion-corrected PBE-D3,42 PBE-TS,44 and PBE-
XDM45 functionals, the modified B3LYP-D2* functional of
Civalleri and co-workers,73 the semilocal dispersion-corrected
M06-2X functional,27 and the range-separated ωB97X34,64 and
HSE06 functionals.25,61 PBE-D3, B3LYP-D2*, M06-2X,
ωB97X, and HSE06 calculations were performed with the
pob-TZVP basis set103 using the Crystal17 program package.120

PBE-TS44 calculations were performed with projector-auge-
mented plane-wave (PAW) potentials121,122 and the energy
cutoff of 400 eV using the VASP program package version
5.4.4.123−127 The PBE-XDM45 calculations were performed
with PAW potentials121,122 along with the wave function and
density cutoffs of 110 and 120 Ry using the Quantum Espresso
program package version 6.4.1.128,129

■ RESULTS AND DISCUSSION

In the following, the performance of the six modified PBE-D2*
functionals PBE-D2*(Srvdw 1.10), PBE-D2*(Srvdw 1.20), PBE-
D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40), PBE-D2*(C6(M), and
PBE-D2*(C6(MFX) is discussed, with regard to reproducing
the experimental crystal structure parameters, interatomic
distances, and vibrational frequencies. We will also assess their

performance in comparison with other currently used DFT
functionals.

Crystal Structure Parameters. Table 2 summarizes the
calculated lattice parameters a and c and fractional coordinates
zM and zX and their derivation from the experimental values
(given in parentheses) for the 11 MFX compounds investigated
in this work, using the PBE and PBE-D2 functionals as well as
our six modified PBE-D2* functionals. In Figure 2 the root-
mean-square deviations (RMSD) of lattice parameters a and c
obtained with PBE, PBE-D2, PBE-D2*(Srvdw 1.10), PBE-
D2*(Srvdw 1.20), PBE-D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40),
PBE-D2*(C6(M)), and PBE-D2*(C6(MFX)) from the exper-
imental values for all 11 MFX compounds are shown. In general,
the lattice parameters a and c along with the volume increase
with increasing ionic radius, e.g., for the PbFX compounds the
experimental lattice parameter c increases from 7.246 to 8.800 Å
by replacing Cl with I. As shown in Table 2, the increase of the
lattice parameter c is larger than the increase of the lattice
parameter a.
All functionals including PBE reproduce the lattice parameter

a reasonably well with RMSDs ranging from 0.02 to 0.07 Å,
averaged over the entire set of studied compounds (see Figure 2
and also Supporting Information Figure S1). This result suggests
that dispersion correction does not play a significant role for the
calculation of lattice parameter a. The inclusion of Grimme’s D2
empirical dispersion correction, (PBD-D2), slightly increases
the RMSD to 0.06 Å compared to an RMSD of 0.03 Å for PBE.
The modified PBE-D2*(C6(M)) and PBE-D2*(C6(MFX))
functionals also have a slightly increased lattice parameter awith
an RMSD value of 0.05 Å for both functionals. An increase of the
van der Waals radii by 10% leads to a slightly increased RMSD
value (D2*(Srvdw 1.10), RMSD = 0.07 Å), whereas the smallest
RMSD of 0.02 Å is found for the 30 and 40% increased van der
Waals radii, PBE-D2*(Srvdw 1.30) and PBE-D2*(Srvdw 1.40),
respectively.
This overall good performance is no longer found for lattice

parameter c. Due to the presence of a double halide layer along
the c axis, F−−M2+−X−···X′−−M′2+−F′− with weak X···X′,
M′−X, and M−X′ interactions, the description of lattice
parameter c is more challenging. PBE tends to overestimate
the lattice parameter c due to missing dispersion interactions, as
previously reported by D’Anna and co-workers.95 For CaFCl
and SrFCl, PBE results are still reasonable; however, as the

Figure 2. Root-mean-square deviations (RMSDs) of lattice parameters a and c obtained with PBE, PBE-D2, PBE-D2*(Srvdw 1.10), PBE-D2*(Srvdw
1.20), PBE-D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40), PBE-D2*(C6(M)), and PBE-D2*(C6(MFX)) from experimental values, averaged over all 11MFX
compounds.
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atomic radius of atom X increases, PBE results significantly
deviate from the experimental values, as shown in Table 2.
However, inclusion of empirical dispersion correction via

the PBE-D2 functional leads in most cases to a significant
underestimation of lattice parameter c with an RMSD value of
0.46 Å, averaged over the entire set of studied compounds, and a
maximum deviation of 1.147 Å for SrFI, as shown in Table 2.
PBE-D2 obviously overemphasizes the attractive forces between
the two halide layers (see also further discussion in the
subsection Interatomic Distances). This is most likely due to
the fact that the original D2 correction was calibrated for
molecular complexes, leading to an unbalanced description of
the dispersion in crystalline systems, as pointed out by Civalleri
and co-workers.73

Although the PBE-D2*(C6) functionals contain only ca. 30%
of the original D2 dispersion, the improvement with regard to
the D2 correction is only marginal as reflected by RMSD values
of 0.33 and 0.35 Å for PBE-D2*(C6(M)) and PBE-D2*-
(C6(MFX)) respectively, averaged over the entire set of studied
compounds. However, increasing the van derWaals radii by 10%
leads already to a significant improvement (RMSD of PBE-D2 =
0.46 Å compared to RMSD of PBE-D2*(Srvdw 1.10) = 0.17 Å).
The optimum value is found for an increase of 30% (RMSD of
PBE-D2*(Srvdw 1.30) = 0.06 Å). As pointed out by Civalleri
and co-workers, the increase of the van der Waals radii as they
enter the damping function in eq 3 allows us to switch on the
dispersion term only at a longer distance, thus decreasing the
overall dispersion contribution.73 The best results were obtained
for our modified PBE-D2*(Srvdw 1.30) functional reproducing
the lattice parameters a and c with maximum deviations of 0.03
and 0.13 Å, respectively; see Table 2.
We compared the performance of the PBE-D2*(Srvdw 1.30)

functional with that of a number of popular dispersion correc-
tion schemes:C6-based corrections PBE-D3, PBE-TS, PBE-XDM,
and B3LYP-D2*; dispersion-corrected semilocal functional
M06-2X; and range-separated functionals ωB97X and HSE06
for the SrFCl, SrFI, and PbFI compounds, shown in Figure 3.
Again, these functionals lead to a reasonable description of
lattice parameter a with deviations of 0.05, 0.08, and 0.07 Å for
PBE-TS, PBE-XDM, and M06-2X, respectively. The calculated
lattice parameter c obtained with PBE-D3, PBE-TS, PBE-XDM,
B3LYP-D2*, M06-2X,ωB97X, andHSE06 significantly deviates
from experimental values: PBE, PBE-TS, and B3LYP-D2*
overestimate the lattice parameter cwith maximum deviations of
0.48, 0.87, and 0.76 Å, respectively, while PBE-D2 and M06-2X
underestimate with maximum deviations of −1.04 and −0.96 Å,
respectively. In summary, the modified PBE-D2*(Srvdw 1.30)
functional outperforms PBE, PBE-D2, and the other five modified
PBE-D2* functionals as well as the other dispersion-corrected
functionals tested in this work (see Figure 2 and Figure S1 of the
Supporting Information). It is noteworthy that the experimental
lattice parameters were obtained at room temperature. Compar-
ison with low temperature data at 100 K shows that the thermal
effects are relatively small by 0.014 and 0.008 Å for lattice
parameters a and c, respectively.130

Interatomic Distances. To further elucidate the perform-
ance of the six modified functionals in comparison with PBE and
PBE-D2, we analyzed the reproducibility of the experimental
interatomic distances. The calculated M−F, M−X, M−X′,
and X···X′ interatomic distances and their deviations from the
experimental values (given in parentheses) for the 11 MFX
compounds investigated in this work, calculated with the PBE
and PBE-D2 functionals as well as with our six modified PBE-D2*

functionals is summarized in Table S4 of Supporting Information.
In Figure 4, the correlation between calculated and experimental
interatomic distances are plotted. In the ideal case, i.e., 100%
reproduction of experimental values, all points would lie on the
black solid line with an r2 value of 1; i.e., the r2 values in Figure 4
provide a direct measure of quality of the functional used. The best
overall agreement between experimental and calculated distances
is achieved for theM−X distance, with r2 values ranging from 0.96
for PBE-D2 to 0.99 for the modified PBE-D2*(Srvdw 1.30)
functional, as shown in Figure 4a. The r2 values for the M−F
distances are slightly smaller with PBE, PBE-D2*(Srvdw 1.30),

Figure 3.Deviation of lattice parameters a and c from experimental data
for (a) SrFCl, (b) SrFI, and (c) PbFI obtained with PBE, PBE-D2, PBE-
D3, PBE-TS, PBE-XDM, B3LYP-D2*, M06-2X, ωB97X, HSE06, and
PBE-D2*. PBE-D2* refers to the modified PBE-D2*(Srvdw 1.30))
functional.
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Figure 4.Calculated and experimental M−F, M−X, M−X′, and X···X′ interatomic distances. TheM−X′ and X···X′ distances are along the c-axis. The
solid black line denotes 100% agreement between calculated and experimental values. The r2 values in the legend reflect the deviation from the ideal
line. The orange circle, light blue triangle, dark blue cross, and gray square correspond to the values obtained from PBE, PBE-D2, and PBE-D2*(Srvdw
1.30), and PBE-D2*(C6(M)), respectively.

Table 3. Calculated Harmonic and Available Experimental Vibrational Frequencies of MFX (M = Ca, Sr, Ba, Pb and
X = Cl, Br, I)

PBE-D2* with different Srdw C6

mode PBE PBE-D2 1.10 1.20 1.30 1.40 M MFX expa

CaFCl 1eg 168 172 168 171 170 168 172 172 156
1a1g 202 213 199 208 208 210 208 209 192
2eg 204 209 203 209 209 207 206 207 209
2a1g 278 279 281 283 278 276 280 279 265
bg 262 275 271 265 262 263 274 272 252
3eg 347 359 359 351 348 347 361 356 336

SrFCl 1eg 115 116 118 119 115 115 117 116 107
1a1g 173 169 175 182 178 177 173 173 155
2eg 180 187 183 184 184 185 185 183 169
2a1g 214 217 216 214 214 214 217 214 198
bg 251 262 261 250 248 250 260 257 246
3eg 312 319 326 314 311 313 318 315 302

BaFCl 1eg 79 84 95 91 75 77 80 80 89
1a1g 131 139 156 153 140 140 132 131 125
2eg 141 162 169 157 145 150 140 141 142
2a1g 165 185 196 192 184 175 165 164 161
bg 215 273 254 214 202 215 224 222 212
3eg 253 309 297 260 246 257 257 256 247

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.9b10357
J. Phys. Chem. A 2020, 124, 1619−1633

1625

https://pubs.acs.org/doi/10.1021/acs.jpca.9b10357?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10357?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10357?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.9b10357?fig=fig4&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b10357?ref=pdf


and PBE-D2*(C6(M)), in line with the finding that the
description of M−F bonds in crystals is more difficult than
that for higher halogen homologues.1,96 PBE-D2 falls short with
an r2 value of 0.57, substantially underestimating the M−F
distance, obviously due to overemphasizing metal−fluoride
bonding in the solid state. More critical are theM−X′ and X···X′
interactions along the c lattice axis, shown in Figure 4c,d. In both
cases, results obtained from the PBE functional overestimate
the M−X′ and X···X′ interatomic distances along the c-axis
due to the missing dispersion, while the inclusion of empirical
dispersion corrections via PBE-D2 leads to too short distances,
resulting from an overcorrection of dispersion effects. Scaling
of the van der Waals radii (Srvdw) allows us to fine-tune the
attractive forces describing the M−X′ and X···X′ interactions
along the c axis. The modified PBE-D2*(Srvdw 1.30) functional
leads in both cases to best the agreement with the experimental
results as reflected by r2 values of 0.94 and 0.90, respectively,
reflecting that PBE-D2*(Srvdw 1.30) provides a balanced
description of the M−F, M−X, M−X′, and X···X′ interatomic
distances.
Vibrational Frequencies. MFX has two formula units per

unit cell. At the center of the Brillouin zone, MFX has 12
vibrational modes that transform into 2× a1g, 1 × b1g, 3 × eg, 3×
a2u, and 3 × eu, where eg and eu are doubly degenerate modes.
The a1g, b1g, and eg modes are Raman active, while the a2u and
eu modes are IR active, and the a2u and eu modes are acoustic
modes. The 3 × eg vibrational modes describe the motion along

lattice parameter a whereas the 2 × a1g modes and the b1g mode
are related to lattice parameter c (see Supporting Information).
The 1eg refers to the shear mode characterized by the displace-
ment of the X− planes in opposite directions (see Figure S2,
Supporting Information). The 1a1g mode corresponds to the
breathing mode of the double anionic X− layer with the cation
M2+ planes moving in the same direction. The 2eg mode repre-
sents M−X stretching. The 2a1g mode is associated with the
analogous to the 1a1g mode, except the cationM2+ layers move in
the opposite direction. The b1g and 3eg modes are associated
with the motions of the fluoride ions.

Table 3. continued

PBE-D2* with different Srdw C6

mode PBE PBE-D2 1.10 1.20 1.30 1.40 M MFX expa

BaFBr 1eg 70 82 87 78 65 68 73 73 76
1a1g 95 118 114 115 106 104 98 98 105
2eg 98 128 119 116 113 117 101 101 109
2a1g 123 131 149 145 121 124 123 122 119
bg 211 253 248 208 198 211 219 218 215
3eg 234 291 279 246 227 236 239 238 240

BaFI 1eg 64 83 72 72 62 63 71 71 70
1a1g 76 117 91 88 87 89 89 89 79
2eg 101 125 119 118 105 104 105 105 105
2a1g 118 133 149 144 119 114 118 118 113
bg 205 238 243 206 193 207 213 211 203
3eg 227 281 274 242 222 226 232 231 218

PbFCl 1eg 45 56 45 45 48 48 51 50 43.5
1a1g 104 116 111 108 109 107 109 109 105.5
2eg 125 137 137 133 131 129 132 128 134
2a1g 162 172 174 166 166 165 168 165 164.5
bg 209 221 206 205 211 213 222 219 226.5
3eg 249 257 255 250 253 254 257 253 241

PbFBr 1eg 42 53 41 39 43 45 46 46 39
1a1g 81 100 93 88 90 88 89 88 89
2eg 79 91 90 89 90 86 96 95 95
2a1g 117 123 118 115 117 118 121 119 116.5
bg 226 242 226 223 228 230 240 236 224.5

PbFI 1eg 20 42 21 20 27 28 32 31 36
2eg 61 79 64 62 69 70 79 79 61
1a1g 75 98 85 75 79 60 91 91 67
2a1g 110 117 111 110 112 111 112 112 105.5
bg 201 216 207 200 205 207 197 195 206
3eg 200 201 208 206 203 204 216 214

aExperimental frequencies of CaFCl, SrFCl, BaFBr, and BaFI from ref 138, BaFCl from ref 139, PbFCl and PbFBr from ref 140, and PbFI from
ref 141. The LO-TO splitting of infrared active modes of BaFCl can be found in Table S3, Supporting Information.

Figure 5. Root-mean-square deviations (RMSDs) of the vibrational
frequencies obtained from PBE, PBE-D2, PBE-D2*(Srvdw 1.10),
PBE-D2*(Srvdw 1.20), PBE-D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40),
PBE-D2*(C6(M)), and PBE-D2*(C6(MFX)) in cm−1 from the
experimental values, averaged over all 11 MFX compounds.
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Table 3 compares the calculated harmonic frequencies obtained
with the PBE, PBE-D2, PBE-D2*(Srvdw = 1.10), PBE-D2*(Srvdw =
1.20), PBE-D2*(Srvdw = 1.30), PBE-D2*(Srvdw 1.40),

PBE-D2*(C6(M)), and PBE-D2*(C6(MFX)) with the exper-
imental values, i.e. excluding anharmonic effects, whichmay play
a larger role in the case of heavier atoms. It also should be noted

Figure 6. Correlation between calculated and experimental frequencies for 1eg, 1a1g, 2eg, 2a1g, 3eg, b1g. The solid black line denotes 100% agreement
between calculated and experimental values. The r2 values in the legend reflect the deviation from the ideal line. The orange circle, light blue triangle,
dark blue cross, and gray square correspond to the values obtained from PBE, PBE-D2, and PBE-D2*(Srvdw 1.30), and PBE-D2*(C6(M)), respectively.
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that the experimental frequencies are shifted by about 5−10 cm−1

over a temperature range of 10−300 K.135 In Figure 5, the overall
RMSDs of the calculated vibrational frequencies from the
experimental values averaged over all 11 MFX compounds are
shown. As reflected by the data in Table 3, larger deviations are
found for the heavier halogens. The overall RMSDs of PBE,
PBE-D2, PBE-D2*(Srvdw 1.10), PBE-D2*(Srvdw 1.20), PBE-
D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40), PBE-D2*(C6(M)), and
PBE-D2*(C6(MFX)) are 9, 25, 23, 14, 10, 10, 11, 10 cm−1,
respectively, with the largest deviation from the experimental
values found for the PBE-D2 functional. The PBE, PBE-D2*(Srvdw
1.30), PBE-D2*(Srvdw 1.40), PBE-D2*(C6(M)), and PBE-D2*-
(C6(MFX)) results are comparable with deviations of 10−15 cm−1.
Figure 6 shows the correlation between calculated harmonic

and experimental frequencies for the 11 MFX compounds
obtained with PBE, PBE-D2, PBE-D2*(Srvdw 1.30), and PBE-
D2*(C6(M)) for the individual modes 1eg, 2eg, and 3eg,
Figures 6a,c,e, with an overall motion along the lattice parameter
a, and for the individual modes 1a1g, 2a1g, and b1g, Figures 6b,d,e,
being related to the motion along the lattice parameter c.
In contrast to the interatomic distances, the results shown in
Table 3 and Figure 6 do not reveal that the reproduction of the
experimental frequencies corresponding to the motion along the
lattice parameter c is particularly poor. Reasonable frequencies
for all eight functionals including PBE are obtained for the 1eg
and 2eg modes (related to lattice parameter a) with r2 values in
the range 0.96−0.98. The same holds for the 2a1g mode (related
to lattice parameter c). In the case of the 1a1g mode, PBE-D2
results fall short with an r2 value of 0.71 and it totally fails in the

case of the 3eg and b1g modes with r2 values of−0.89 and−1.00.
This is in line with the reported failure of LDA and GGA func-
tionals to reproduce the b1g symmetrical frequency of the
BaFCl compound.95 The overall accuracy of the modified PBE-
D2*(Srvdw 1.30), PBE-D2*(Srvdw 1.40), PBE-D2*(C6(M)), and
PBE-D2*(C6(MFX)) functionals with RMSD values of 9, 10,
10, 11, and 10 cm−1, respectively matches the error bars of the
experimental frequencies.136,137

We compared the performance of PBE-D2*(Srvdw 1.30) with
that of a number of popular dispersion correction schemes:
C6-based corrections PBE-D2, PBE-D3, and B3LYP-D2*;
dispersion-corrected semilocal functional M06-2X; and range-
separated functionals ωB97X and HSE06 for the SrFCl, shown
in Figure 7. PBE-D3, M06-2X, ωB97X, and HSE06 deviate
significantly from the experimental values: RMSD of PBE-D3,
25 cm−1; RMSD of M06-2X, 55 cm−1; RMSD of ωB97X,
46 cm−1; RMSD of HSE06, 22 cm−1. PBE-D2 and B3LYP-D2*
perform better with RMSDs of 16 and 15 cm−1, respectively.
Overall, PBE (RMSD of 12 cm−1) and PBE-D2*(Srvdw 1.30)
(RMSD of 13 cm−1) outperform PBE-D2, PBE-D3, B3LYP-
D2*, M06-2X, ωB97X, and HSE06 (see Figure 7 and Table S2,
Supporting Information).

Mechanical Properties. To further evaluate the perform-
ance of the modified functional in comparison with PBE and
PBE-D2, we examined the reproducibility of experimentally
determined mechanical properties. Table 4 summarizes the
calculated equilibrium volume at zero pressure (V0), bulk
modulus (B0) and its derivative (B0′), and elastic constant (C33)
for two representative compounds. In Figure 8, the calculated
pressure versus volume curve and the fitted curve obtained from
the Vinet equation of state are plotted. In the case of SrFCl,
where PBE, PBE-D2, and the modified functional describe the
lattice parameters reasonably well, all methods (PBE, PBE-D2,
PBE-D2*(Srvdw 1.30), and PBE-D2*(C6(M)) give reasonable
results for V0, B0, and B0′, leading to similar curvatures. On the
contrary, in the case of BaFI, where PBE and PBE-D2 fail to
reproduce the lattice parameter c, PBE and PBE-D2 also fail to
reproduce the experimental values. PBE-D2*(Srvdw 1.30) and
PBE-D2*(C6(M)) give accurate results, where PBE-D2*(Srvdw
1.30) performs slightly better than PBE-D2*(C6(M)). In summary,
the modified PBE-D2*(Srvdw 1.30) functional leads in both cases to
the best agreement with the experimental values.

■ CONCLUSIONS
We investigated how standard and dispersion-corrected func-
tionals reproduce lattice parameters, interatomic distances, and
vibrational frequencies of inorganic layered MFX compounds.
As a test set we used 11 different MFX compounds (M = M′ =
Ca, Ba, Sr, Pb and X =X′ =Cl, Br, I) crystallized in the tetragonal
Matlockite structure for which experimental data are available.
This family of crystals presents a stacking of double halide layers,
F−−M2+−X−···X′−−M′2+−F′−, along the c axis. Using standard
DFT functionals, such as PBE, the description of this double
halide layer is not satisfactory, the lattice parameter c tends to be
systematically overestimated, suggesting the importanceof dispersion
interactions. However, the inclusion of dispersion correction,
e.g., via the popular Grimme D2 correction scheme does not
lead to an improvement over the PBE results but tends to
deteriorate the description of the MFX compounds due to an
unbalanced coverage of dispersion needed for the description of
the weak interactions in these crystals. Good agreement between
calculations and experiments can be achieved by systematically
modifying the parameters of the original D2 dispersion correction

Figure 7. Root-mean-square deviations (RMSDs) of the vibrational
harmonic frequencies for SrFCl obtained from PBE, PBE-D2, PBE-D3,
PBE-D2*, B3LYP-D2*, M06-2X, ωB97X, and HSE06 from the
experimental values.

Table 4. Calculated Equilibrium Volume at Zero Pressure
(V0), Bulk Modulus (B0) and Its Derivative (B0′), and Elastic
Constant (C33)

V0 (Å
3)

B0
(GPa) B0′

C33
(GPa)

SrFCl PBE 119.03 64.35 4.32 92.67
PBE-D2 117.51 64.36 3.89 88.23
PBE-D2*(Srvdw 1.30) 117.95 65.33 4.14 96.28
PBE-D2*(C6(M)) 117.64 64.57 4.42 92.23
expa 118.45 61.00 5.00

BaFI PBE 175.58 30.86 9.68 39.25
PBE-D2 163.87 54.66 2.80 97.34
PBE-D2*(Srvdw 1.30) 170.64 39.79 5.17 46.71
PBE-D2*(C6(M)) 172.78 40.92 4.44 51.92
expb 172.45 36.00 6.00

aReference 142. bReference 143.
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scheme. In particular, increasing the van der Waals radii by 30%
(PBE-D2*(Srvdw 1.30)) allows us to fine-tune the description of the
weak interactions between the halide layers along the lattice axis c,
leading to an improved description of structural, vibrational, and
mechanical properties. As revealed by our study, themodified PBE-
D2*(Srvdw 1.30) functional also outperforms other C6-based
scheme such as PBE-D3, PBE-TS, PBE-XDM, B3LYP-D2*,
dispersion-corrected semilocal functionals such as M06-2X, and
range-separated hybrid functionals such as ωB97X, and HSE06
tested in this work.
The correct description of the lattice parameters, in particular

that of the lattice parameter c, is important for the prediction of
mechanical and elastic properties as well as phase transitions taking
place in theseMFX inorganic layered compounds.Work is in process
applying the new PBE-D2*(Srvdw 1.30) modification to other
compoundswith double halogen layers, to elucidate the nature of the
X···X′ interactions in double halide layers and to determine their
intrinsic strength with the Local VibrationalMode Analysis.74,144−147
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