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Abstract We present periodic calculations carried out with
Gaussian-type basis sets on a test set of 21 solids with nine
exchange-correlation functionals, extending previous works
performed with two parameter-free correlation functionals
(TCA and revTCA) which showed promising results for
molecules in terms of key structural and energetic proper-
ties. Two LDAs and seven GGAs were considered for the
prediction of equilibrium lattice constants, bulk moduli, and
cohesive energies, using the same test set for all properties
when possible. The effect of combining the TCA correlation
with exchange potentials other than the PBE form originally
used is also addressed. We find that the previously noted
good accuracy of the parameter-free TCA functional for
molecules also holds for solids, as long as a modified form
of the exchange potential that is more biased towards solids
than PBE is taken into account. In particular, the PBE-
solTCA functional performs well overall for the three key
structural and energetic properties considered here.
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Introduction

The Kohn—Sham (KS) approach to density functional theory
[1] is a popular computational tool for many-electron sys-
tems, with a wide range of applications. In practice, an
approximation to the exchange-correlation contribution is
needed, and many such approximations have been pro-
posed, ranging from the most simple to the most sophisti-
cated forms occupying the five rungs of Jacob’s ladder [2].
Although functionals of the fourth rung (hybrids based on
the addition of a certain amount of Hartree-Fock (HF)
nonlocal exact exchange to the KS exchange) are now well
established for both molecular and nonmetallic solid-state
calculations [3], they remain more computationally demand-
ing than lower level approximations, such as those based on
the generalized gradient approximation (GGA, second
rung). This is particularly true when large or extended
systems such as solids are considered, since the evaluation
of the HF contribution to the exchange remains costly in this
last case, especially in plane wave based codes. Since third-
rung functionals (meta-GGA) such as TPSS [4], revTPSS
[5], MO6-L [6], or M11-L [7] have so far been shown to give
results that are a little disappointing for solid-state calcula-
tions, several groups have recently proposed new GGA
functionals [6, 8—18] in order to improve upon the perfor-
mance of the standard Perdew—Burke—Ernzerhof (PBE)
functional [19] routinely considered for solids.

When evaluating the performances of functionals, the
total energy as well as its first and second derivatives with
respect to various differentiating variables are commonly
examined. In particular, for solids, the most popular calcu-
lations performed are probably those of equilibrium lattice
constants (from the first derivative of the total energy with
respect to the lattice basis vectors), the cohesive energy
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(from the total energy difference), and the bulk modulus
(from the second derivative of the total energy with respect
to the unit cell volume). Unfortunately, for most of the new
GGA functionals mentioned above, the trends are similar for
both solids and molecules: structural properties are general-
ly more accurate than those given by PBE, but the cost of
this extra accuracy is degradation of the cohesive or atom-
ization energy predictions [5, 13, 14, 20-23].

Two notable exceptions are the very recently introduced
functionals HTBS [13] and N12 [15], both of which are
parametrized to perform well in terms of energetics and
structures.

In a different spirit, we recently proposed two new
parameter-free GGA correlation functionals, TCA and
revTCA (see “Computational details” for details), which
show good accuracy for molecules, significantly improving
upon PBE for atomization energies (even yielding data close
to that obtained with global hybrid functionals [24-26]), and
providing structural data at least as good as that of PBE. In
this contribution, we extend this work and assess the per-
formances of these parameter-free correlation functionals
for solids, considering equilibrium lattice constants, bulk
moduli, and cohesive energy determination, using the same
test set for all properties when possible. The effect of com-
bining the TCA correlation with exchange potentials other
than the PBE form originally used is also addressed.

We first provide computational details of our work, be-
fore presenting and discussing our results, and finally draw-
ing some conclusions based on them.

Computational details

All calculations were carried out with a locally modified
development version of Gaussian [27], using the avail-
able periodic boundary conditions code [28] based on
localized (Gaussian-type orbital, GTO) basis sets. In
order to provide a straightforward comparison with pre-
viously published works, the basis sets chosen were
those previously refered to as GTO2, which were de-
scribed and used in [12, 29, 30] and shown to provide
data in line with more popular projector-augmented
wave (PAW) results.

The chosen bulk systems test set is similar to that previ-
ously considered by Heyd et al. [31] and Paier et al. [32];
that is, the normal nonmagnetic structures of 21 solids [4]
belonging to four families of crystalline systems: three met-
als (Li, Na, Al), nine semiconductors (BN, BP, C, Si, SiC,
Ge, 3-GaN, GaP, GaAs), five ionic solids (LiF, LiCl, NaF,
NaCl, MgO), and four transition metals (Cu, Rh, Pd, Ag). k-
point meshes with at least 16 points in each direction were
found to be sufficient to converge the presented data to
within specified digits.

@ Springer

In this work, we considered nine exchange-correlation
functionals: (i) SVWNS5 [33, 34], mainly used as an LDA
reference; (ii) PBE [19], a GGA routinely used for solids;
(ii1) PBEsol [12], developed with solids in mind, and having
the same analytical form as PBE in the exchange but with
two modified parameters and an additional physical con-
straint in the correlation; (iv) SOGGA [6], built with an
analytical form of the exchange enhancement factor that is
an average of the PBE and RPBE ones [35], and which (like
PBESsol) has already been shown to clearly improve on the
original PBE for lattice constants but perform much worse
than it for cohesive energies [6, 15, 30]. We also performed
calculations with: (v) the original local correlation of Ragot
and Cortona [36] combined with the Slater exchange [33]
(SRCO04 in the following), and subsequent modifications
including gradient corrections: (vi) TCA [24] combined
with the PBE exchange (TCA in the following), which
satisfies two more physical constraints than the original
RCO04 functional, and (vii) revTCA [25] combined with a
modified version of the PBE exchange [25] (revTCA in the
following), which was introduced in order to correct for the
self-interaction error of the correlation energy functional for
hydrogenoid atoms. We also tested combinations of TCA
correlation with two of the abovementioned exchange
forms, leading to the (viii) PBEsolTCA and (ix) SOG-
GATCA functionals.

Bulk moduli were obtained from single-point energy
calculations of the primitive unit cell equilibrium volumes
of the systems, and the data obtained were fitted to a Birch—
Murnaghan equation of state [37, 38].

Cohesive energies were obtained as the difference be-
tween the sum of the ground-state energies of the » isolated
atoms (E,om) of the solid and the total equilibrium lattice

energy (E solid):

1
€coh = _[ Z Eatom - Esolid]- (1)

n
atoms

Similarly to previous works [4, 30], the basis sets used
for the isolated atoms and solids were different in some
cases. More precisely, the following basis sets were used
for isolated atom calculations: 6-31G for Li and Al 6-311G*
for the cations of LiF, LiCl, NaF, NaCl, and MgO, as well as
the boron atom of BN and BP; Ahlrichs VTZ for Cu;
LANL2DZ for Rh; and LANL2TZ for Pd and Ag. In all
other cases, the basis sets for the periodic and atomic calcu-
lations are the same.

Results and discussion

Tables S1 and 1 present equilibrium lattice constants and
corresponding mean signed errors (MSEs) and mean unsigned
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Table 1 Computed errors in equilibrium lattice constants (A ) obtained using different exchange-correlation functionals. Lowest errors with respect
to the experimental data are shown in boldface

3 metals 9 semiconductors 5 ionic solids 4 transition metals 21 solids

MSE MUE MSE MUE MSE MUE MSE MUE MSE MUE
SVWNS —0.080 0.080 —0.018 0.020 —0.068 0.068 —0.038 0.039 —0.042 0.044
SRC04 —0.081 0.081 -0.014 0.018 —0.064 0.064 —0.037 0.040 —0.040 0.042
PBE 0.010 0.017 0.067 0.067 0.103 0.103 0.067 0.067 0.067 0.068
PBEsol —-0.008 0.023 0.021 0.023 0.033 0.033 0.005 0.019 0.017 0.025
TCA 0.027 0.027 0.074 0.074 0.126 0.126 0.078 0.078 0.080 0.080
PBEsolTCA 0.008 0.018 0.018 0.023 0.058 0.058 0.003 0.018 0.024 0.030
revTCA 0.066 0.066 0.096 0.098 0.211 0.211 0.103 0.103 0.120 0.121
SOGGA —-0.009 0.018 0.009 0.017 0.024 0.029 0.019 0.034 0.012 0.023
SOGGATCA -0.005 0.014 0.016 0.022 0.048 0.048 0.002 0.019 0.018 0.026

errors (MUEs) computed from the experimental data for the
test set of 21 solids mentioned in “Computational details,”
obtained with the nine exchange-correlation functionals con-
sidered in this work. Generally, excellent agreement with
previously published GTO data is observed, and general
well-known trends are obtained from the computed MSEs:
LDAs (SVWNS5 or SRC04) underestimate the lattice constants
(except for SiC), while GGAs generally overestimate them
(except for Na). From the computed MUE data (see Table 1),
the best performing functionals are: SOGGA > PBEsol ~
SOGGATCA > PBEsolTCA > SVWNS ~ SRC04 > PBE >
TCA >> revTCA. The computed MUEs and MSEs are in
excellent agreement with previously published works [4-6,
10, 15, 31, 32, 30] for the functionals that they have in
common. In particular, we confirm that the SOGGA and
PBEsol exchanges give excellent performance, as already
found with smaller [6] and larger [15] test sets. With LDAs,
the largest errors are obtained for metals, while GGAs mostly
fail with ionic solids. Since the TCA functional performs
slightly less well than PBE for equilibrium lattice determina-
tion, combining the TCA correlation with the SOGGA or
PBEsol exchange does not improve the results compared to
those of the original GGAs. Nevertheless, it should however
be noted that the performances of the SOGGATCA (MUE of
0.026 A ) and PBEsolTCA (MUE of 0.030 A ) functionals are
very close to (or even better than) those of meta-GGAs such as
TPSS or revTPSS, as well as that of a parametrized GGA such
as N12 that is fitted to perform well for both energetics and
structures, with reported MUEs for a slightly smaller test set
(18 solids) of 0.054, 0.034, 0.021 A , respectively [15]. On the
other hand, the parametrized HTBS functional of Haas et al.
[13]has a MUE of 0.054 A for a larger test set (60 solids), and
was also designed to do well for both energetics and struc-
tures, meaning that the results obtained when combining the
TCA correlation with exchange forms biased towards solids
(such as PBEsol or SOGGA) are encouraging.

Bulk moduli and related errors are presented in Tables S2
and 2, respectively. Note that, due to severe convergence
problems in the SCF in the cases of BN and Li, only data for
the remaining 19 solids are reported in Table S2. In addition,
due to the large uncertainty in the experimental bulk modulus
of GaN, it is excluded from the statistical data of Table 2. The
general agreement with previously published data [4—6, 10, 13,
30, 32] is good. Overall, for functionals that clearly underesti-
mate (SVWNS5 and SRC04) and overestimate (PBE, TCA and
revTCA) lattice parameters, computed bulk moduli are over-
estimated and underestimated, respectively. On the other hand,
the other functionals considered (PBEsol, PBEsoITCA,
SOGGA, and SOGGATCA) tend to overestimate this property.
In addition, from the computed MUEs of the 18 solids, the
best-performing functionals are: PBE > TCA > SOGGATCA ~
PBEsolTCA > revTCA > SOGGA ~ PBEsol > SRC04 >
SVWNS. The performances of the PBEsolTCA and SOG-
GATCA functionals, for example (MUEs of 12.3 and 12.9
GPa, respectively), are similar to those of the HTBS functional
(MUE of 14.7 GPa on a test set of 60 solids) [13], which has
recently been shown to be at least as good for this property [13]
as WC [10], a GGA specifically developed for solids. Surpris-
ingly, we could not reproduce the good performace of the
PBEsol functional for the bulk modulus calculation mentioned
in previous works [16, 30], except when transition metals were
excluded from the solid test set. In this case, the PBEsol and
PBE MUEs are much closer: 8.6 and 6.8 GPa, respectively.

Finally, we consider the cohesive energy data, which are
reported in Table S3 along with corresponding errors with
respect to the experimental data in Table 3. As is well
known, the standard LDA overbinds strongly. This failure
is largely corrected by SRC04, which reduces the MUE by
33 %. The performance of SRC04 is not far from those of
SOGGA and PBEsol, while the other GGAs generally per-
form better, underbinding in some cases (TCA and revTCA)
but overbinding most of the time (all other functionals). The
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Table 2 Computed errors on bulk moduli (GPa) obtained using different exchange-correlation functionals. Lowest errors with respect to the

experimental data are shown in boldface

2 metals 7 semiconductors 5 ionic solids 4 transition metals 18 solids

MSE MUE MSE MUE MSE MUE MSE MUE MSE MUE
SVWNS 6.4 6.4 7.4 9.5 14.9 14.9 58.6 58.6 20.8 21.6
SRC04 6.6 6.6 7.1 9.2 13.7 13.7 57.5 57.5 20.1 20.9
PBE 2.6 2.6 -9.8 9.8 -3.1 4.2 4.0 11.4 -3.5 7.8
PBEsol 5.7 5.7 6.3 11.6 1.7 5.5 34.6 34.6 11.2 14.4
TCA 1.1 1.1 -11.8 12.2 —4.1 53 -1.5 10.7 =59 8.7
PBEsolTCA 6.6 6.6 5.4 10.1 -1.0 3.0 332 33.1 9.9 12.9
revTCA 0.8 1.0 -16.7 16.7 -9.3 9.3 -13.1 16.2 -11.9 12.8
SOGGA 7.3 7.3 3.8 6.0 2.3 5.6 433 433 12.5 144
SOGGATCA 6.0 6.0 1.8 6.0 0.6 4.2 36.8 36.8 9.7 12.3

best results are obtained at the PBE level, closely followed
by TCA. This leads to a significant improvement in the com-
puted data when going from PBEsol to PBEsolTCA, and from
SOGGA to SOGGATCA. From the computed MUEs, the
best-performing functionals for the cohesive energy determi-
nation are then: PBE > TCA > PBEsolTCA > SOGGATCA >
revICA > PBEsol > SOGGA > SRC04 > SVWNS. If we
consider a smaller test set of eight solids (SSCES), commonly
used in previous papers [4, 6, 15], the excellent performances
of PBE, PBEsolTCA, and SOGGATCA are confirmed. We
note that the computed MUE values obtained at the PBE-
solTCA/SSCE8 or SOGGATCA/SSCES levels (0.20 and
0.23 eV/atom, respectively) are very close to the 0.13 eV/atom
value very-recently reported by Peverati and Truhlar, obtained
with their highly parametrized N12 functional [15], which was
developed to provide good accuracy for key structural and
energetic properties of solids and molecules.

Finally, it is interesting to mention that for all functionals,
the largest errors originate from the group of ionic com-
pounds for both lattice constants and cohesive energy

calculations, while bulk moduli of transition metals clearly
show the worst agreement with the experimental data. The
cohesive energy trends are in line with the recently reported
performances of different functionals for energetic data from
different systems (atoms, molecules, and different groups of
solids) [21].

Conclusions

In this work, we tested the performances of nine exchange-
correlation functionals for solids, extending previous work
for molecules carried out with two parameter-free correla-
tion functionals (TCA and revTCA). Two local functionals
and seven GGAs were considered for the prediction of the
equilibrium lattice constants, bulk moduli, and cohesive
energies of a test set of 21 solids, including metals, semi-
conductors, ionic solids, and transition metals, when possi-
ble. All calculations were performed with reference GTO
basis sets in order to obtain a straightforward comparison

Table 3 Computed errors in cohesive energies (eV/atom) obtained using different exchange-correlation functionals. Lowest errors with respect to
the experimental data are shown in boldface. The SSCES test set is that of [4] and includes only C, Si, SiC, Ge, NaCl, NaF, LiCl, and LiF

3 metals 9 semiconductors 5 ionic solids 4 transition metals 21 solids SSCES

MSE MUE MSE MUE MSE MUE MSE MUE MSE MUE MSE MUE
SVWNS35 0.53 0.53 1.10 1.10 0.56 0.56 1.30 1.30 0.93 0.93 0.75 0.75
SRC04 0.26 0.36 0.63 0.63 0.32 0.32 1.15 1.15 0.60 0.62 0.41 0.41
PBE 0.12 0.18 0.17 0.23 -0.03 0.09 0.00 0.30 0.09 0.20 0.02 0.12
PBEsol 0.31 0.31 0.59 0.59 0.15 0.15 0.68 0.68 0.47 0.47 0.31 0.31
TCA —-0.06 0.10 -0.13 0.18 —0.13 0.13 -0.28 0.42 -0.15 0.20 —-0.19 0.19
PBEsolTCA 0.21 0.30 0.30 0.38 -0.01 0.07 0.46 0.51 0.24 0.32 0.06 0.20
revTCA —0.18 0.18 -0.34 0.34 -0.31 0.31 -0.72 0.72 -0.38 0.38 -0.39 0.39
SOGGA 0.42 0.42 0.66 0.66 0.15 0.15 0.82 0.82 0.53 0.53 0.35 0.35
SOGGATCA 0.22 0.30 0.34 0.44 0.04 0.08 0.53 0.54 0.29 0.35 0.09 0.23
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with previously published data. The effect of the choice of
the exchange contribution to the total exchange correlation
was also tested by combining the TCA correlation with two
exchange functionals designed for solids (SOGGA and
PBEsol), leading to the SOGGATCA and PBEsolTCA
functionals.

For lattice constants, we confirmed the excellent perfor-
mance of SOGGA, and noted that the TCA correlation
combined with the PBE exchange provides data close to
the results from PBE. Although combining the TCA corre-
lation with the SOGGA or PBEsol exchange does not im-
prove on the original SOGGA and PBEsol functionals, the
resulting functionals still provide good accuracy, with errors
similar to those of N12, a highly parametrized functional
that was designed to perform well for key structural and
energetic properties of solids and molecules.

For the bulk moduli, in general, clear underestimation of
the lattice parameters (as obtained by the LDAs) led to
significant overestimation of the bulk moduli, and vice
versa. We also found that the accuracy of the PBEsolTCA
results is similar to those yielded by parametrized function-
als designed for energetics and structures, such as HTBS.

Finally, concerning the cohesive energies of solids, we
have found that the standard LDA gives values that are too
large—an error which is strongly reduced by the local
SRCO04 functional. This confirms similar improvements that
were previously found for molecules [39, 40]. The GGAs
generally performed better; sometimes overbinding, but in
some cases (TCA and revTCA) underbinding. In particular,
we found that the performances of TCA were very close to
those of PBE, which is currently a reference GGA function-
al for calculations of this property. Consequently, combining
the TCA correlation with the PBEsol or the SOGGA ex-
change in the PBEsolTCA and SOGGATCA functionals,
respectively, led to some significant improvements in the
computed energetic data with respect to the original PBEsol
and SOGGA functionals. For instance, the PBEsolTCA and
SOGGATCA errors are very close to the one obtained with the
N12 functional mentioned above, which was recently found to
be one of the best-performing functionals for cohesive energy
calculations of a test set of eight solids among the 15 GGAs, 4
meta-GGAs, and 1 hybrid tested [15].

To sum up, we found that the previously noted good
accuracy of the parameter-free TCA functional for mole-
cules also held for solids, as long as a modified form of the
exchange functional that was more biased towards solids
than PBE was taken into account. This was the case for the
PBEsol exchange, which meant that the PBEsolTCA func-
tional performed well overall for the three key structural and
energetic properties considered here.
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