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Consistent Gaussian Basis Sets of Triple-Zeta Valence with
Polarization Quality for Solid-State Calculations

Michael F. Peintinger,™

Consistent basis sets of triple-zeta valence with polarization
quality for main group elements and transition metals from row
one to three have been derived for periodic quantum-chemical
solid-state calculations with the crystalline-orbital program
CRYSTAL. They are based on the def2-TZVP basis sets developed
for molecules by the Ahlrichs group. Orbital exponents and
contraction coefficients have been modified and reoptimized,
to provide robust and stable self-consistant field (SCF)
convergence for a wide range of different compounds. We
compare results on crystal structures, cohesive energies, and
solid-state reaction enthalpies with the modified basis sets,

Introduction

At almost every level of theory, the accuracy of a quantum-
chemical calculation strongly depends on the quality of the
basis functions used for the expansion of the molecular or
crystalline orbitals. In most implementations either plane
waves or atom-centered contracted Gaussian basis functions
(CGFs) are used, whereas Slater-type orbitals and numerical ba-
sis sets are less common. In contrast to a plane wave basis,
CGFs are not universal and an individual basis set has to be
developed for each element in the periodic table.

For molecular calculations, there is a vast variety of standard
Gaussian basis sets of different quality levels available."* Pop-
ular basis sets for molecular calculations, for example, those
developed by the Ahlrichs group, are implemented in most
molecular quantum-chemical codes for convenient use. They
are available in split valence,>* triple-zeta valence (TZV),*>®
and quadruple-zeta valence'”! quality augmented by one or
two sets of polarization functions (P, PP). These basis sets in
general contain small orbital exponents (<0.1). In periodic cal-
culations, two problems arise that will be discussed in terms
of the widely used crystalline-orbital program CRYSTAL09®?! in
this article. In CRYSTALQ9, the crystalline orbitals are expanded
in Bloch functions that are obtained by a linear combination
of CGFs multiplied with a k-vector dependent phase factor.
The overlap integrals between Bloch functions are larger in
absolute value compared with their atomic counterparts in
molecules. If the basis functions are too diffuse, the overlap
matrix has small eigenvalues and may even be indefinite so
that the basis set becomes linearly dependent. A similar prob-
lem with numerical stability exists in the density fitting proce-
dure used to accelerate density-functional theory (DFT) calcu-
lations and has been successfully overcome by a modified
singular value decomposition."” As such a procedure is not
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denoted as pob-TZVP, with selected standard basis sets available
from the CRYSTAL basis set database. The average deviation of
calculated lattice parameters obtained with a selected density
functional, the hybrid method PW1PW, from experimental
reference is smaller with pob-TZVP than with standard basis
sets, in particular for metallic systems. The effects of basis
set expansion by diffuse and polarization functions were
investigated for selected systems. © 2012 Wiley Periodicals, Inc.
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available for the self-consistent field (SCF) procedure in CRYS-
TALO9, the only viable way is to modify molecular basis sets
for the particular requirements of solid-state calculations.

The molecular basis sets can in practice only be used in
solid-state calculations, if the functions with small orbital expo-
nents (<0.1 as a rule of thumb) are removed. However, these
pruned basis sets may no longer be of a consistent quality
level. For this reason, the available basis sets for solid-state cal-
culations™"” were often optimized for a particular system. This
may lead to a lack of portability as will be discussed later.

To our knowledge, there is no consistent standard all-elec-
tron CGF basis set of a defined quality for all elements of the
periodic table for periodic calculations available.

TZVP basis sets offer a good balance between accuracy and
performance for molecules. We selected the def2-TZVP stand-
ard as starting point for the construction of a consistent and
portable basis set of a defined quality level for solid-state cal-
culations, which can be used for different compounds, meth-
ods, and crystal systems. The basis sets obtained after restruc-
turing the contraction scheme, and reoptimization of the
orbital exponents and contraction coefficients will be denoted
as pob-TZVP in the following. The basis sets are tested by cal-
culating lattice constants and atomization enthalpies of
selected solid compounds. We compare pob-TZVP results with
results that were obtained using CRYSTAL standard basis sets.
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Table 1. Number of contracted basis functions (s/p/d/f) for the pob-
TZVP, def2-TZVP**! and selected CRYSTAL standard basis sets for the
group 1 and 2 elements.

Number of functions (s/p/d/f)

Element pob-TZVP def2-TZVP CRYSTAL

H 3111 3111 511/11%

Li 6211/1 62111/111 5/11/109

Na 73211/511/1 73211/5111/111 85111/511117
K 842111/6311/1 842111/6311/111 86511/6511/37
Be 6211/1 62111/121/1 5111/1108
Mg 73211/511/1 73211/5111/111 8511/511/11"%
Ca 842111/6311/1 842111/63111/211 86511/6511/212%

Basis Set Optimization

The basis sets for elements from H-Br presented in this work
are based on the def2-TZVP basis sets developed by the group
of Ahlrichs.®*! These consist of highly contracted Gaussians for
core shells and three less contracted or primitive GGFs per
valence shell. For every valence shell, there is at least one
primitive or even contracted polarization function of higher
angular momentum. This means, for example, that one of the
four p-functions in the Mg basis set is a polarization function
for the s-valence.

These basis sets could in principle be used in solid-state cal-
culations, if functions with orbital exponents smaller than 0.1
were removed. As a different number of functions per element
are cut off depending on the threshold, they are then no lon-
ger of a consistent quality level.

Table 2. Number of contracted basis functions (s/p/d/f) for the pob-
TZVP, def2-TZVP, and a selected CRYSTAL standard basis for the elements
of groups 13-17.
Number of functions (s/p/d/f)
Element pob-TZVP def2-TZVP CRYSTAL
B 6211/411/1 62111/411/11/1 621/21/1121
Al 73211/5111/1 73211/51111/211 8511/511/1122
Ga 842111/63111/ 842111/63111/  864111/64111/411%%
5111 5111/1
C 6211/411/1 62111/411/11/1 6311/311/112%
621/21/112%
Si 73211/5111/1 73211/51111/21/1  86311/6311/112%
Ge 842111/63111/ 842111/63111/ 97631/7631/632¢
5111 5111/1
N 6211/411/1 62111/411/11/1 621/21/3%27
P 73211/5111/1 73211/51111/21/1 8521/521/11%8
As 842111/64111/ 842111/64111/ *
5111 5111/1
0 6211/411/1 62111/411/11/1 8411/411/12%9
8411/411/1112%
S 73211/5111/1 73211/51111/21/1  863111/63111/11839
Se 842111/64111/ 842111/64111/ 97631/7631/5113"
5111 5111/1
F 6211/411/1 62111/411/11/1 7311/311832
cl 73211/5111/1 73211/51111/21/1 86311/631113
Br 842111/64111/5111  842111/64111/ *
5111/1
An asterisk indicates that there is no all-electron basis set available.
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Our pob-TZVP basis sets inherit the highly contracted
core-shell Gaussians and three (contracted or primitive)
basis functions per valence shell of the def2-TZVP basis sets,
but only one primitive polarization function of higher angu-
lar momentum is added as polarization for the complete
shell. This scheme results in smaller numbers of contracted
and primitive Gaussians than in the original def2-TZVP basis
sets.

We, therefore, augmented the truncated basis sets until the
number of basis functions matched the TZVP quality level. The
starting values of the orbital exponents were chosen to be %
to % of the next inner orbital exponent, which is a standard
procedure recommended by the CRYSTALO9 developers. The
orbital exponents and contraction coefficients of the valence
shells were variationally optimized for selected solids using the
hybrid DFT functional PW1PW.'? This functional has been
shown to provide good agreement with experiment for lattice
parameters and cohesive energies.'*™"¥!

We then performed test calculations for other solids and
made further adjustments when necessary. The obtained final
basis sets, denoted as pob-TZVP, are therefore not fully
variational for all reference systems. The final values of orbital
exponents and contraction coefficients depend on the selected
systems and on the DFT method that has been used. However,
as the changes necessary in the adjustments were relatively
small, we hope that the basis sets are portable to other systems.
Later on we will apply the pob-TZVP basis sets also to Hartree-
Fock (HF) calculations (“HF calculations” section).

As a boundary condition for the orbital exponents, we kept
a predefined lower threshold of 0.1 for the exponents for sta-
bility and portability reasons. This will also allow the addition
of diffuse basis functions for special cases, e.g., metals, as will
be discussed later.

The number of functions in the presented pob-TZVP, the
original def2-TZVP and the CRYSTAL standard basis sets are
listed in Table 1 for group 1 and 2 elements, Table 2 for the
elements from group 13-17 and Table 3 for third-row transi-
tion metals.

Table 3. Number of contracted basis functions (s/p/d/f) for the pob-
TZVP, def2-TZVP and selected CRYSTAL standard basis sets for third-row
transition metals..

Number of functions (s/p/d/f)

Element pob-TZVP def2-TZvP CRYSTAL

Sc 842111/6311/411/1 842111/6311/4111/1  86411/6411/3
Ti 842111/6311/411/1 842111/6311/4111/1  86411/6411/31534
% 842111/6311/411/1 842111/6311/4111/1  86411/6411/3157
Cr 842111/6311/411/1 842111/6311/4111/1  86411/6411/415¢
Mn 842111/6311/411/1 842111/6311/4111/1  86411/6411/4157
Fe 842111/6311/411/1 842111/6311/4111/1  86411/6411/41581
Co 842111/6311/411/1 842111/6311/4111/1  86411/6411/412%
Ni 842111/6311/411/1 842111/6311/4111/1  86411/6411/4157
Cu 842111/6311/411/1 842111/6311/4111/1 632111/33111/31112¢
Zn 842111/6311/411/1 842111/6311/4111/1  86411/64111/415%

[a] Harrison et al. (unpublished).
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Table 4. Experimental and calculated lattice parameters of selected
ionic solid cubic compounds with CRYSTAL standard and pob-TZVP basis
sets..

a

Compound Experiment CRYSTAL pob-TZVP
LiCl 5.13018 5.134016331 5.132
NaCl 5.6404% 5.609!1733! 5.609
LiF 4.0275% 3.9711632 4.027
NaF 463201 46361732 4,627
KF 534752 53200732 5364
CaF, 5.46303 5.477'2032] 5.476
K,0 6.4364 62891729 6.434
MgO 421752 4,20712029) 4.204
CaO 4.8115% 4.752120:2] 4770
LiH 4,083 3.9651>161 4.037
NaH 4.890°7 475801517 4.800
KH 5.7048 5554115171 5.633
Lengths are given in A.

Computational Details

All quantum-chemical calculations were performed with the
crystalline orbital program CRYSTALQ9.[824041]

Preliminary basis set optimizations were performed using
the generalized gradient approximation density functional pre-
sented by Wu and Cohen (WC).*>**! This method was chosen,
because it has been shown to provide reasonable results for a
variety of solids.™*

The final optimizations of the basis sets and structure optimiza-
tions were performed using the hybrid DFT functional PW1PW,!"?
which has been shown to deliver very good structural and ther-
mochemistry results for oxides and other compounds."?™'¥ The
correlation functional is PW91,”! whereas the exchange func-
tional is a mixture of 20% HF and 80% PW91 exchange. The opti-
mizations were executed with a python script, which runs single
point calculations with the CRYSTALO9 program and uses the nu-
merical minimization library MINUIT2 that is part of the ROOT®!
project and that is widely used in particle physics.

Structure optimizations and the calculation of the cohesive
energies were carried out using the PW1PW!"? hybrid functional
for all compounds except for metals. The structure optimizations
of metallic compounds were performed using the WC functional.

Results and Discussion

To test the stability, portability, and quality of our pob-TZVP ba-
sis sets, we calculated various properties of homoatomic and bi-
nary ionic solids, semiconductors, and metals. We compared the
results obtained with the pob-TZVP basis sets to results
obtained with standard basis sets taken from the CRYSTAL basis
set database.""! The total energy per unit cell is a measure of
the variational quality of the basis sets and is therefore given in
the supporting information for both basis sets.

Test set

Our test set is based on that used by the group of Kresse eval-
uating a plane wave implementation of hybrid functionals to
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extended systems.™ It consists of archetypical metallic, semi-
conducting, and ionic systems, including transition metal
oxides. As we present a basis set for row one to three, we
excluded systems that contain elements of the fourth row
from the test set. The test set of metallic systems was
extended to include all cubic main group metals (Li, Na, K, Ca,
and Al) and all cubic transition metals (Sc, V, Cr, Fe, Ni, and Cu)
and an intermetallic alloy (NisAl). The test set of semiconduc-
tors was also extended to cover all elements of the groups
13-17.

To cover all transition metals, we also enlarged the original
test set of transition metal monoxides to include cuprite,
some transition metal dioxides, and sesquioxides. Results for
systems were only included in the statistics, if there was a
CRYSTAL standard basis set available. The calculated maxi-
mum error is the sum of errors for each lattice parameter
per system. For example, for orthorhombic systems, it is the
sum of errors for a, b, and c.

lonic systems

We optimized lattice constants and atomic positions of
selected oxides, halides, hydrides, carbonates, nitrides, and
phosphates. The results are given in Table 4 for cubic, Table 5
for hexagonal, and Table 6 for orthorhombic systems and are
compared with experimental data and results obtained with a
CRYSTAL standard basis.

Of course one has to keep in mind that the basis set limit
can only give an account of the accuracy of the underlying
theoretical approach, in this case the hybrid method
PW1PW,"? on the other hand, this method has repeatedly
demonstrated high accuracy for solid-state structure parame-
ters.">' Therefore, we use this method as reference and
regard deviations from the experiment as a quality measure of
the basis sets.

The relative errors with respect to experiment are shown in
Figure 1 for cubic, Figure 2 for hexagonal, and Figure 3 for
orthorhombic systems.

Table 5. Experimental and calculated lattice parameters of selected
jonic hexagonal solid compounds.

Experiment CRYSTAL pob-TZVP
Compound a 4 a c a 4
BeFs 4688 5.185°% 4892 539711832 4748 5165
ScCls 6378 17.790"% 6729 1655593 6387 17.874
MgBr, 3.887  7.108% * * 3832 6616
BeO 2697 4378 2702 4377782 2709 4392
a-Sio, 4916  5.409°2 4959 54592529 5004 5.484
B,03 4336 834003  _ ~f21.291 4375 8713
Al,O5 4754 129902 4778 12.99112229 4783  12.994
NaNO; 5070 16.822% 5085 17222172721 5117 16.756
MgCOs 4633 15.0181°1 4658 14.9862°2° 4655 14.891
FePO; 5031 11247 4897 11.003°%%%7 4946 10.995

A N-dash indicates that the SCF did not converge or the structure opti-
mization failed. An asterisk indicates that there is no all-electron basis
set available for this element. Lengths are given in A.

[a] Harrison et al. (unpublished).
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the exponents of both polariza-
Table 6. Experimental and calculated lattice parameters of selected ionic orthorhombic solid compounds. X P . P
tion functions for these com-
Experiment CRYSTAL pob-TZVP pounds for selected cases.
Compound B b c g b . a b c These expor.\ent§ are glyen in
— the supporting information. In
BeBr, 5569  10.405  5.543[8 * 5784 11431 5636 the case of hvdrogen and lith-
NaNO, 3565 5385 55739 3567 5343 55367 3544 5357 5572 ) ydrog X
CaH, 5960 3601 6817°7 5887 3572 6761152 5869 3569 6704 ium also, valence functions
CrCly 6644 5985 34887% 6266 6246 3.688833° 6373 5877 3516 were modified. These basis sets
711 [26,31]
GeSe 10.770 3.825 4389 10.654 3.827 4653 10.894  3.848 4397 are denoted as “pob-TZVPP’
An asterisk indicates that there is no all-electron basis set available for this element. Lengths are given in A. The additional polarization

As most of the standard basis sets were optimized for these
systems, the overall performance of the standard basis sets is
good. But, it is even better with the pob-TZVP basis sets. The
maximum error in the lattice constants calculated with the
CRYSTAL basis sets is 2.9 and 1.8% with the pob-TZVP basis.
The mean error in the lattice constant is 1.3% for the CRYSTAL
and 0.7% for the pob-TZVP basis sets.

For hexagonal systems, the maximum error in the calculated
lattice constants is 12.5% (ScCls) for the CRYSTAL and 3.9%
(FePO,) for the pob-TZVP basis sets. The mean error is 2.0%
for the CRYSTAL and 0.8% for the pob-TZVP basis sets.

For orthorhombic systems, the maximum error is 15.8% for
the CRYSTAL and 6.7% for the pob-TZVP basis sets. The mean error
is 2.3% for the CRYSTAL and 1.2% for the pob-TZVP basis sets.

In summary, our basis sets show a better overall perform-
ance than the CRYSTAL standard basis sets. The mean error is
significantly reduced compared with the standard basis sets.
The pob-TZVP basis shows a good portability, because there
are no outliers and the maximum error is much lower than for
the standard basis sets.

Additional Polarization Functions The presented pob-TZVP ba-
sis sets are, with respect to polarization, more similar to def-
TZVP® than to def2-TZVP. In Ref. ¥, it is demonstrated that
def-TZVP basis sets®® are suffering from the lack of polarization
functions even at HF and DFT level. To our experience, addi-
tional polarization functions are essential for the treatment of
ionic alkaline and alkaline earth metal compounds. To study
the influence of polarization functions in more detail, we
therefore augmented the previously described pob-TZVP basis
sets with an additional polarization function and reoptimized

Cubic lonic Compounds
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Relative Error [%]
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Figure 1. Relative error in the lattice constants of cubic compounds with
respect to experimental values.
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functions lead to an improve-

ment of the calculated lattice
constants (Table 7). For the selected cubic compounds, the
maximum error is 2.7% for the CRYSTAL, 1.4% for the pob-
TZVP, and 0.6% for the pob-TZVPP basis sets. The mean error
of the lattice constants is 1.6% for the CRYSTAL, 1.1% for the
pob-TZVP, and 0.2% for the pob-TZVPP basis sets. It is, therefore,
planned to develop a consistent pob-TZVPP basis set with fully
optimized orbital exponents for all elements in forthcoming work.

Semiconductors

The calculated lattice constants of a variety of semiconductors
and covalent compounds are given in Table 8 for cubic and
Table 9 for hexagonal crystal systems where they are com-
pared with experimental data and results obtained with CRYS-
TAL standard basis sets. The relative errors with respect to ex-
perimental data are shown in Figure 4 for cubic and Figure 5
for hexagonal systems.

The maximum error for cubic semiconductors is 4.4% for
CRYSTAL basis sets and 3.1% for pob-TZVP. The mean error is
1.0% for the CRYSTAL standard basis sets and 0.8% the pob-
TZVP basis sets. For hexagonal semiconducting systems, the
maximum error is rather large, 30.6% for CRYSTAL, and 9.8%
for the pob-TZVP basis sets. The mean error is 3.1% for CRYS-
TAL and 1.0% for the pob-TZVP basis sets.

Some standard basis sets cannot be used to all different sys-
tems. For example, one of the standard basis sets for carbon,
which gives satisfactory results for ionic compounds,?® suffers
from severe SCF convergence problems, when applied to dia-
mond. We found this behavior in several cases for the CRYSTAL
standard basis sets but never for our present basis sets.

Hexagonal lonic Compounds

a (CRYSTAL) NN
¢ (CRYSTAL) RXXX]

C (pob-TZVP) RRRRRERE

8
6
a4+ a (pob-TZVP) -
2
0

Relative Error [%]

Figure 2. Relative error in the lattice constants of hexagonal compounds
with respect to experimental values.
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Orthorhombic lonic Compounds
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Figure 3. Relative error in the lattice constants of orthorhombic com-
pounds with respect to experimental values.

Transition metal oxides

The calculated lattice constants are given in Table 10 for cubic
and Table 11 for hexagonal transition metal oxides. The rela-
tive errors with respect to experimental values are given in
Figure 6 for cubic and Figure 7 for hexagonal and tetragonal
systems.

For cubic transition metal oxides, the maximum error is
1.1% for the standard and only 0.3% for the pob-TZVP basis
sets. The mean error is 0.6% for the standard and 0.3% for the
pob-TZVP basis sets. The maximum errors for both lattice con-
stants are 4.6% for the standard and 4.0% for the pob-TZVP
basis sets. The sum of mean errors is 1.3% for the standard
and 1.1% for the pob-TZVP basis sets. Also for transition metal
oxides the pob-TZVP basis set provide an improvement over
the standard basis sets at PW1PW level.

Metals

In the case of metallic systems, the choice of the basis set is
more delicate than for insulators or semiconductors. Diffuse
and polarization functions are generally important, and the
resulting basis set is often close to linear dependency. To test
if our presented basis set is applicable to metals, we optimized
the lattice constants and atomic positions of several cubic
metals, for example, Li, Na, and K representing alkali metals,
Ca representing alkaline earth metals, Sc, V, Cr, Fe, Ni, and Cu
representing transition metals and Al. NisAl was included as an
example for an alloy.

Table 7. Experimental and calculated lattice parameters of selected
ionic solid cubic compounds with CRYSTAL standard, pob-TZVP, and pob-
TZVPP basis sets.

a
Compound Experiment CRYSTAL pob-TZVP pob-TZVPP
NaCl 5.640!4% 5.684117331 5.609 5.640
Ca0 481157 475212029 4.770 4773
NaH 489057 475811517 4.800 4812
KH 5.7041%8 5554015171 5.633 5.642
K>S 7.40772 7.4071730 7.350 7.370

Lengths are given in A.

Table 8. Experimental and calculated lattice parameters of selected
cubic semiconductors and covalent compounds.

a
Compound Experiment CRYSTAL pob-TZVP
C (diamond) 3.56773 3.567124 3.547
Si 543174 5428 5391
Ge 56217 5.68012°! 5.667
AlP 54217 5.385[22281 5392
AIN 4.3657% 425812227 4373
Na,Se 6.825771 6536731 6.695
GaAs 5.65378 * 5.690
GaP 5.4487 5.47712367) 5.476
Zns 5.4001% 5.440130391 5391
MnSe 5.4601" 535183137 5.500
ZnSe 56747 5692313 5.646
b-BN 3.625182 3.622121271 3.606
b-SiC 4358183 43641202 4344
TiC 432852 444312034 4321
CusN 3.817184 3.78612627) 3.730
VC 41638 41661273 4152
VN 41371 4,0081272%) 4,078
TiN 423587 416312734 4.205
CrN 413587 3.9701273¢ 4.187
K»S 7.40772 7.4071730 7.350
MnS 52201881 526330371 5.196
An asterisk indicates that there is no all-electron CRYSTAL standard ba-
sis set available from the CRYSTAL basis set database. Lengths are given
in A.

Although most of the optimization runs failed or gave bad
results with the CRYSTAL standard basis sets, the presented
pob-TZVP basis sets gave satisfactory results without further
modifications, showing the portability of the presented basis
sets. The results can be easily improved by adding diffuse va-
lence functions with very small orbital exponents. As the lower
limit for orbital exponents in pob-TZVP is 0.1, we suggest add-
ing a diffuse s-function (and if necessary a diffuse p-function)
with an orbital exponent of 0.050 or 0.033 to the basis set.
This is in accordance with the recommended procedure that
the ratio of orbital exponents should be between 1 and 1!
Examples are given for metals of the s- and p-block in Table

12. While this is a standard working procedure for metallic

Table 9. Experimental and calculated lattice parameters of selected
hexagonal semiconductors.
Experiment CRYSTAL pob-TZVP
Compound a c a c a c
NiAs 3618 503487 = * 3.613  5.066
a-SiC 3.081 151259 3,084 15.131120:291 3.070 15.061
a-BN 2536 4.199°" 2554 42201127 2542 4.198
B,C 5610 12.140°% - —[2022] 5585 11.910
ScB, 3.148 35151 _  Ref. [21], 3.128  3.493
Harrison et al.
(unpublished)
CoS 3440 5.790°% 3524 5.966263% 3510 5.787
Cus 3788 1633371 — Refs. [26,30]  3.802 16.077
GaF; 5.012 12.990°% 5216 13.12912332 5112 13.126
GeO, 4985 5645°7 5055 5.6961202°1 5090 5.716
An asterisk indicates that there is no all-electron basis set available
from the CRYSTAL basis set database. An N-dash indicates that the
structure optimization failed. Lengths are given in A.
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Cubic Semiconductors
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Figure 4. Relative error in the lattice constants of cubic semiconductors
with respect to experiment.

systems, this might again lead to linear dependency of the ba-
sis in other systems. To maintain basis set stability and port-
ability, we therefore do not include these functions in our pre-
sented basis set and suggest adding these functions when
needed for bulk or surface calculations of metals. We will refer
to the basis sets including diffuse functions for metals as pob-
TZVP+s, if an s-function was added.

The results of the structure optimizations with our pob-
TZVP and pob-TZVP+s basis sets are given and compared
with results obtained using standard basis sets in Table 12.

In general, the pob-TZVP+s results for the calculated lattice
parameters are improved compared with pob-TZVP. In particu-
lar for K and Ca, the errors were significantly reduced, from
—0.68 to —0.10 A(K) and from —0.45 to —0.11 A(Ca). For Li,
the results obtained with pob-TZVP were not further improved
by augmenting with a diffuse s-function.

Thermochemistry

We calculated thermochemical properties for the cubic ionic
solids shown in Table 13. The zero-point energy was calculated
according to Pascale et al.#%4"

The calculated atomic reference energies are lower for the
pob-TZVP than for the CRYSTAL standard basis sets in the
range of 35 x 107* to 3.4 x 1072 Hartree (1-90 kJ/mol),
showing that the presented basis sets are closer to the varia-

Hexagonal Semiconductors
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Figure 5. Relative error in the lattice constants of hexagonal compounds
with respect to experiment.
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Table 10. Experimental and calculated lattice parameters of selected
cubic transition metal oxides.

a
Compound Experiment CRYSTAL pob-TZVP
Sc,0; 9.8461% 9.86711 129 9.832
MnO 444552 4396129371 4.400
FeO 43002 42512938 4242
CoO 425012 424912629 4.256
NiO 419552 41691237 4177
Cu,0 42698 42342629 4.126
ZnCr,0, 8.3291%% 8.3691293639 8.347

Lengths are given in A.
[a] Harrison et al. (unpublished).

tional limit. But in general, the quality of the basis set has a
much smaller effect on the thermodynamic properties com-
pared with the lattice parameters. The difference in atomiza-
tion enthalpies between pob-TZVP and CRYSTAL standard ba-
sis sets is between 0 and 18 kJ/mol. This is most likely due to
cancellation effects between the solid and the atomic referen-
ces. Therefore, the absolute mean errors of the two types of
basis sets are quite similar, 6 and 7%, respectively.

HF calculations

The pob-TZVP basis sets were optimized with DFT methods.
To explore to which extend the developed basis sets are trans-
ferable to other methods, we also calculated the lattice con-
stants for a few selected cases at HF level. The results are
given in Table 14. As a first result, the pob-TZVP basis sets can
be applied also to HF calculations of solids. They require, how-
ever, special care for the integral truncation thresholds (param-
eters TOLINTEG in CRYSTAL09). Rapid SCF convergence was
only obtained for systems like MgO, NaF, LiF, and LiH, when
the parameter ITOL5™ was significantly increased with respect
to the recommended value. We used ITOL1-ITOL4 = 8 and
ITOL5 = 27 in our calculations.

Generally, the HF results for lattice constants are slightly
worse than for PW1PW for pob-TZVP basis sets. For the CRYS-
TAL basis sets, the errors are similar. Thus, there is some pro-
jection of the obtained orbital exponents and contraction
coefficients on the method used for their optimization. How-
ever, this effect is not very pronounced as can be seen by the

Table 11. Experimental and calculated lattice parameters of selected
hexagonal and tetragonal transition metal oxides.

Experiment CRYSTAL pob-TZVP
Compound a c a c a c
V,05 4952 14.002%% 5058 13.84412°3%1 5038 13.835
Cry0; 4961 135992 5010 13.5522%3% 4993 13535
Zn0 3249 520482 3263 5224%°39 33270 5123
TiO, (rutile) 4587 29549 4600 2956234 4587 2952

Lengths are given in A.
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Figure 6. Relative error in the lattice constants of cubic transition metal
oxides with respect to experiment.
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Figure 7. Relative error in the lattice constants of hexagonal and tetrago-
nal transition metal oxides with respect to experiment.

error statistics. The maximum error in the lattice constants cal-
culated with the CRYSTAL basis sets is 3.0 and 2.8% with the
pob-TZVP basis. The mean error in the lattice constants is
1.2% for the CRYSTAL standard basis sets and 1.0% for the
pob-TZVP basis sets. The total energies per unit cell are given
in the Supporting Information.

Table 12. Experimental and calculated lattice constants of selected
cubic metals.

Shell
Metal Experiment® CRYSTAL pob-TZVP pob-TZVP+s (exponent)
Li 4404 3871001 4390 4.444 s (0.050)
Na 4.291 -7 4269
K 5.247 -n 4570 5.141 s (0.033)
Ca 4.486 201 4,035 4324 5 (0.067)
Sc 4,541 e 4428
% 3.024 263719 2.946
Cr 3.680 3.233B¢ 3.473
Fe 2.867 _f1o2 2.746
Ni 3.524 3.17167 3.423
Cu 3.615 3.3631¢ 3.506
Al 4.050 3.49422 3.731 4.092 p (0.05)
NisAl 3550193 310512370 3434
An N-dash indicates that the optimization of the lattice constant failed.
The value in brackets is the orbital exponent of the added function.
Lengths are given in A.
[a] Harrison et al. (unpublished).

Table 13. Experimental and calculated atomization enthalpies of
selected ionic solid cubic compounds with CRYSTAL standard and
pob-TZVP basis sets.

Compound Experiment!'®4 CRYSTAL pob-TZVP
Licl 685 66311633 654
NaCl 640 614117331 614
LiF 849 83416321 823
NaF 762 73301732 738
KF 737 705017321 692
CaF, 1562 15312032 1540
K,0 790 70111729 683
MgO 994 971120291 970
Ca0 1062 103012029 1034
LiH 518 47101510 457
NaH 382 3740517 379
KH 365 34901517 333

Energies are given in kJ/mol.

Summary

We have presented a well-balanced, generally applicable,
consistent TZV with polarization quality basis set for periodic
quantum-chemical solid-state calculations, denoted by pob-
TZVP. It provides robust and stable SCF convergence for a
wide range of different compounds, and it is variationally
better than the standard basis sets provided by the CRYS-
TAL basis set database. This holds for the DFT method for
which the pob-TZVP basis sets were optimized and also for
the HF method that may serve as starting point for electron
correlation calculations. For example, our presented Li basis
performs well in metallic Li, ionic Li and LiCl, in which Li is
positively charged, as well in LiH in which Li is negatively
charged. We have shown that the computed lattice con-
stants are an improvement over the standard basis sets for
both DFT and HF methods. For convenient use, all basis
sets are available for download as separate files and as one
single file with neutral atomic configurations from our web-
site (http://www.thch.uni-bonn.de/tc/) and also as Supporting
Information to this article.

Table 14. Experimental and calculated HF lattice parameters of
selected compounds with CRYSTAL standard and pob-TZVP basis sets.

a
Compound Experiment CRYSTAL pob-TZVP
LiCl 5.13018 5.2841633] 5271
NaCl 5.640!4% 5.7881'733! 5.702
LiF 402789 40071632 4,027
NaF 463251 732 4,606
KF 534752 5.4000"732 5.409
CaF, 546353 5533120321 5512
K,0 6.4361°4 6.407117:2 6.469
MgO 421752 4,19112029 4.189
Ca0 48115 4.860120:2%) 4.859
LiH 4,083 4,1051"9 4155
NaH 48907 488411517 4,880
KH 5.70458 575801171 5.784
An N-dash indicates that the structure optimization failed. Lengths are
given in A
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