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Meta-GGA that describes weak interactions in addition to bond energies and band gaps
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We show that the recently proposed Lebeda-Aschebrock-Kümmel (LAK) meta-generalized gradient approx-
imation, the accuracy of which was previously established for atomization energies, bond lengths, and band
gaps, also captures weak interactions near equilibrium without a dispersion correction. We discuss how this is
achieved. Furthermore, we show that among the semilocal cost pure functionals, LAK is the one that reaches the
highest accuracy for the large GMTKN55 database for general thermochemistry and kinetics. Next, we explain
the design strategy of enhancement factor engineering. Its key idea is to complement exact constraints with
construction principles. Finally, we discuss areas of research in which the use of LAK may offer advantages over
existing functionals.
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I. INTRODUCTION

For modeling real materials, weak interactions are of con-
siderable importance. In the realm of soft materials, e.g.,
biological systems, at interfaces, and surfaces, the accurate
description of both covalent binding and weak interactions is
essential [1]. As such systems typically also comprise a large
number of atoms, computational efficiency becomes a critical
aspect.

Its attractive balance between accuracy and computational
cost made density functional theory (DFT) the workhorse
of electronic structure theory. Regarding weak interactions,
however, there is a long-standing debate whether ground-state
exchange-correlation approximations can and should capture
weak interactions [1–15]. In principle, the situation is clear:
The exact exchange-correlation functional correctly describes
all electron-electron interactions, and thus also weak inter-
actions. However, early and common approximations to the
exact functional, such as the local density approximation
(LDA), the generalized gradient approximation (GGA), and
exact (Hartree-Fock) exchange poorly describe weak interac-
tions. Therefore, these methods are typically combined with
additional methods for the explicit treatment of dispersion
effects, such as nonlocal density-based functionals [16–18] or
a posteriori dispersion corrections [19–23]. Alternatives are
fully nonlocal functionals, e.g., based on the random phase
approximation [24,25]. While conceptually satisfying, they
usually come at a steeply increased computational cost.

In this paper we focus on the computationally most ef-
ficient exchange-correlation approximations, i.e., the class
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of semilocal density functionals. The capability of meta-
generalized gradient approximations (meta-GGAs) to de-
scribe noncovalent interactions [26] has ben attributed to
their ability to discriminate between covalent and dispersion
interactions through their kinetic energy dependence [27].
Thus, in contrast to the LDA and GGA, the description of
dispersion interactions in meta-GGAs can be based on sys-
tematic concepts, as meta-GGAs can describe both covalent
and dispersive interactions by “seeing” and responding ade-
quately to the different bonding types [27,28]. This allows for
an accurate description of short- and intermediate-range van
der Waals interactions [13,29]. Of course, semilocal density
functionals can not capture the long-range −C6/R6 decay of
the van der Waals attraction that exists even for nonover-
lapping electron densities [23,30,31]. This would require a
fully nonlocal correlation. In case an accurate description of
noncovalent interactions far from equilibrium is important,
meta-GGAs that include short- and intermediate-range van
der Waals interactions can still benefit from a long-range
dispersion correction [12], as is well known from the many
successes of dispersion-corrected DFT.

While some authors argue that a proper density functional
approximation should not contain any dispersion interac-
tion and dispersion should only be captured by a dispersion
correction [9,14], many of the frequently and successfully
used density functionals today either capture the short- and
intermediate-range part of the dispersion interaction [13,29]
and are corrected for the long-range part if necessary [12,32],
or the density functional is directly designed together with its
dispersion correction [33–35]. However, from a fundamental
perspective, as well as for practical computations, it is de-
sirable to have the density functional itself treat dispersion
interactions as well as possible, just like the exact functional
would do.

Here, we show that the recent nonempirical Lebeda-
Aschebrock-Kümmel (LAK) meta-GGA [36] captures
noncovalent interactions near equilibrium remarkably well.
In this article we rationalize this property of the functional
by working out what is decisive for the description of weak
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FIG. 1. Rare gas dimer binding curves of LAK compared to selected semilocal density functionals and CCSDT reference values [41–44].

interactions in meta-GGAs. Furthermore, we assess LAK on
the large GMTKN55 database for thermochemistry, kinetics,
and noncovalent interactions [37]. The results show that
LAK is the best pure, semilocal cost density functional
on GMTKN55, where pure means without an additional
dispersion correction. This demonstrates that LAK manages
to describe both covalent and noncovalent interactions with
good accuracy from pure DFT. Finally, we discuss the general
performance of LAK and outline areas where we consider
LAK a possible improvement upon existing functionals.

II. LAK FOR NONCOVALENT BINDING

We start by directly assessing the LAK functional for a
paradigm situation of weak interaction, the binding energy
curves of rare gas dimers. Figure 1 shows that LAK captures
the van der Waals attraction of rare gas dimers near the equi-
librium bond length quite reasonably, and in particularly so for
the often challenging heavier atoms. In Fig. 1, we compare
the binding curves of Ne2, Ar2, Kr2, and Xe2 for the GGA
PBE [38] and the meta-GGAs SCAN [39], M06-L [26], TASK
[40], and LAK [36] with highly accurate CCSDT reference
data [41–44]. Since He2 is a special case for meta-GGAs, we
shortly note that LAK underbinds He2 and defer the discus-
sion of the He2 binding curve to the Supplemental Material
[45,46]. Rare gas dimers are well-established model systems
for van der Waals interactions [6–8,10,31,47–55] because,
first, dispersion interactions are the only source of attraction

between rare gas atoms and, second, highly accurate refer-
ence data are available for these systems. We compare LAK
with PBE, SCAN, and TASK exchange plus LDA correlation
(in the parametrization of Perdew and Wang [56]) because
they all share the same nonempirical construction philosophy.
Additionally, we compare to M06-L [26], because it was the
first semilocal density functional for which the capture of
noncovalent interactions was systematically explained [27].

All DFT results in this section are obtained from self-
consistent all-electron calculations in ADF [57,58] using the
QZ4P basis set, the setting EXCELLENT numerical accuracy
and a radial grid boost of 3. These extremely fine numeri-
cal settings are required to avoid oscillations in the M06-L
binding curves [52], and we adopt them for all functionals.
However, we should point out that the numerical proper-
ties of meta-GGAs depend very much on the details of the
construction, and while some meta-GGA are numerically
cumbersome, others are as benevolent as GGAs [36,40,59,60].

Figure 1 summarizes the well-known behavior of PBE,
M06-L, and SCAN: PBE, while still rather accurate for the
Ne2 binding curve, increasingly underestimates the binding
with increasing atomic mass. M06-L predicts similar binding
curves as PBE for Ar2 and Kr2, but its binding strength rela-
tive to PBE increases with the atomic mass. SCAN improves
over PBE and M06-L for all systems except Ne2, predicting
a larger binding energy near equilibrium and much more
accurate equilibrium bond lengths. However, while SCAN
is reasonably accurate for the argon dimer, it increasingly
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underestimates the binding energy with increasing atomic
mass, similar to PBE. This might be due to the use of the
compressed argon dimer as one of the “appropriate norms”
in the construction of SCAN.

LAK and TASK, whose exchange enhancement factors
look formally similar to each other and share the same realiza-
tion of the gradient expansion of exchange, predict decisively
different binding curves: LAK, on the one hand, predicts
reasonable binding curves and is remarkably accurate even for
the xenon dimer. TASK, on the other hand, predicts no binding
at all (or only minimal binding at about twice the CCSDT
bond length) and is even more repulsive than exact exchange.
This broad spectrum of predictions for weakly bound systems
illustrates the delicate sensitivity of the description of weak
interactions on details of the meta-GGA construction.

III. RATIONALIZING NONCOVALENT
INTERACTIONS IN META-GGAs

In the following we take a look at how meta-GGAs acquire
their sensitivity to noncovalent interactions. Nonempirical
meta-GGAs often use the iso-orbital indicator

α = τ − τW

τ unif
, (1)

with the kinetic energy density τ = 1
2

∑N
j=1 |∇ϕ j |2, its uni-

form electron gas limit τ unif = (3/10)(3π2)2/3n5/3, and its
iso-orbital limit τW = |∇n|2/(8n). Here, {φ j} denote the (gen-
eralized) Kohn-Sham orbitals, n = ∑N

j=1 |φ j |2 is the electron
density, and we use atomic units throughout. Since we only
consider spin-unpolarized systems in this section, we suppress
spin indices in the notation.

Using α as the kinetic-energy-dependent variable has the
advantage that it can discriminate between iso-orbital regions
(α = 0), uniform densities (α = 1), and regions of density
overlap between closed shells (α � 1) [28]. Consequently,
covalent bonds have small α at the middle of the bond,
whereas dispersive bonds have large α.

Besides n and α, the exchange energy of a
meta-GGA depends on the reduced density gradient
s = |∇n|/[2(3π2)1/3n4/3] in the form

Ex[n] = Ax

∫
n4/3Fx(s, α)d3r, (2)

where the exchange enhancement factor Fx is the local en-
hancement of the exchange energy density over the exchange
energy density of a uniform electron gas, eunif

x = Axn4/3 with
Ax = −(3/4)(3/π )1/3. Consequently, regions of Fx > 1 cor-
respond to a locally enhanced exchange energy density and
are energetically favored, whereas regions of Fx < 1 cor-
respond to a lower local exchange energy density and are
energetically suppressed. Similarly, the enhancement factor of
exchange and correlation together, Fxc, is defined by

Exc[n] = Ax

∫
n4/3Fxc(rs, s, α) d3r, (3)

with the Wigner-Seitz radius rs = (4πn/3)−1/3.
The mechanisms of how and to what extent GGAs can

model noncovalent interactions have been discussed in the

literature [3,47,61–63]. However, little is known for meta-
GGAs. While the ability of α to recognize regions of
noncovalent bonds is well established [27,28], the influence
of α on the description of noncovalent interactions is not
yet clear [64]. Thus, to understand noncovalent interactions
in meta-GGAs, especially with respect to the α dependence,
we compare the (exchange) enhancement factors of SCAN,
TASK, and LAK in Fig. 2.

For the sake of transparency we first base the following
arguments on only the exchange part of the functionals. How-
ever, it is clear that only exchange and correlation together
provide the correct description of weak bonds and that the
(dynamical) correlation part should be responsible for the dis-
persion binding [65]. We show that this is indeed the case for
LAK by comparing the Ar2 binding curve of LAK exchange
with that of exact exchange in Fig. 2 of the Supplemental
Material [45].

Figure 2(a) shows F SCAN
x , F TASK

x , and F LAK
x (all scaled by

a factor of 10) along the bond axis z of the argon dimer at
the experimental equilibrium bond length 3.758 Å [66] (solid
lines) and the argon atom (dotted lines). Each enhancement
factor is obtained from a self-consistent all-electron calcula-
tion with the respective functional in the DARSEC code [67,68],
a real-space code for diatomic molecules and atoms. Addi-
tionally, we show rs and the meta-GGA ingredients s and
α, as obtained from the calculation with LAK. As discussed
above, α becomes zero in single-orbital regions and thus at the
position of the nucleus, whereas it becomes large in regions
of density overlap between closed shells such as at the bond
center of Ar2 and in the asymptotic tail of the density far
from the nucleus. The gradient of the density, and thus also
s, vanishes at the bond center. Except for the binding region,
s and α are undistinguishable for the atom and the dimer.
Therefore, the same holds for the enhancement factors.

Figure 2(b) shows the exchange enhancement factors
F SCAN

x , F TASK
x , and F LAK

x as functions of s for α = 0, α = 1,
and α → ∞. All three enhancement factors share the same
limit for α = 0. Additionally, all three functionals share the
same asymptotic decay as s−1/2 for s → ∞. Therefore, all
three enhancement factors are very similar for the asymptotic
tail of the density, especially LAK and TASK, compare the
large z limit of Fig. 2(a). Because the enhancement factors of
LAK and TASK therefore only show significant differences –
both between each other and between atom and molecule – in
the binding region, the decisively different binding behavior
of LAK and TASK for rare gas dimers must be due to their
different behavior in this region. Figure 2(c), therefore, shows
a version of Fig. 2(a) zoomed in on the binding region.

Since the binding region is only present in the dimer, s and
α in this region differ decisively between the atom and dimer.
In fact, starting from the nucleus, first α becomes different at
α ≈ 0.4, rising much faster for the dimer due to the increased
density overlap between the two atoms. Slightly closer to the
center of the bond, also s starts to differ. Starting from s ≈ 1.2,
the reduced density gradient of the atom increases faster than
that of the dimer. In the latter, s reaches a peak value of
s ≈ 1.7, begins to decrease and eventually becomes zero at
the center of the bond. Thus, regions of s � 1.2 are more
energetically relevant in the dimer, whereas regions of s � 1.2
are more energetically relevant in the atom. This finding is in
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FIG. 2. (a), (c), and (d): Enhancement factors of SCAN, TASK, and LAK along the bond axis z of the argon dimer at equilibrium distance
(solid lines) and for the argon atom (dotted lines). The position of the nuclei is −1.879 Å and 1.879 Å for the dimer and 1.879 Å for the atom.
The horizontal gray lines in (c) mark α = 0.4 and s = 1.2. (b) Exchange enhancement factors of SCAN, TASK, and LAK as functions of s for
α = 0 (dotted), α = 1 (solid), and α → ∞ (dashed). The vertical gray lines mark s = 1.2. Since all three exchange enhancement factors are
equivalent for α = 0, the lines for α = 0 coincide.

line with the analysis of Jenkins and coworkers [62,63], which
showed that in GGAs regions with ∂Fx/∂s > 0 contribute
attractively to the binding if s � 1.2 and repulsively if s � 1.2.
Consequently, semilocal density functionals predict a stronger
binding of weakly interacting systems if they have a local
maximum in s near s = 1.2. Our results are further consistent
with Ref. [13], where the authors pointed out that inflection
points in the s dependence of the enhancement factor are
important for the description of weakly interacting systems.
Ultimately, these insights have been the basis of the second
construction principle of LAK [36].

Additionally, Fig. 2(c) clarifies the situation regarding the
α dependence, as it suggests a similar criterion for α: regions
of ∂Fx/∂α > 0 contribute attractively to the exchange binding
for α � 0.4. This can be seen as follows. Starting from the
nucleus, α is equivalent in the monomer and the dimer until
α starts to rise faster in the dimer at about 1 Å from the bond
center. However, between 1 Å and 0.4 Å from the bond center,
the electron density, i.e., rs, is almost the same in the monomer
and the dimer. Consequently, in the dimer α is larger than
in the monomer at equivalent local densities. A similar argu-
ment holds for regions closer than 0.4 Å to the bond center.

Thus, the dimer is favored energetically if Fx rises in α for
α � 0.4. This implies the criterion ∂Fx/∂α > 0 for α � 0.4
for increased van der Waals binding [69]. It is questionable
if the α dependence for α � 0.4 plays any role at all for the
binding because, except for the core region, α rarely becomes
smaller than 0.4 in both the argon atom and dimer. To validate
the latter, an analysis along the lines of Refs. [62,63] focusing
on α would be a worthwhile task for future research.

Inspection of Fig. 2(b) shows that F LAK
x has a local max-

imum at s = 1.2 for the relevant values of α > 0.4, while
F SCAN

x has a local maximum and F TASK
x a local minimum

at slightly larger reduced density gradients. While the local
maxima of SCAN and LAK are attractive, the local minimum
of TASK is repulsive. Additionally, all three enhancement
factors decrease with α [36,70] and this decrease is much
more pronounced in LAK and TASK than in SCAN (this
essentially reflects the construction principle of TASK and
construction principle one of LAK). Thus, the α dependence
of all three functionals contributes repulsively. Especially for
α > 1, ∂Fx/∂α of TASK is clearly the most negative, as can
be seen by comparing SCAN, TASK, and LAK for α = 1
and α → ∞ in Fig. 2(b). As a result, TASK acts extremely
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repulsively since both its s and its α dependence are strongly
repulsive and F TASK

x is, therefore, significantly smaller in the
dimer around the center of the bond. Consequently, TASK
penalizes the bond energetically and avoids the accumulation
of density between the two closed-shell systems.

SCAN and LAK have a more balanced binding behavior.
This is reflected in Fig. 2(c) in the fact that F TASK

x is much
smaller in the dimer near the bond center of the dimer than
in the corresponding distance from the nucleus of the single
atom, whereas there is almost no difference for F SCAN

x and
only a small difference for F LAK

x . Although this makes LAK
exchange and SCAN exchange significantly less repulsive
than TASK exchange, neither just by itself predicts binding at
the equilibrium distance, as seen in Fig. 2 of the Supplemental
Material [45]. Instead, only the inclusion of the correlation
parts in LAK and SCAN leads to the appropriate binding.

Therefore, we now extend the analysis to exchange and
correlation together in Fig. 2(d). For exchange and correlation
together, the differences between SCAN and LAK are much
smaller than for their exchange parts alone. This is because, on
the one hand, SCAN is constructed such that all its derivatives
with respect to α vanish at α = 1, giving rise to small kinks in
F SCAN

x (z) and F SCAN
xc (z) whenever α = 1. LAK correlation, on

the other hand, counteracts the α dependence of exchange (a
condition required for the expected signs of the exchange and
correlation contributions to the derivative discontinuity [60]),
and therefore, increases the binding of the argon dimer.

Our results regarding the s dependence might seem to be
in conflict with earlier studies that argue that for GGAs the
large-gradient behavior of exchange would be decisive for the
description of weakly interacting systems [3,10,14,47,61,71].
However, our results are in line with other studies [7,31]
that attributed the above-mentioned finding to the fact that
the small-gradient behavior of GGAs is typically determined
by the gradient expansion and therefore usually very similar.
Thus, the description of weak interactions in GGAs can be
modified by their behavior for large s. Meta-GGAs, on the
other hand, provide an additional degree of freedom in the
gradient expansion, allowing a much greater variety of small
s behaviors to be compatible with the gradient expansion [36].
Therefore, the actually dominant influence of s around 1.2
[62,63] becomes more important in meta-GGAs.

In summary, our analyses for the argon dimer confirm the
findings of Refs. [13,62,63]: Local maxima and inflection
points in the s dependence of the enhancement factor are
decisive for correctly describing weakly interacting systems
with semilocal DFT. More precisely, ∂Fxc/∂s > 0 increases
the binding if s � 1.2 and decreases the binding if s � 1.2.
Furthermore, our analyses suggest a similar criterion for α:
∂Fxc/∂α < 0 for α � 0.4 decreases the binding of weakly
interacting systems.

IV. LAK FOR GENERAL THERMOCHEMISTRY

We are aware that good results for the rare gas bind-
ing curves do not guarantee good results for dispersion
interactions, in general, in particular for organic and bio-
logical systems [31]. Moreover, good results for dispersion
interactions alone are not sufficient in typical applications,
but the accurate description of both, noncovalent and cova-

lent interactions is important. To this end, we test LAK on
the large general main-group thermochemistry, kinetics, and
noncovalent interactions (GMTKN55) database [37].

The GMTKN55 database includes basic properties and
reaction energies of small molecules, reaction energies for
large systems and isomerization reactions, barrier heights,
and inter- and intramolecular noncovalent interactions. To
make these different quantities comparable, density func-
tionals are typically benchmarked on GMTKN55 using the
weighted total mean absolute deviation WTMAD-2 [72].
Table I summarizes the WTMAD-2 of several nonempirical
semilocal density functionals, including LAK and the best-
performing dispersion-corrected semilocal density functionals
for the GMTKN55 database and its subcategories. We did not
include TASK in Table I because TASK is not particularly
well suited for the description of energetic bonds [40,73], and
as explained above, noncovalent interactions (WTMAD-2 of
48.24 kcal/mol). The results for the pure density functionals,
i.e., density functionals without additional dispersion cor-
rection, were obtained from fully self-consistent all-electron
calculations in ADF [57,58]. We use the QZ4P basis set except
for the anions in the GMKTN55 database, which require more
diffuse basis functions. Therefore, we use the AUG/ATZ2P
augmented basis set for all anions. We ensure benchmark-
ing accuracy by using EXCELLENT numerical accuracy and a
RADIALGRIDBOOST of 3. Our results for PBE and SCAN are in
line with those of Ref. [37], given that a different code is used.
The results for the dispersion corrected methods are from the
literature. The detailed data for all subsets are provided in the
Supplemental Material [45].

Table I reveals a central result of this work. It shows that
LAK is, to the best of our knowledge, the best-performing
pure semilocal density functional on the GMTKN55 database.
In Ref. [37] from 2017, a large number of density func-
tionals were tested on GMTKN55, and the best-performing
semilocal density functionals were M06-L (WTMAD-2 of
8.67 kcal/mol) and SCAN (8.72 kcal/mol). To the best of
our knowledge, r2SCAN with a WTMAD-2 of 8.49 kcal/mol
is the only semilocal density functional that has been able
to surpass this value since then. LAK improves this with a
WTMAD-2 of 7.77 kcal/mol.

Taking a look at the subcategories of GMTKN55 in Fig. 3
reveals that LAK achieves this improvement by matching the
accuracy of r2SCAN for the covalent interactions of small and
large molecules, while improving upon r2SCAN for barrier
heights and noncovalent interactions.

LAK reaches an accuracy that is comparable even to
the best dispersion-corrected semilocal density functionals
for GMTKN55, and is more accurate than all dispersion-
corrected semilocal density functionals reported in Ref. [37].
Only SCAN-D3 with an WTMAD-2 of 7.86 kcal/mol reaches
a similar accuracy as LAK. Since 2017, only r2SCAN-D4
[74] with a WTMAD-2 of 7.54 kcal/mol, and the semi-
empirical B97M-V [34] with a WTMAD-2 of 5.46 kcal/mol
[75] (and their respective r2SCAN+rVV10 [76], r2SCAN-
3c [77], B97M-D3, and B97M-D4 [78] variants) improved
upon SCAN-D3. Figure 4 compares LAK with the best-
performing dispersion-corrected semilocal methods B97M-V
and r2SCAN-D4. While LAK and r2SCAN-D4 are on par
for the WTMAD-2 database as a whole, their performance
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TABLE I. WTMAD-2 in kcal/mol for the GMTKN55 database [37] and its subcategories. Upper half of the table: Nonempirical semilocal
density functionals; data from this work. Lower half of the table: Semilocal density functionals with dispersion correction optimized for (parts
of) GMTKN55; data from the literature. The Supplemental Material [45] reports the error statistics for the subsets of GMTKN55.

Basic Large BHs Intermol. NCIs Intramol. NCIs All NCIs GMTKN55

PBE 6.82 15.99 16.69 15.62 19.46 17.50 13.79
SCAN 5.28 8.76 14.88 10.24 8.20 9.24 8.65
r2SCAN 4.98 9.04 13.80 10.49 8.10 9.32 8.49
LAK 5.12 8.83 11.42 9.49 6.95 8.25 7.77

SCAN-D3 [37] 5.31 7.86 14.94 8.50 6.61 7.58 7.86
r2SCAN-D4 [74] 5.55 8.26 14.29 7.46 5.74 6.62 7.54
B97M-V [75] 3.68 9.30 7.52 3.56 5.76 4.64 5.46

for the subcategories differs. While LAK is more accurate
for the barrier heights, r2SCAN-D4 is more accurate for the
noncovalent interactions. The latter finding is expected, as the
parameters of the D4 dispersion correction of r2SCAN-D4 are
fitted to subsets of GMTKN55 for noncovalent interactions,
whereas LAK is a nonempirical pure density functional.

B97M-V shows a significant improvement over LAK and
r2SCAN-D4 for all quantities except for the reaction en-
ergies and for the intramolecular noncovalent interactions
of r2SCAN-D4. Given that B97M-V is constructed semi-
empirically based on parts of the GMTKN55 database, this
is not too surprising. Nevertheless, the amount of improve-
ment indicates that the additional flexibility of the combined
approach of B97M-V, namely, designing the semilocal den-
sity functional together with a dispersion correction [33,34],
can yield improved results for thermochemistry and kinetics.
A nonempirical meta-GGA based on a partitioning of the
gradient expansion similar to LAK, but designed together
with a dispersion correction, and consequently most likely

FIG. 3. WTMAD-2 in kcal/mol for the GMTKN55 database and
its subcategories for selected nonempirical semilocal density func-
tionals: the GGA PBE, the meta-GGA r2SCAN, and the meta-GGA
LAK.

dropping the second construction principle of LAK, thus rep-
resents an interesting target for future research.

It is worth looking at two specific subsets of the
GMTKN55. The major shortcoming of semilocal density
functionals is their fundamental inability to fully cancel the
Hartree self-energy. This can be seen from the SIE4×4 set of
self-interaction error-related problems, for which LAK has a
mean absolute deviation (MAD) of 17.29 kcal/mol, r2SCAN
of 17.90 kcal/mol, and M06-L of 17.94 kcal/mol. This indi-
cates that LAK improves only marginally upon other popular
meta-GGAs for self-interaction problems. Another notewor-
thy subset is the MB16-43 set of decomposition energies
of artificial molecules [79]. Due to its “mindless” design,
it can serve as an indicator of the transferability of a den-
sity functional to novel chemistry [80]. It is often reported
that nonempirical density functionals are more transferable
than empirical ones, and their respective performance on
MB16-43 supports this view [74,77]: While the MADs of the
empirical M06-L (64.05 kcal/mol) and the semi-empirical
B97M-V (35.35 kcal/mol [75]) are high, the nonempirical

FIG. 4. WTMAD-2 in kcal/mol for the GMTKN55 database
and its subcategories: LAK compared with the best-performing
dispersion-corrected semilocal functionals B97M-V and
r2SCAN-D4.
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functionals PBE (23.34 kcal/mol), SCAN (15.74 kcal/mol),
and r2SCAN (12.83 kcal/mol) are systematically and signif-
icantly more accurate for MB16-43. LAK has a MAD of
16.36 kcal/mol on MB16-43, similar to the MAD of SCAN,
emphasizing its nonempirical nature and suggesting a similar
transferability to novel chemistry as SCAN. It is worth to
mention that compared to other semilocal-cost functionals,
LAK has the additional advantage of considerably improving
the prediction of band gaps, as detailed in Ref. [36].

V. ENHANCEMENT FACTOR ENGINEERING: DENSITY
FUNCTIONALS BASED ON INSIGHTS

FROM MATHEMATICS, PHYSICS, AND CHEMISTRY

In the construction of LAK [36], we extend the success-
ful design strategy for nonempirical density functionals (e.g.,
Refs. [38–40,81–84]) of combining exact constraints with
exactness for model systems, so-called appropriate norms, by
the further nonempirical concept of construction principles.
In the following we explain the idea behind this strategy of
designing exchange-correlation functionals.

A semilocal exchange-correlation functional, and thus the
approximation to all electron-electron interactions, is com-
pletely defined by its enhancement factor. On the one hand,
the exact constraints and model systems restrict the enhance-
ment factor through inequalities, scaling relations, and exact
limits [84]. On the other hand, the degree of nonlocality of
a density funcitonal depends to a large extent on the details
of its enhancement factor in between these limits. However,
the exact constraints and model systems provide only limited
information on how the enhancement factor should be mod-
eled in this intermediate range. Therefore, the construction
principles guide the enhancement factor in the intermediate
range to ensure proper nonlocality. In the case of LAK, these
are the ultranonlocality associated with the derivative discon-
tinuity and the short- and intermediate-range van der Waals
interactions.

Importantly, we consider the graph of the enhancement
factor the decisive property that should be obtained in a
nonempirical fashion. The graph defines the enhancement
factor and thus the density functional uniquely. Experience
has shown that a lot of information about the performance
of a functional can be obtained just from the graph [70].
Furthermore, all exact constraints, appropriate norms, and
construction principles also apply to the graph. In addition, we
aim for a smooth enhancement factor, a condition found to be
important for more accurate densities and the numerically sta-
bility of density functional approximations [85]. Given these
conditions, it is then up to us to find a suitable representa-
tion of the graph in terms of functions. While Occam’s razor
advises us to find the simplest possible representation of the
graph, it remains a mathematical problem to find functions
that can generate this graph.

Following the argumentation above, the construction prin-
ciples thus guide the graph of the enhancement factor in a
range in which the graph was not previously determined by
physical reasons. In other words, the construction principles
are additional conditions that tailor the choice of mathematical
functions that satisfy the exact constraints and appropriate
norms, based on chemical and physical insights. Because we

design our functional via conditions on the graph of its en-
hancement factor, we call this design strategy “enhancement
factor engineering.”

Notably, using a limited number of parameters to represent
the graph can make it easier to find a suitable representation
of the graph in terms of functions. We want to emphasize
that the parameters introduced in this way are only a means
to the end of representing the graph, and are therefore funda-
mentally different from parameters determined, e.g., by fitting
to databases. Moreover, the use of too many parameters is
prevented by the condition of a smooth enhancement factor.
At this point, we want to emphasize that parameters in a
method are not empirical per se, but that it depends on how
they are fixed. If they are fixed by fitting to databases, they
are empirical. In contrast, if they are fixed by mathematical
constraints, we regard them as nonempirical. However, for a
given enhancement factor, one can always find more general
functions from which one can obtain this enhancement factor
by fixing several parameters (e.g., quasitrivially by setting
them to zero or one) [86]. The graph of the enhancement
factor, however, is independent of its parametrization and thus
of any parameters.

The motivation for the design strategy of enhancement
factor engineering emerges from the following considerations.
From a mathematical point of view, we desire the en-
hancement factor to satisfy as many analytical conditions as
possible that we know from the exact exchange-correlation
functional. This is achieved by adhering to the exact con-
straints. From a physical point of view, we additionally want
the enhancement factor to be correct for certain model sys-
tems, such as the homogeneous electron gas. These are the
appropriate norms. Finally, from a chemical point of view,
we wish to include existing chemical intuition into the en-
hancement factor. From the authors’ point of view, taking
into account existing knowledge about electronic structure
or chemical intuition does not mean fitting parameters to
large databases, but rather incorporating known facts about
the electronic structure of certain types of systems into the
design of the graph of the enhancement factor. This leads
to the construction principles. In this sense, the strategy of
enhancement factor engineering combines the insights from
mathematics, physics, and chemistry.

VI. WHEN TO CHOOSE THE LAK
EXCHANGE-CORRELATION FUNCTIONAL

The zoo of density functionals is constantly growing and it
is often hard to choose an appropriate functional for a given
task. Therefore, we provide our current view of the advantages
and disadvantages of LAK, and highlight areas where LAK
could be an attractive choice.

Figure 5 summarizes the performance of LAK reported
in Ref. [36], complemented by the performance of LAK for
the S22 set of weak interactions [87,88]. As in Sec. II, we
compare LAK with PBE, SCAN, and M06-L. However, due
to its inadequacy with respect to weak interactions, we replace
TASK with the range-separated hybrid HSE06 [89,90], which
has become the de-facto standard for DFT band structure
prediction, and is, therefore, often used in materials
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FIG. 5. General performance of selected density functionals for main-group atomization energies (MGAE109) [91], main-group bond
lengths (MGBL20) [92], lattice constants (LC20) [93], semi-conductor band gaps (scBG15) [36], and weak interactions (S22) [87,88]. Left:
MAD relative to the worst performing functional for each category. Right: Mean absolute relative deviation from the reference values.

simulations. The left-hand side shows the mean absolute devi-
ation relative to the worst performing density functional in the
respective category. LAK performs best or almost best for all
properties except for the lattice constants. To estimate the im-
portance of LAK’s attractive accuracy for band gaps, covalent
and weak interactions against its relatively less accurate lattice
constants, we compare the mean absolute relative deviation
from the reference values on the right-hand side of Fig. 5.
While the relative error in the lattice constants is below 2% for
all tested functionals, LAK is the only functional that achieves
relative errors of about 10% for band gaps and weak interac-
tions. Although highly accurate lattice constants are critical
in some applications, the broad spectrum of properties that
LAK can accurately predict makes it an attractive choice for
large-scale materials simulations that require high accuracy
for a large variety of properties at low computational cost.

Another important aspect for practical calculations, espe-
cially for high-throughput calculations, is numerical stability
[94]. Therefore, this paragraph discusses the numerical sta-
bility and numerical convergence of LAK. Remarkably, both
LAK and TASK did not show any convergence issues for
any of the 2462 single-point calculations of the GMTKN55
database. The numerical stability of LAK and TASK is sup-
ported by recent findings [36,59,73,95,96]. To assess the
numerical convergence, Figure 6 shows the mean absolute
error for the S22 set of weak interactions with respect to the
number of grid points. We compare LAK with M06-L, SCAN,
and r2SCAN, because M06-L and SCAN are well known for
their accuracy for weakly interacting systems and r2SCAN is
a revised version of SCAN with improved numerical stability
and numerical convergence [82]. While SCAN, and to a lesser
extend M06-L, exhibit well-reported numerical convergence
issues [52,59], LAK and r2SCAN are already fully converged
with ADF’s BECKEGRID NUMERICALACCURACY NORMAL. Of

course, the situation might be different for other types of
systems.

In the following, we highlight several areas where we
consider LAK a possible improvement over existing density
functionals by providing either higher accuracy at similar
computational cost, or similar accuracy at strongly reduced
computational cost. We write this at a time when LAK has
not yet been tested extensively, i.e., the following statements
are to be seen as “hopefully educated guesses.” Its balanced
accuracy for band gaps and energetic binding together with
its reasonable description of noncovalent interactions makes

FIG. 6. Mean absolute error (MAE) of interaction energies of
weakly interacting complexes (kcal/mol) for the S22 set [87,88] as
a function of increasing numerical integration grid density expressed
relative to the smallest grid. The grids are chosen via the BECKEGRID

NUMERICALACCURACY keyword in ADF from left to right: BASIC,
NORMAL, GOOD, VERYGOOD, and EXCELLENT all with a fixed RA-
DIALGRIDBOOST of 1. For the highest accuracy, we use BECKEGRID

NUMERICALACCURACY EXCELLENT with a RADIALGRIDBOOST of 3.
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LAK a promising functional for surface and interface prob-
lems, as well as biological systems in which covalent and
weak interactions play together. Last but not least, LAK (and
equally well TASK for this task) can predict the band structure
of semiconductors with a similar quality as HSE, but at a
fraction of HSE’s computational cost [60].
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